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Summary

To follow Moore’s law and the trend of devices to keep shrinking, the nanotech-
nology industry is challenged in finding a suitable technique for the mass pro-
duction of integrated circuits with critical dimension in the sub-10 nm range.
At the time this project started, EUV lithography, that employs light with a wave-
length of 13.5 nm and thus requires the scanner to be kept under vacuum, was
encountering difficulties in making its way into high volume manufacturing.
Therefore different technologies were being explored as alternative to EUVL.
The European project Single Nanometer Manufacturing for beyond CMOS de-
vices (SNM) [1] aims at developing a manufacturing platform that routinely
provides sub-10 nm resolution. To achieve that, fabrication processes based on
Nano Imprint Lithography (NIL) are investigated. NIL is a low cost, high resolu-
tion and high throughput patterning technique, suitable for the mass produc-
tion of devices. In NIL, a UV-transparent stamp is pressed on top of a substrate
covered with polymer, called the NIL resist. The features on the stamp are im-
printed in this polymer, that hardens under the exposure of UV light. The fea-
tures on the polymer are then transferred into the underlying substrate using
etching processes. To fabricate these stamps, we propose to use electron beam
induced deposition (EBID).

EBID is a high resolution and direct write technique that allows the pattern-
ing of structures in the sub-10 nm range. In EBID, an electron beam is scanned
over a sample surface inside a vacuum chamber, which can be that of a scan-
ning electron microscope (SEM). In the presence of a gas, the electron beam in-
teracts with the precursor molecules, which dissociate into a volatile part, that
is pumped out of the system and a non-volatile part, that sticks to the sample
surface. EBID is capable of writing structures smaller than 3 nm FWHM in a
scanning electron microscope. Moreover, unlike commonly used lithographic
techniques, such as Electron Beam Lithography (EBL) and photolithography,
EBID does not require any resist. This implies that process steps such as resist
coating, development and lift-off are not required. However, EBID suffers from
two main disadvantages, that limit its possible large scale applications. First,
EBID has limited speed. Commonly, one electron beam has to scan the field of



interest spot by spot, or pixel by pixel, to locally deposit the material and form
the desired structures. The throughput can be increased by employing many
electron beams in parallel. This can be achieved in a multi-beam SEM (MB-
SEM), where within one column multiple beamlets are generated and focused
at the sample. The second limitation of EBID is related to the low conductiv-
ity of the deposits obtained. In the EBID community, many studies are carried
out not only in investigating post deposition treatments, such as annealing, but
also new gas precursors, where the carbon content, which is the main respon-
sible for the high resistivity, is as little as possible.

EBID reveals to be a valid attractive lithographic technique for the fabrica-
tion of single electron transistors. These devices consist of Pt/C nanowire and
nanodots transistors, integrated within Si nanodevices.

As an example of the attractiveness of EBID as a device fabrication tech-
nique a single electron transistor was made. This device consists of two Pt/C
nanowires and a Pt/C nanodot in between, all integrated in a chip with prede-
fined Si contact electrodes. The nanodot was as small as 20 nm and the de-
vice showed single-electron current oscillations and 'Coulomb diamond’ elec-
trical characteristics at room temperature. The fabrication of such small de-
vices brings into the spotlight the challenges in metrology, to determine the size
of features in the device. Typically, features are imaged using scanning electron
microscopes with either secondary electron or backscattered electron imaging.
Lines of rectangular cross section, with an enhanced secondary electron yield
at the edges, have bright edges in SEM images and reproducible methods can
be found to define the width of these lines. However, when lines have Gaus-
sian shaped cross sections, such as EBID lines, it is less clear what criteria to
apply to define the line width. A method that makes use of the inflection point
in electron image intensity profiles is used to estimate line widths of Gaussian
lines. Furthermore, a benchmark action is reported, in which metrology instru-
mentation, mainly SEMs and AFMs, available among the partners of the SNM
project, are compared to a reference measurement. The analysis of the bench-
mark sample measured by AFM results in values that are larger compared to
the reference value, most likely due to the critical dependence on probe shape
correction. Values obtained by electron microscopy lie very close to the refer-
ence value.

One of the objectives of this thesis is to develop a process for the fabrication
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of devices using Nano Imprint Lithography (NIL). In this work, we present an
alternative way to fabricate NIL stamps making use of EBID. The main advan-
tage of employing EBID instead of EBL is that coating the wafer with resist and
undergoing post-exposure steps, such as development and lift-off, are avoided.
However, when patterning EBID structures in the sub-10 nm range, the aspect
ratio that can be achieved is typically very small. A way to increase the height
of these structures is to transfer them into an underlying layer using an etching
process. Pattern transfer of EBID lines of 7.4 nm width into silicon is achieved
using chlorine and fluorine chemistries, resulting in slightly broader lines of
14.3 nm. However, NIL stamps must be UV transparent and we need to use
glass substrates. ITO is a transparent and conductive material that can be de-
posited on top of glass wafers. While the transfer of EBID structures into ITO is
possible with BClz chemistry, the roughness of ITO is not compatible with the
dimensions of the structures that we want to deposit. TiN is a compound that
can be deposited by ALD and thus results in atomically flat surfaces. Studies on
the selectivity of TiN towards silicon oxide and vice versa demonstrate that this
is a more promising approach for the fabrication of NIL stamps by EBID.

Essentially, there are two ways to fabricate NIL stamps. The structures can
be patterned on a silicon wafer, called the master. Later, these features are im-
printed on a transparent substrate, called the replica. The replica is then used
in the large scale NIL process. In this case, the features patterned on the NIL
master are positively imprinted on the final wafer. Otherwise, structures can
be directly patterned on the NIL stamp, that is then used in large scale NIL and
imprinted onto the wafers. When using a replica, we observed some damaged
lines on the imprinted wafers that we suspect to originate from the NIL stamp.
While the width of the lines dramatically decreases from the EBID master to the
last (ninth) imprinted sample, the height tends to remain constant. Fabricating
NIL stamps directly with EBID requires the glass template used as stamp to be
coated with a UV-transparent and conductive layer. First the glass template was
covered with a 10 nm layer of chromium, that has a transmittance higher than
38%. While the line width is in general maintained, the height of the structures
on the ninth imprint is always smaller than that on the EBID stamp. Because
during the EBID deposition some charging effects were noticed and could have
a negative impact, a second NIL template was coated with molybdenum. With
more precautions, lines as small as 8 nm could be deposited. Also in this case
we observed that the line width is in general maintained, while the height re-
duced considerably. In general, it is not trivial to image such small structures
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on the imprinted wafers because of the presence of the polymer, which charges
heavily under the electron beam. Because of that, the smallest structures could
not be found on the imprinted substrates.

While EBID was demonstrated to be a suitable technique for patterning de-
vices in the sub-10 nm range and for fabricating NIL stamps, attention was also
directed to the problem of the low throughput. The speed of EBID can be in-
creased in a multi beam scanning electron microscope (MBSEM). In Delft, a
MBSEM that delivers 196 beams was recently developed. In this system, the
beam splitter is placed in the source module of a commercially available SEM.
To drive the voltages to the extra electrodes enclosed in the multi beam source
module, a second Feg Gun Source control Unit (FGSU), controlled via a I2C net-
work, is added to the original one, which was operating in a Canbus network.
To effectively control the two units, the two networks were integrated into one,
controlled via a LabView program. The MBSEM is also used to demonstrate
high throughput and large area patterning, where a 14 x 14 array of pillars as
small as 57 nm was fabricated. The main limitation that was encountered here
is the absence of an individual beam blanker. The 196 beams are switched on
and off simultaneously and therefore different structures for different beamlets
cannot be patterned.

A large part of this thesis is focused on the design and fabrication of a multi
beam blanker array capable of turning a single beam SEM into a multi beam
SEM. The multi beam unit (MBU) is designed to fit the variable aperture port of
SEMs and consists of a beam splitter and a multi beam blanker array. The beam
splitter consists of a multiple lens array (MLA), consisting of 5 um apertures,
that splits and focuses the beamlets at the blanker plate, which is placed 4 mm
below the MLA. The MBU splits the single beam above the intermediate lens of
an FEI Nova Nano Lab 650 SEM into 25 beamlets, each carrying 50 pA current,
which are subsequently focused at the sample by the final lens. The total probe
size, including the contributions from the on-axis and off-axis aberrations, is
approximately 1.63 nm for a 5 kV acceleration voltage. Statistical Coulomb in-
teraction calculations are shown not to deteriorate the performance of the sys-
tem and are effectively negligible. A major challenge is the fabrication of the
blanker array. It consists of an array of 2 um apertures at a pitch of approxi-
mately 8.6 um. Because of the limited space between the apertures, the fab-
rication of the blanking electrodes is not trivial. For this reason, a simplified
blanker unit is designed. It consists of a macro-blanker, whose role is to de-
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flect all the beamlets, and three micro-blankers, that can be activated one at a
time to "un-blank" one beam. This simplified blanker unit serves as a proof-of-
concept prototype. Simulations in COMSOL prove that when a voltage of +£50
Vis applied to the macro-deflectors, a voltage of 25 V on the micro deflector is
needed to "un-blank" the selected beamlet.

An alignment tool is designed to perform fine correction in X, Y and Z axis
as well as rotation around X and Y, to position the MBU in the correct location
inside the electron column. The MBU is mounted on a rigid support where
flexible printed circuit cables carry the voltages for the macro-electrodes. The
MBU is protected against unwanted collisions by a grounded shield. In parallel,
the fabrication process of the MLA and the blanker unit led to separate chips
that were stacked in a specially developed alignment tool based on a 6-degrees
of freedom PI-hexapod system.

Finally, proof-of-concept experiments demonstrate that the MBU delivers
an array of 5x5 beamlets focused at the sample. In such a configuration, an ar-
ray of pillars is patterned by EBID, resulting in structures of 90 nm in diameter.
Voltage test on the electrodes of the blanker unit have shown that no break-
down between neighboring blankers occurs. This unit can in the future be used
to demonstrate the blanking of each beamlet and to determine the probe size
of one beamlet at a time.
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Samenvatting

Om de wet van Moore en de trend van steeds kleiner wordende componen-
ten te kunnen blijven volgen, wordt de nanotechnologie-industrie uitgedaagd
om een geschikte techniek te vinden voor de massaproductie van geintegreerde
schakelingen met een kritische afmeting in het sub-10 nm-bereik.

Toen dit projekt van start ging worstelde EUV-lithografie, waarbij gebruik wordt
gemaakt van licht met een golflengte van 13,5 nm en waarbij de scanner on-
der vacuiim moet worden gehouden, met problemen bij het opschalen naar
de productie van grote hoeveelheden. Daarom wordt er naar andere technolo-
gieén gekeken als alternatief voor EUVL. Het Europese project Single Nanome-
ter Manufacturing for beyond CMOS devices (SNM) [2] richt zich op de on-
twikkeling van een productieplatform dat routinematig sub-10 nm resolutie
levert. Om dat te bereiken worden fabricageprocessen op basis van Nano Im-
print Lithografie (NIL) onderzocht. NIL is een techniek die een lage kostprijs,
hoge resolutie en hoge doorvoersnelheid bij het schrijven van patronen combi-
neert, en is geschikt voor de massaproductie van componenten. Bij NIL wordt
een UV-transparante stempel gedrukt op een substraat bedekt met een poly-
meer, de zogenaamde NIL-fotogevoelige laag. De elementen op de stempel
worden in dit polymeer gedrukt, dat uithardt onder invloed van UV-licht. Ver-
volgens worden de elementen in het polymeer met behulp van etsprocessen
overgebracht naar het onderliggende substraat.

Om deze stempels te vervaardigen, stellen we voor om elektronenstraal - gein-
duceerde depositie (EBID) te gebruiken.

EBID is een directe schrijftechniek met hoge resolutie die het schrijven van
patronen in het sub-10 nm bereik mogelijk maakt. Bij EBID wordt een elektro-
nenstraal gerasterd over een monsteroppervlak in een vacutimkamer, bijvoor-
beeld die van een raster elektronenmicroscoop (SEM).

Bij de aanwezigheid van een precursorgas vindt er interactie plaats tussen de
elektronenbundel en de precursormoleculen, die dissociéren in een vluchtig
deel, dat weggepompt wordt uit het systeem, en een niet-vluchtig deel, dat
blijft kleven aan het monsteroppervlak. EBID is in staat om structuren met
een volledige breedte op de helft van het maximum (FWHM) kleiner dan 3



nm in een raster elektronenmicroscoop te schrijven. In tegenstelling tot de
gebruikelijke lithografische technieken zoals elektronenstraallithografie (EBL)
en fotolithografie, heeft EBID bovendien geen fotogevoelige laag nodig. Dit
betekent dat processtappen zoals het aanbrengen van een gevoelige laag, de
ontwikkeling daarvan en lift-off niet nodig zijn. EBID heeft echter twee belan-
grijke nadelen, die de mogelijke grootschalige toepassingen ervan beperken.
Ten eerste heeft EBID een beperkte snelheid. Gewoonlijk moet één elektronen-
straal het relevante gebied punt voor punt, of pixel voor pixel, aftasten om het
materiaal lokaal te deponeren en de gewenste structuren te vormen. De door-
voer kan worden verhoogd door veel elektronenbundels parallel te gebruiken.
Dit kan worden bereikt in een multi-bundel SEM (MB-SEM), waarbij binnen
een kolom meerdere bundels worden gegenereerd en gericht worden op het
monster. De tweede beperking van EBID is gerelateerd aan de lage geleid-
baarheid van de verkregen deposieten. In de EBID-gemeenschap worden veel
studies uitgevoerd naar niet alleen post-depositiebehandelingen, zoals gloeien,
maar ook naar nieuwe precursorgassen, waarbij het koolstofgehalte, hoofdver-
antwoordelijke voor de hoge weerstand, zo klein mogelijk is.

EBID blijkt een goed en aantrekkelijke lithografische techniek te zijn voor
de fabricage van enkel-elektron transistoren. Deze componenten bestaan uit
Pt/C nanodraad- en nanopunt-transistoren, geintegreerd in Si nano - compo-
nenten.

Als voorbeeld van de aantrekkelijkheid van EBID als een fabricagetechniek
voor componenten werd een enkel-elektron transistor gemaakt. Deze compo-
nent bestaat uit twee Pt/C nanodraden en een Pt/C nanopunt ertussen, geinte-
greerd in een chip met voorgedefinieerde Si-contactelektroden. De nanopunt
was slechts 20 nm groot en de component vertoonde enkel-elektron stroom-
fluktuaties en’Coulomb diamant’ elektrische eigenschappen bij kamertemper-
atuur. De fabricage van dergelijke kleine componenten brengt de uitdagin-
gen in de metrologie duidelijk naar voren, d.w.z. het bepalen van de grootte
van de structuren in de component. Kenmerkend is dat de structuren wor-
den afgebeeld met behulp van raster elektronenmicroscopen gebruikmakend
van secundaire elektronen of terugverstrooide elektronen voor de beeldvorm-
ing. Lijnen van rechthoekige doorsnede, met een verhoogde secundaire elek-
tronenopbrengst aan de randen, hebben heldere randen in SEM-beelden en
reproduceerbare methoden kunnen worden gevonden om de breedte van deze
lijnen te bepalen.
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Wanneer lijnen echter Gaussisch gevormde doorsneden hebben, zoals EBID
-lijnen, is het minder duidelijk welke criteria moeten worden toegepast om
de lijnbreedte te bepalen. Een methode die gebruik maakt van het buigpunt
in elektronenbeeld-intensiteitsprofielen wordt gebruikt om de lijnbreedte van
Gaussische lijnen te schatten. Verder wordt er gerapporteerd over een kwanti-
tatieve vergelijking, waarbij meetinstrumenten, voornamelijk SEM’s en AFM’s,
die beschikbaar zijn bij de partners van het SNM-project, worden vergeleken
aan de hand van een referentiestandaard.

De analyse van de referentiestandaard, gemeten met de AFM’s, resulteert in
waarden die groter zijn dan de referentiewaarde, wat waarschijnlijk het gevolg
is van de uiterst gevoelige afhankelijkheid van de correctie voor de vorm van de
aftaster. Waarden verkregen door elektronenmicroscopie liggen zeer dicht bij
de referentiewaarde.

Eén van de doelstellingen van dit proefschrift is het ontwikkelen van een
proces voor de fabricage van NIL componenten. In dit werk presenteren we
een alternatieve manier om NIL-stempels te maken met behulp van EBID. Het
grote voordeel van het gebruik van EBID in plaats van EBL is dat het aanbren-
gen van een fotogevoelige laag op het substraat en het doorlopen van stap-
pen na de belichting, zoals ontwikkeling en lift-off, worden vermeden. Echter,
bij het schrijven van EBID-structuren in het sub-10 nm-bereik is de hoogte-
breedteverhouding die kan worden bereikt meestal zeer klein. Een manier om
de hoogte van deze structuren te vergroten is om ze over te brengen in een on-
derliggende laag met behulp van een etsproces. De overdracht van een patroon
van EBID lijnen van 7,4 nm breedte in silicium wordt bereikt met behulp van
chloor- en uorgebaseerde chemie, wat resulteert in iets bredere lijnen van 14,3
nm. Echter, NIL stempels moeten UV-transparant zijn en daarom moeten we
glazen substraten gebruiken. ITO is een transparant en geleidend materiaal dat
op glazen substraten kan worden aangebracht. Terwijl de overdracht van EBID
structuren naar ITO mogelijk is met BCI3 chemie, is de ruwheid van ITO niet
compatibel met de afmetingen van de structuren die we willen deponeren. TiN
is een verbinding die middels ALD (atomaire laag depositie) kan worden gede-
poneerd en resulteert in een vlak oppervlak, met atomaire precisie. Studies van
de selectiviteit van TiN ten opzichte van siliciumoxide en vice versa tonen aan
dat dit een veelbelovende aanpak is voor de fabricage van NIL-stempels met
behulp van EBID.

In wezen zijn er twee manieren om NIL-stempels te vervaardigen. Ten eerste
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kunnen de structuren op een silicium substraat, master genaamd, worden aange-
bracht. Later worden deze structuren op een transparant substraat, de replica
genaamd, overgebracht. De replica wordt dan gebruikt in het NIL-proces op
grote schaal. In dit geval worden de kenmerken van de NIL-master positief op
het uiteindelijke substraat overgebracht. Ten tweede kunnen structuren direct
op het NIL-stempel worden aangebracht, dat vervolgens voor grootschalige
NIL wordt gebruikt en op de substraten wordt geprint. Bij het gebruik van
een replica hebben we enkele beschadigde lijnen op de bedrukte substraten
waargenomen waarvan we vermoeden dat ze afkomstig zijn van het NIL- stem-
pel. Terwijl de breedte van de lijnen drastisch afneemt van de EBID-master
naar het laatste (negende) bedrukte substraat, blijft de hoogte van de lijnen
ongeveer constant. Voor het rechtstreeks vervaardigen van NIL-stempels met
NIL is het nodig dat het als stempel gebruikte glazen sjabloon voorzien is van
een UV-transparante en geleidende laag. Eerst werd het glazen sjabloon bedekt
met een 10 nm dikke laag chroom, die voor meer dan 38% transparant is. Ter-
wijl de lijnbreedte in het algemeen behouden blijft, is de hoogte van de struc-
turen op de negende afdruk altijd kleiner dan die op het EBID-stempel. Omdat
tijdens de EBID-depositie wat opladingseffecten werden waargenomen die een
negatieve effekt zouden kunnen hebben, werd een tweede NIL-sjabloon met
molybdeen gecoat. Met wat meer voorzorgsmaatregelen konden lijnen tot 8
nm worden gedeponeerd. Ook in dit geval zagen we dat de lijnbreedte over het
algemeen behouden blijft, terwijl de hoogte van de lijnen aanzienlijk afnam.
In het algemeen is het niet triviaal om zulke kleine structuren op de bedrukte
substraten af te beelden vanwege de aanwezigheid van het polymeer, dat sterk
oplaadt door de elektronenstraal. Hierdoor konden de kleinste structuren niet
worden gevonden op de bedrukte substraten.

Naast dat aangetoond werd dat EBID een geschikte techniek is voor het
aanbrengen van patronen voor componenten in het sub-10 nm bereik en voor
het vervaardigen van NIL-stempels, werd er ook aandacht besteed aan het prob-
leem van de lage doorvoersnelheid. De snelheid van EBID kan worden ver-
hoogd in een multi-bundel raster elektronenmicroscoop (MBSEM). Er is on-
langs in Delft een MBSEM ontwikkeld die resulteert in 196 bundels. In dit sys-
teem wordt de bundelsplitser in de bronmodule van een in de handel verkrijg-
bare SEM geplaatst.

Om de voltages op de extra elektroden in de multi-bundel bronmodule aan te
brengen, werd een tweede FEG bronbesturingseenheid (FGSU), aangestuurd
via een 12C netwerk, toegevoegd aan de oorspronkelijke, die in een CANBUS
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netwerk actief was. Om de twee eenheden effectief te kunnen besturen, wer-
den de twee netwerken geintegreerd in één netwerk, bestuurd via een LabView-
programma. De MBSEM wordt ook gebruikt ter demonstratie van de hoge
doorvoersnelheid en het aanbrengen van patronen op een groot oppervlak,
waarbij een raster van 14 x 14 pilaartjes met een grootte tot 57 nm werd gefab-
riceerd. De belangrijkste beperking hier was de afwezigheid van een individu-
ele bundelonderbreker. De 196 bundels worden gelijktijdig in- en uitgeschakeld
en daarom kan niet elke bundel een andere structuur schrijven.

Een groot deel van dit proefschrift is gericht op het ontwerp en de fabricage
van een matrix van bundelonderbrekers voor multi-bundel toepassingen, zo-
danig dat een SEM met een enkele bundel omgevormd kan worden in een SEM
met meerdere bundels. De multi bundeleenheid (MBU) is zo ontworpen dat
deze past in de poort waarin de variabele apertuur van een SEM gemonteerd
is, en uit een bundelsplitser en een matrix van bundelonderbrekers bestaat.
De bundelsplitser bestaat uit een matrix van micro lenzen (MLA), ieder met
een opening van 5 um diameter, die de bundels splitst en focust op de bun-
delonderbrekerplaat, die 4 mm onder de MLA is geplaatst. De MBU splitst de
enkele bundel boven de intermediaire lens van een FEI Nova Nano Lab 650
SEM in 25 bundels, die elk 50 pA aan stroom bevatten, en vervolgens door
de eindlens op het substraat worden gefocusseerd. De totale grootte van het
focus, inclusief de bijdragen van de aberraties op en naast de optische as, is
ongeveer 1,63 nm, wanneer een versnelspanning van 5 kV wordt gebruikt. Uit
berekeningen van de statistische Coulomb interacties blijkt dat de prestaties
van het systeem daardoor niet verslechteren, en deze kunnen aldus verwaar-
loosd worden. Een grote uitdaging is de fabricage van de matrix van bundelon-
derbrekers. Deze bestaat uit een matrix van openingen met een diameter van
2 pm op een steek van ongeveer 8,6 um. Vanwege de beperkte ruimte tussen
de openingen is de fabricage van de elektroden van de onderbreker verre van
triviaal. Om deze reden is een meer eenvoudige onderbrekereenheid ontwor-
pen. Deze bestaat uit een macro-onderbreker, die alle bundels tegelijk moet
afbuigen, en drie micro-onderbrekers, die één voor één kunnen worden ge-
activeerd om het onderbreken van één bundel ongedaan te maken. Deze een-
voudige onderbrekereenheid dient als een prototype voor het aantonen van het
concept. Simulaties in COMSOL bewijzen dat wanneer een spanning van + 50
V op de macro-onderbrekers, of afbuigers, wordt gezet, een spanning van 25 V
op de micro-afbuigers nodig is om de geselecteerde bundel door te laten.
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Een speciale uitlijn inrichting is ontworpen om precieze correcties uit te
voeren op de positie van de MBU in de elektronenkolom, met translaties in de
X-, Y- en Z-as richting en rotaties rond de X- en Y-as. De MBU is gemonteerd
op een stijve drager waarbij exibele printkabels de spanningen voor de macro-
elektroden toevoeren. De MBU is beschermd tegen beschadiging door mid-
del van een geaarde afscherming. Parallel hier aan werd het fabricageproces
ontwikkeld van de matrix van micro lenzen (MLA) en de onderbrekereenheid
als afzonderlijke chips, die gestapeld en uitgelijnd werden met behulp van een
speciaal ontwikkeld uitlijngereedschap, gebaseerd op een PI-hexapod-systeem
met 6 vrijheidsgraden.

Tot slot, experimenten die het concept aantonen hebben laten zien dat de
MBU een reeks van 5x5 bundels oplevert die gefocusseerd zijn op het substraat.
In een dergelijke konguratie is een reeks van pilaartjes geschreven met EBID,
resulterend in structuren van 90 nm in diameter. Spanningstests op de elek-
troden van de onderbrekereenheid hebben aangetoond dat er geen doorslag
tussen naburige onderbrekers optreedt. Deze eenheid kan in de toekomst wor-
den gebruikt om het onderbreken van elke bundel aan te tonen en om de grootte
van het focus van elke individuele bundel te bepalen.
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Introduction to Single
Nanometer Manufacturing

IfI have seen further than others, it is by standing upon the shoulders of giants.

Isaac Newton

In 1965, Gordon Moore was asked by Electronics Magazine to predict the
future of the semiconductor industry. Moore was, by that time, the owner of
Fairchild Semiconductor company, founded by Moore himself. Years later, to-
gether with his general manager Robert Noyce, Moore left Fairchild Semicon-
ductor to establish Intel corporation. What probably Moore did not expect back
in 1965 was that the predictions that he made would become the drive for the
evolution of processors. This prediction, known as Moore’s law, says that the
number of transistors on an integrated circuit doubles every year [2]. A few
years later Moore’s law was announced. The remarkable speech held by Richard
Feynman titled "There’s plenty of room at the bottom" marks the origin of the



Nanotechnology field [3]. In 1974, Robert Dennard and his team at IBM re-
search wrote an article [4] describing the scaling rules for MOSFETs (Metal Ox-
ide Semiconductor Field Effect Transistors), that include device dimension and
power consumption [5]. Both Moore’s law and Dennard’s scaling represented
the main drive in the semiconductor industry to keep pushing the resolution
with which devices are patterned. While Dennard’s scaling faces problems be-
cause of thermal noise that limits the scaling of the voltages used in devices,
and because of the impossibility of increasing the clock speed further, Moore’s
law was adapted by predicting that the shrinking of transistor area lowers the
cost of transistors by 30% per year [6]. We recently witnessed a third reformu-
lation of Moore’s law, also referred to as third era, where the scaling of devices
is replaced by "scaling out" [7]. In this formulation, innovation in device fab-
rication is led by 3D integration, employment of new materials, memory on
processors and more.

Nowadays, however, the main driver in the semiconductor industry still re-
lies on the trend of device shrinking. New processes are developed, new pat-
terning strategies are being employed in order to fabricate smaller and smaller
devices. In this scenario, the most important player in the manufacturing of
devices is lithography. Lithography is the step where devices are being "drawn"
on the silicon wafer and it is the most critical step as it defines the minimum
dimension with which features can be patterned. In the early 1960s, the first
circuits boards were printed using shadow printing, which soon evolved into
projection printing, introduced in the 1970s. In 1978, the world witnessed the
first stepper, which utilized an automated wafer handling and alignment tool.
From the 1980s, improvements in the exposure tools focused on reducing the
wavelength of the light used during the exposure and employing bigger and
bigger wafers, to both reduce the critical dimension of the features that could
be printed and increase the throughput. The introduction of excimer laser
sources with wavelength in the DUV (Deep Ultra Violet) range gave a sudden
boost in the performance of scanner and stepper systems [8]. KrF sources that
emit light with 248 nm wavelength were introduced in 1997 and were soon re-
placed in 2001 by ArF sources, that brought down the emission wavelength to
193 nm [9]. The resolution of DUV tools was further improved with the intro-
duction of "wet" systems, or immersion lithography. While in dry systems the
exposure is performed in air, in wet systems a medium, typically water, is led
in between the projection lens and the wafer in order to increase the numerical
aperture, and thus the resolution of the system [10]. Because new technologies,




like EUVL (Extreme Ultra Violet Lihography), delayed their entrance in mass
production, tricks like self aligned double patterning helped in overcoming the
limitation of lithographic tools in device shrinkage [11].

EUV lithography, developed by ASML, uses light with a wavelength of 13.5
nm. Because of such short wavelength, the scanner must work under vacuum,
to prevent the light to be absorbed. EUV technology takes along drastic changes
in the optical system of the exposure tool, which once comprised of lenses for
DUV technology, is now replaced with mirrors [12]. The challenges in the de-
velopment of such a sophisticated tool required more time than anticipated
and, by the time this project started, this technology had not yet made its en-
trance in the high volume manufacturing industry. It was not yet clear how
EUV technology will perform in mass production, and the battle with compet-
ing lithographic techniques still remained open.

As alternative to EUVL, Nano Imprint Lithography (NIL) emerges as a low
cost, high resolution and high throughput patterning technique. In NIL, a stamp
with nanostructures is pressed on top of a wafer coated with polymer, called
NIL resist, which is cured under UV-light. In this step, the nanostructures on
the stamp are imprinted, or duplicated, into the resist. The stamp is then re-
moved from the wafer and the structures are then transferred into the under-
lying wafer by an anisotropic etching processes. Nano imprint lithography is
not limited by wave diffraction, scattering or interference unlike conventional
lithographic methods [13]. Reviews on nano imprint lithography can be found
in literature [14] [15] [16] [17]. While NIL is demonstrated to be a suitable tech-
nique for the fabrication of features in the sub-20 nm range, the fabrication
of NIL stamps requires high resolution patterning techniques. Typically, NIL
stamps are made by electron beam lithography (EBL). EBL is a maskless litho-
graphic technique where a beam scans the surface of a substrate covered with
an electron-sensitive resist. The induced changes in the chemistry of the re-
sist cause that, depending on the tone of the resist, the exposed area, or the
non-exposed area, is being removed after the development of the resist. While
the resolution in EBL depends on the chemical composition of the resist and
how electrons are scattered within the resist layer, EBL is considered a suitable
technique for patterning structures well below 10 nm [18]. However, with this
technique several pre-patterning and post-exposure steps are required and in-
volve the coating of the wafer with resist, development and lift-off of the resist.




This thesis investigates the opportunity of using Electron Beam Induced
Deposition for the fabrication of NIL stamps as alternative to EBL. EBID is a
high resolution and direct write technique, where, similarly to EBL, a beam is
scanned over a sample surface. When a gas precursor is led into the cham-
ber, which can be that of a scanning electron microscope (SEM), in the prox-
imity of the beam, the electrons dissociate these complex molecules into a
volatile part, that is pumped out of the system, and a non-volatile part, that
sticks to the substrate forming the deposit. Literature offers a variety of re-
view papers on focused electron beam induced processing and its future per-
spective [19] [20] [21] [22] [23] [24] [25] [26] [27]. When using the Pt precursor
MeCpPtMes, EBID deposits have typically a low content of metal, that is sur-
rounded by a "soup" of carbon. This means that the deposits have typically low
conductance, which is one of the main limitations of EBID. The low quality of
EBID deposits originates from the fact that the gas precursors typically come
from other applications, such as Chemical Vapour Deposition (CVD), and they
are not optimized for EBID. Another main disadvantage of EBID, like EBL, is
the low throughput, which is determined by the inherently low speed of single-
electron-beam systems. While in photolithography fields in the mm range can
be exposed at once, in electron beam methods, the beam has to scan step by
step, or pixel by pixel.

The low throughput is a bottleneck of electron beam systems, including
scanning electron microscopes. To overcome this limitation, multiple beam-
lets can be used in one tool to speed up the performance. For lithography
purposes, Mapper has developed a maskless lithography technology, based on
parallel beam writing, where up to 65,000 beams could be focused at the sam-
ple surface [28] [29]. Recently, a pre-production tool was installed in CEA-Leti,
targeting a throughput of 650,000 beams [30]. In the field of electron micro-
scopes, Zeiss has launched a few years ago a high resolution and high through-
put multi-beam SEM with up to 91 beamlets [31]. This system, which com-
prises secondary electron detection, is used to speed up the image acquisition
in fields like biology research and in the semiconductor industry. In Delft, a
multi-beam SEM (MBSEM) was developed using a commercially available FEI
Nova Nano SEM 200 scanning electron microscope. The source module of this
microscope was replaced with a multi-beam source module, where an aper-
ture lens array split the electron beam emitted from a Schottky source into an
array of 14 x 14 beams, delivering at the sample up to 196 beams. The imaging
systems developed for this MBSEM are based on the detection of transmitted




electrons and secondary electrons [32]. The main limitation, for lithography
purposes, of such an instrument is the absence of a blanker array that is capa-
ble of switching on and off each beam individually.

This thesis aims at developing a process based on electron beam technol-
ogy for the fabrication of devices in the sub-10 nm range. The idea is to make
use of Nano Imprint Lithography as a patterning method for high volume man-
ufacturing and fabricate the stamps by electron beam induced deposition. EBID
is suitable for the deposition of small structures. However, when patterning in
the sub-10 nm range, the aspect ratio is very small and these structures are very
thin. A possible way to overcome this limitation is to transfer these structures
into an underlying layer. Moreover, MBSEMs can be used to pattern the EBID
structures to overcome the limitation of the low throughput. The work pre-
sented in this thesis is part of the European project "Single Nanometer Manu-
facturing for beyond CMOS devices" (SNM) [1], which aims at achieving sub-
10 nm resolution patterning using NIL as lithographic technique and stamps
made by both Scanning Probe Microscopy (SPM) and EBID.

This thesis starts with analyzing EBID as a technique for high resolution
patterning of functional electron devices. Chapter 2 deals with the fabrication
of a single electron transistor consisting of a Pt/C nanowire and nanodots, inte-
grated within Si nanodevices. To be able to fabricate such a device a wide range
of parameters needs to be optimized and controlled. Following, the attention is
focused on Metrology that plays an important role when determining the size
of features, which can be non trivial. An activity aimed at comparing metrology
tools with a reference measurement is presented here.

In chapter 3, the pattern transfer of EBID structures into underlying layers
is demonstrated. The aim of this study is to improve the aspect ratio of the
shallow EBID structures, keeping in mind that this step could be of use in the
fabrication of NIL stamps. In fact, for this purpose, UV-transparent substrates
are required and the pattern transfer must happen in layers that are not only
transparent, but also conductive. Because of the difficulties encountered in de-
termining the size of the etched features, a further investigation of the pattern
transfer into thin membranes aims at achieving a more reliable measurement
of the lateral dimensions by inspection in transmission electron microscopes.

The fabrication of NIL stamps is described in chapter 4. There are essen-

tially two ways for fabricating NIL stamps. In a first approach, the structures
can be patterned on a silicon wafer, called master. Later, these features are im-




printed on a transparent substrate, called replica. The replica is then used in
the large scale NIL process. In a second approach, the structures are directly
patterned on top of the NIL glass template using EBID. The fidelity in the im-
printing of such structures in terms of line width and line height is studied.

The description of the features and capabilities of the Delft multi-beam
SEM is presented in chapter 5. In this system, the beam splitter is placed in
the source module of a commercially available SEM. The analysis of the control
electronics is presented here and the improvements made in the integration of
the control unit of the multi beam source unit are described. This chapter also
deals with the experiments on large area and high throughput patterning using
EBID in the Delft MBSEM.

A question that chapter 6 addresses is: how can an individual beam blank-
ing array be integrated in the MBSEM? In the past, attempts in integrating a
blanking array in the source module, below the multiple lens array failed. This
happened because of the unfriendly conditions in the source module, includ-
ing high vacuum level and high voltage. What if the multi beam splitting and
blanking unit are re-designed? This chapter discusses the requirements that
the new multi-beam system needs to meet and possible alternative designs.
The evaluation of the performance of the possible alternatives is based on the
analysis of the first order optics as well as on-axis aberrations. This chapter
evolves then in the detailed discussion of the off-axis performance and stochas-
tic Coulomb interactions. Lastly, the design of the blanker array is presented,
followed by a simulation of its working principle.

The mechanical design and the fabrication process of the multi-beam split-
ting and blanking unit are addressed in chapter 7. The integration of the unit
into a scanning electron microscope requires the development of a tool that is
capable of placing and aligning the unit into the optical axis of the SEM col-
umn. The microfabrication processes for the fabrication of the multi aperture
plate and the blanker array are presented.

Chapter 8 reports initial proof-of-concept experiments that demonstrate
the splitting of the beam into multiple beamlets and how they can be focused
at the sample surface. Then, the results of initial tests with a first prototype of
a simplified design of the blanker array are described and the conclusions are
reported in chapter 9.




Charged Particle Single-Digit
Nanometer Manufacturing
using Electron Beam Induced
Deposition

A thinker sees his own actions as experiments and questions, as attempts to find out
something. Success and failure are for him answers above all.

Friedrich Nietzsche

2.1 Electron Beam Induced Deposition

Single nanometer structures, i.e. structures with dimensions smaller than 10nm,
are not easy to fabricate. Standard lithography techniques, such as resist-based
electron beam lithography, do not routinely provide sub — 10nm resolution.



Electron Beam Induced Deposition (EBID) is a high resolution direct write lithog-
raphy technique, that is capable of writing single-digit nanometer patterns.
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Figure 2.1: Schematics of the working principle of Electron Beam Induced Deposition [21]. A
nozzle, from which the gas precursor is flown into the system, is positioned close to the sample
surface. The gas molecules diffuse on the sample surface and are dissociated by the electron
beam. The non volatile components stick to the sample surface, forming the deposit, while the
non-volatile fragments are pumped out of the system.

As shown in figure 2.1, an electron beam is focused onto a sample in a vac-
uum chamber, which can be that of a Scanning Electron Microscope (SEM),
and made to react with a precursor gas, let into the SEM through a nozzle po-
sitioned in proximity of the substrate. The gas molecules are dissociated into
a volatile part, that is pumped out of the SEM, and a non-volatile part, that re-
mains on the sample surface, forming a deposit. Typical precursors are W(CO)g
and MeCpPtMe;s, that lead to tungsten and platinum deposits, respectively.
However, a larger variety of materials is available, among which gold [33] [34],
iron [35], cobalt [36], carbon and silicon dioxide [20].

EBID is a one-step high resolution patterning technique, that takes bene-
fit from the capability of modern electron microscopes to focus the electron
beam in a spot as small as a few tenth’s of a nanometer. The high spatial reso-
lution of EBID has been demonstrated by Van Dorp et al. [37], who patterned
dots of 1nm diameter in a 200kV Scanning Transmission Electron Microscope
(STEM), as shown in figure 2.2a. The dots were patterned using the W(CO)g
precursor on a 30nm thick SisNy membrane [37], that was plasma-cleaned in
an Ar/O; mixture to reduce the effect of hydrocarbon contamination. Using an
SEM, van Oven et al. patterned 2.9nm FWHM lines on a silicon bulk substrate




using the MeCpPtMej precursor [38]. The dense lines, that are shown in figure
2.2b, have a pitch of 6nm and were patterned in a multiple passes writing strat-
egy not only to reduce the proximity effect, but also to enhance the precursor
replenishment, allowed by a waiting time between passes.

a) b)

l 2.9 nm FWHM

I

Figure 2.2: a) 10 x 10 array of dots with an avarage diameter of 1nm patterned in a 200kV STEM
[37]. b) SEM micrograph of the dense lines with a pitch of 6nm, where the smallest line has a
width of 2.9nm FWHM [38].

The spatial resolution of EBID also depends on the dissociation cross-section
of the precursor gas, that typically has a peak up to an energy range of a few
100’s of eV [19] and partly overlapping the energy distribution of the secondary
electrons (SE) that are generated in the substrate and emitted from its sur-
face [39]. Also electrons that are generated in the deposited structure itself
contribute to the dissociation process, and enhance the growth of the struc-
ture [40]. Also proximity effects play a role in the size of EBID patterns, as elec-
trons scattered from neighboring structures also contribute in dissociating ad-
sorbed precursor molecules [41] [42] [43]. Defining the correct writing strategy
is therefore of extreme importance to achieve pattern sizes in the sub-10 nm
range.

However, electron beam lithography techniques, such as EBID, are serial
writing techniques and therefore inherently slow. To enhance the writing speed,
multi-beam systems can be used. Post et al. [44] demonstrated that the through-
put of EBID can be enhanced by a factor of 196, when using a multi-beam
scanning electron microscope (MB-SEM) that delivers 14 x 14 beams to the
sample surface, with the same characteristics as a state-of-the-art single beam




SEM [45] [46]. Figure 2.3 shows a single-beam SEM image of the 14 x 14 array of
dots patterned with the multi-beam SEM at 15kV, using a single 20s exposure.

Figure 2.3: Single-beam SEM
image of the 14 x 14 array
of EBID dots patterned in the
g e ey (11ULItI-beam SEM [46].

Another drawback of electron beam induced deposition is the purity of the
patterned structures [47]. As most of the precursor gas consists of carbon, a
large quantity of this element is found in the deposits along with the metal.
Moreover, the presence of hydrocarbons in the SEM chamber, or on the sam-
ple surface itself, contributes in increasing the low purity of the deposits. Be-
cause EBID is often used for patterning conductive leads to nanostructures, it
is desirable that the resistance of the deposits is very low. There is a variety
of techniques used to purify EBID deposits and they differ depending on the
precursor. Botman et al. have listed a number of possible techniques pub-
lished in literature [48], where the common pathway for purity improvement
is heating (before or after the deposition) and working in a favourable resid-
ual gas environment, achieved for instance by thoroughly plasma-clean the
SEM chamber. The metal content of platinum and gold structures can be im-
proved by post-deposition treatments in oxygen-rich atmosphere at both high
temperature [49] and low temperature [50] [51] [52], or by exposing the struc-
tures with water [53]. Other purification techniques involve an irradation step
with a laser beam [54] [55], or an e-beam post-irradiation step under oxygen
flux [56]. Water-assisted deposition was recently proven to enhance the purity
of gold structures [57]. Purification techniques have also been studied for tung-
sten [58], iron [59], ruthenium [60] and cobalt [61] precursors.

In this chapter, we present how electron beam induced deposition can be
used for the fabrication of functional devices in the 10nm scale. In a world
where dimensions are getting smaller and smaller, also metrology plays a cru-
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cial role in not only determining the size of these objects, but most impor-
tantly in providing reliable measurement protocols. We then therefore focus
on a metrology study aimed at comparing measurement methods and analysis
methods within the SNM consortium. The aim of this study is to compare mea-
surements of benchmark samples done in different laboratories with different
measurement tools.

2.2 Fabrication of a Coulomb blockade device by
Electron Beam Induced Deposition*

Nowadays the CMOS technology is pushing for reduced device dimensions and
new device structures to meet the increasing demands on improvements in
speed, complexity and packing density of integrated circuits. When the dimen-
sion of structures reduces below the 10nm scale, where quantum effects start to
play a role, challenging barriers are encountered in the physics and technology
of devices. In this scenario, advanced lithographic techniques such as scanning
probe lithography (SPL) [62] [63], electron beam lithography (EBL) [64] [65] and
nano imprint lithography (NIL) [66] [67] have received increased attention in
the fabrication of "beyond CMOS" sub-10 nm electronic devices.

Single electron transistors are types of sub-10 nm devices that have received
an increased attention lately. Single electron transistors (SETs) consist of a
source and a drain electrode, with a conducting island in between, and a nearby
gate electrode. An electron that has tunneled from the source into the island
might create a Coulomb repulsion, preventing other electrons to tunnel to the
island, leading to an increase of the resistance of the device. In the presence of
such a Coulomb blockade, the current-to-voltage characteristics, also known as
I-V curve, of the device has a staircase-like shape, only for sufficiently unequal
conductance of the drain/island and source/island. Wang et al. developed SETs
by connecting the source and the drain electrodes with silicon nanowires with a
width down to 30 nm [68]. The silicon nanowires were patterned on the silicon
top layer of a silicon-on-insulator (SOI) wafer using electron beam lithogra-
phy (EBL). The Si core of the nanowires was decreased in size down to 5nm by
passivating the sample in a thermal oxidation step. I-V curves of such devices,
that were measured at different temperatures, down to 8K, show the Coulomb

*This paragraph is published as:
Durrani, Z. A. K., Jones, M. E., Wang, C., Scotuzzi, M. and Hagen, C. W.,, Electron transport
and room temperature single-electron charging in 10nm scale PtC nanostructures formed by
electron beam induced deposition, Nanotechnology 28 (2017) 474002
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blockade demonstrating the tunnelling of the electrons in the device. This par-
ticular fabrication process can be quite tedious, requiring many trials to end up
with a small enough island.

Electron beam induced deposition (EBID) is emerging as a suitable high
resolution lithographic technique for the fabrication of devices in the single-
digit nanometer scale. The spatial resolution of EBID is determined by the
probe size, and by the convolution of the energy dependent spatial distribu-
tion of incident electrons with both the electrons emitted from the substrate,
and the energy dependent cross section for dissociation of precursor molecules
at the substrate surface. The dissociation cross-section, which typically has a
peak in the energy range at a few 100 eV, to some degree can overlap the en-
ergy distribution of the secondary electrons (SE) generated in the substrate and
emitted from the surface. Electrons that are generated in the deposited struc-
ture itself also contribute to this dissociation process, and enhance the growth
of the structure. Proximity effects resulting from electrons scattered during
the exposure of neighbouring structures further contribute to dissociating ad-
sorbed precursor molecules, thus affecting EBID pattern sizes. Hence, defining
the correct writing strategy is of great importance to achieve pattern sizes in the
sub-10 nm range.

EBID is demonstrated to be a valid technique for device fabrication, with
applications ranging from electrical connections to nanowires and nanotubes
[69] [70] [71] [72], to growth of nanowires [73] [74] [75] [76] [77] [78] [79] [80],
fabrication of Pt tips for field emission electron sources [81] [82], field emission
arrays [83] [84], nanopore nanomachining for molecule detection and DNA se-
quencing [85], patterned catalyst deposition [86] [87], and lithographic mask
repair [88]. EBID is also used in the field of 3D nanoprinting [91] [92], nano-
magnetism [89] [90], plasmonics [93] and photonics [94].

In this paragraph, we present the fabrication of single electron transistors
(SET) by EBID using the Pt/C precursor, integrated in a silicon-on-insulator
(SOI) chip. The SOI chips were pre-patterned with heavily doped n-type source
and drain with a = 100nm nanogap, where the EBID nanostructures forming
the heart of the SET must be deposited. The geometry of a SET, shown in
figure 2.4, consists of two nanowires patterned by EBID that extend from the
pre-patterned source and drain electrodes and an EBID nanostructure, or the
quantum dot, deposited in the gap formed between the two EBID leads. The
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size of the gap between the electrodes and the EBID quantum dot should be
smaller than 10 nm. This device is a good candidate for expressing single elec-
tron transistor behaviour at room temperature, but other devices consisting of
nanowire-only Pt/C deposits, where the tunneling of electrons could occur in
between the Pt grains, are also studied.

EBID Source/Drain

Figure 2.4: Schematic diagram of the device structure showing the silicon source, drain and gate
electrodes together with the EBID Pt/C leads and nanodot structure.

2.2.1 Fabrication of the single electron transistor by EBID
The substrate where the SETs are to be fabricated is an SOI (silicon-on-insulator)
wafer, with a = 12nm thick top Si layer and = 30nm buried oxide layer. The top
Si layer was heavily doped with phosphorous at ~ 102°cm™3. 10 mm x 10 mm
chips are used for device fabrication, each of which holds a 4 x 4 array of cir-
cuits. In each circuit, 8 device structures are defined, where the source, drain
and gate electrodes can all be addressed independently. The device structures
are defined in the Si layer using electron beam lithography using a Vistec VB6-
HR machine operating at 100 kV. Figure 2.5a shows a low magnification SEM
image of the pre-patterned devide on the SOI wafer, showing the 8 individual
transistors. It will be seen that each device has a unique source and gate, but
there are common drains between devices 1 and 2, 3 and 4, 5 and 6 and 7 and
8. A nanogap in the silicon between the source and drain was left for the depo-
sition of the EBID patterns, as shown in figure 2.5b.

The final device consisting of the extensions of the drain and source con-
tacts and the nanodot is fabricated using electron beam induced deposition. In
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Figure 2.5: a) A low magnification SEM micrograph annotated to show the central area con-
taining 8 device structures (numbered), each with a nanogap between the source and common
drain, and a single side gate. The distance between the crosses is 200um. b) SEM image of the
pre-patterned device showing the source, drain and gate electrodes.

order to achieve high resolution patterning with EBID, a large group of param-
eters must be optimized for a successful deposition. First of all, the electron
beam settings define the size of the electron beam at the sample, and hence
the minimum size of the deposited structure. The higher the beam voltage and
the lower the beam current, the smaller the probe size. We used a 19kV elec-
tron beam at a working distance of 5.25mm because it was the highest acceler-
ation voltage available when using the Ultra High Resolution (UHR) mode. In
this mode, a stronger magnetic lens, with a field that surrounds the pole-piece,
focuses the beam in a small probe onto the sample surface. The choice of the
beam current can be a compromise between probe size and acceptable con-
trast in the SE images. We used a probe current of 39p A, which leads to a beam
diameter of < 2nm, to get enough signal on the SE detector during the focus-
ing of the beam. The geometry of the set up, defined as the working distance
and the position of the GIS nozzle must be optimized for the gas flow. In the
FEI Nova Nano Lab 650 SEM, this is achieved by holding the sample at a eucen-
tric height with the gas injection nozzle located approximately 100um above
the sample surface. The operating conditions of the SEM also play a crucial
role: the SEM chamber must be thoroughly cleaned with oxygen plasma for
2 hours and before starting the deposition, the chamber vacuum level must
have reached a sufficiently low base vacuum (better than = 2-10"%mbar). The
choice of the precursor gas also influences the EBID patterning in terms of flux,
adsorption and desorption of the precursor molecules and electron beam in-
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duced dissociation cross section. In this experiment, we used the Pt precursor
gas, trimethyl (methylcyclopentadienyl)-platinum (MeCpPtMes), with the de-
posited patterns expected to consist of Pt grains in a C matrix with a Pt:C ratio
of approximately 1:5 [49]. Lastly, the writing strategy must be carefully studied
and optimized. To pattern SET devices, the following strategy, shown in figure
2.6, was adopted:

a) First, the beam is finely focused to its smallest spot on surrounding par-
ticles and on the edge of the electrode itself. Then, the magnification is
set to 240000, the beam is blanked and the gas is led into the chamber.
It is of utmost importance that the gas flow stabilizes on the sample sur-
face, which takes approximately 20 minutes. During this time, we do not
encounter defocus of the beam, nor substantial drift.

b) First, the two connecting lines are patterned. The two lines are defined
by the patterning software as a sequence of pixels and each pixel is ex-
posed by the beam for an amount of time called the dwell time. The lines
are both patterned starting from the electrode towards the island posi-
tion and the space reserved for the island is set to be 50nm. Each line is
exposed for 4000 passes and in each pass the line pixels are exposed for
2us. Therefore, the total exposure time for each pixel is 8ms. The pattern
generator first completes one line and then writes the second one.

¢) When the two lines are patterned, the beam is blanked and the gas is
pumped out of the chamber. The device is then imaged to locate the
exact position of the gap. The island is then defined as a circle with a
diameter of 2nm, patterned with a dwell time of 4ms and only 2 passes.

It is recognised that EBID processes also deposits a halo. This was not
cleaned because the amount of material deposited was so little and spread over
quite a large area and as such would not have formed a conducting layer. At
19keV, the energy at which the deposition was performed, the diameter of the
disk from which the backscattered electrons are emitted is 2.47um [95]. As-
suming a worst case scenario that the number of electrons generated by the
backscattered electrons, SE2, is equal to the number of electrons directly gen-
erated by the primary electrons, SE1, and that the SE1 electrons are emitted
from an area with a diameter of = 3nm (a convolution of the probe size and
the inelastic mean free path), the surface density is approximately = 1.5-107°
times smaller than the SE1 surface density. On this basis an estimate of the
number of atoms deposited in the 100nm wide gap between source and drain
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Figure 2.6: Schematic showing the writing strategy.

electrodes, assuming a continuous 20 nm wide EBID line of 10nm height and
100 nm length, is about = 7.4-10° mbar atoms. Assuming that the same number
of atoms is deposited in the halo, of diameter 2.47um, the number of atoms per
nm? is only 0.12, leading neither to a closed conducting surface layer nor likely
to have an effect on the electrical characteristics of the nano-island devices.

Figure 2.7a shows the structure of the silicon source, drain and gate elec-
trodes of device 1 prior to the nanowires and nanodot deposition: the source
and drain are separated by a 200nm gap and the gate is positioned perpendic-
ularly. Figure 2.7b shows the extended electrodes and nanodot deposited by
EBID. As estimated from the SEM image, the gap to the island on the left hand
side is 9.7nm, that on the right hand side 4.5nm, with the dot diameter being
22.5nm, as shown in figure 2.7c. Further SEM images of the same device at dif-
ferent magnification, taken at a tilt angle of 45° are shown in (d + e). Finally,
with such small deposits, usually the aspect ratio is = 1-2. Using this aspect
ratio, and inspection of SEM images, we estimate that the deposit thickness is
= 10nm.

Figure 2.8 shows the SEM images of the pre-defined source-drain-gate struc-
tures of an another device (a) and the nanoleads and nanodot patterned by
EBID, that define the single electron transistor (b-d). The size of the left hand
side gap and the right hand side gap is 7nm and 3nm respectively, while the
nanodot is = 11nm in diameter, measured from the top down SEM image.
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Figure 2.7: On the top row, SEM micrograph of the predefined source drain and gate electrodes
(a) and of the extended electrodes deposited by EBID and the nanodot (b-c) deposited in be-
tween of device 1. The gap left of the island is 9.7nm, the gap to the right 4.51nm, and the island
diameter is 22.5nm, as estimated from the SEM image. On the bottom row, SEM images of the
same device taken with a tilt angle of 45deg (d-e).

2.2.2 Electrical characterization*

The electrical characterization at room temperature of the drain—source cur-
rent versus drain and gate voltage, the temperature dependent measurements
and subsequent data analysis of the results were carried out by Durrani, Jones
and Wang at the Imperial College facility.

Room temperature (RT = 290K) measurements of the drain - source cur-
rent vs. drain and gate voltage were performed using a 4-point probe station
in conjunction with either an Agilent 4155B parameter analyser or a combina-
tion of Keithley 236 source measurement units (SMUs) interfaced with a com-
puter. Subsequent data analysis of the results was undertaken using Matlab
programmes. For the temperature dependent measurements, from 290 — 8K,

we acknowledge Durrani, Z. A. K., Jones, M. E. and Wang, C for performing the electrical mea-
surements and the analysis.
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Figure 2.8: On the top row, top down SEM images of the pre-patterned source-drain-gate struc-
ture of a further device and the EBID patterned single electron transistor (b). On the bottom,
SEM micrograph of the same patterned device, under a tilt angle of 45deg (c-d).

samples of interest were wire bonded into chip carriers and inserted in a CTI-
Cryogenics closed cycle helium cryostat.

The RT drain current (/) and drain conductance (g4;) vs. drain (V) and
gate (V) voltage characteristics of a Pt/C nanodot device (Device 1, SEM im-
age in figure 2.7) are shown in figure 2.9. The nanodot is = 20nm in diameter,
with = 50nm long Pt/C nanowire electrodes on either side, isolated by few-
nanometer scale gaps from the nanodot. The nanowire electrodes lead to Si
point-contact regions. The measured data for I;; vs. Vg, Vgs using a 3D plot
are shown in figure 2.9(a). I is seen to increase non-linearly with Vg, in a
symmetrical manner for +V;;. Current oscillations with a period AVgs = 0.5V
are seen, with finer, irregular fluctuations superimposed on these from one I
- V45 sweep to the next. The main current oscillations can be better investigated

18



by using moving average (over 7 points) thin-plate spline fits to the data (figure
2.9b). Alogarithmic plot of the magnitude of drain conductance | g, extracted
from the smoothed data in (b), and plotted vs. V5 and Vg, as alog scale colour,
planar image is shown in figure 2.9c. The plot of log|g,;| allows diamond-like
regions, marked ‘A’ and ‘B’, to be seen, within which g, is small, for small Vi
values and 0 < Vgg < 1.2V. The corresponding oscillation in g45 continues for
Vgs > 1.2V, however, full diamond-like regions are not seen, as there is a low
conductance region near V;; = 0V which cannot be modulated to larger gy
values in a manner similar to the area between diamonds ‘A’ and ‘B’. The I, vs.
Vus characteristics at different values of Vg, offset from each other, are shown
in figure 2.9d using a 2D plot. Here, the relative extent of modulation of I
curves by Vg, can be observed. The gate modulation of I vs. Vg, at constant
Vs, are shown on a linear scale in figure 2.6e and log 2.9f. Both the measured
data (scatter points) and the spline fits to these are shown.

The electrical characteristics of figure 2.9 may be attributed to the forma-
tion of a room temperature single-electron transistor (SET) [96] [97]. Here, the
diamond-like regions A and B, and the gate oscillation in I;; may be associated
with Coulomb diamonds, and gate modulated single-electron current oscilla-
tions, respectively [96]. The likely origin of the charging island, leading to SET
behaviour, is the = 20nm scale Pt/C nanodot (figure 2.7b). An alternative hy-
pothesis is the existence of nanocrystals within the Pt/C nanowire electrodes.
In the former case, the tunnel barriers isolating the charging island are the
nanogaps between the nanodot and the electrodes. In the later case, the ori-
gin of the tunnel barriers is less clear, and the existence of potential barriers at
grain-boundaries surrounding the charging nanocrystals would be necessary.

2.2.3 Conclusions

Electron beam induced deposition is a valid attractive lithographic technique
for the fabrication of devices in the sub-10 nm range. Contrary to electron
beam lithography, EBID is a direct write technique that does not require resist
to be spun on the sample surface, alignment procedures and post-patterning
steps, such as lift-off and metallization. For applications such as the definition
of smaller devices within a pre-patterned chip, EBID was demonstrated to be a
good candidate.

In this paragraph, we have presented the fabrication of devices consisting
of EBID Pt/C nanowire and nanodot transistors, integrated within Si nanode-
vices. The Pt/C nanostructures were deposited across = 100nm wide nanogaps
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Figure 2.9: Room temperature electrical characteristics of a = 20nm nanodot device (device 1).
(a) A3D plot showing I; as a function of V5 and Vgs. (b) Data of (a) re-plotted following an av-
eraged, thin-plate spline fit, to show more clearly the oscillation of I versus Vgs. (c) Loglgusl,
plotted using a linear colour scale, as a function of V;; and Vgs and showing two diamond-
like regions highlighted in white. (d) A 2-D plot of I ;5 as a function Vi, for values of Vg from
—0.125V t0 2.625V, in steps of 0.55V superimposed. Curves are offset from each other for clarity.
(e) Ids as a function of Vgsat? values of V4, from 0.03V to 0.27V. (f) Data of (e) re-plotted using
alog scale for I, to highlight current oscillations at the lowest V;5 values.

between heavily doped n-type Si source and drain point-contact regions, fab-
ricated in silicon-on-insulator material. Pt/C nanodots were fabricated having
a minimum diameter =~ 20nm, with Pt/C nanowire electrodes on either side
bridging a = 100nm wide nanogap between the Si source and drain regions.

A single-electron transistor, operating at room temperature, was formed
by the = 20nm nanodot device. Here, single-electron current oscillations and
‘Coulomb diamond’ electrical characteristics were observed at RT. In the Pt/C
nanowire devices, the p-type semiconducting nature of the devices was deter-
mined from gate measurements, and temperature dependences from 290 to 8
K. Current transport was seen to be a combination of thermally-activated and
tunnelling transport of holes across potential barriers along the current path,
formed at the Pt/C interface and/or at grain boundaries within the Pt/C de-
posit.

Device 1 in figure 2.7b shows a behavior that can be attributed to a SET be-
havior at room temperature that indicates a very strong RT single-electron ef-
fect. The nanodot in device 1 is rather large, = 20nm in size, such that the total
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capacitance C; ~ 3.2aF is not small enough for very strong room-temperature
single-electron charging effects. However, in comparison with typical Si point-
contact QD transistors [97], where some randomness in the location of the
QD within the point-contact exists, the use of an EBID nanodot allows greater
flexibility in the precise placement of the nanodot within a pre-defined device
structure. In a more recent paper by Di Prima [98], Coulomb oscillations were
observed in a single electron transistor fabricated by EBID at temperature as
low as 0.3 K, demonstrating stable transistor operation.

2.3 Metrology of sub-20 nm nanostructures

Metrology is the science of measurements and has underpinned all the indus-
trial revolutions. Its roots lay in the French Revolution, with the aim of stan-
dardizing the unit of length. In nanotechnology and in the semiconductor field,
where researchers as well as industries are constantly demonstrating the fabri-
cation of devices on the nanoscale, metrology plays a role of utmost impor-
tance. Metrology not only defines and establishes a common understanding of
units of measurements, but also finds its application in the chain of traceability,
in linking measurements to a reference standard. Within the Single Nanometer
Manufacturing for Beyond CMOS devices (SNM) project, great attention was
paid to metrology. In collaboration with VSL, the Dutch institute of metrology,
a task-force on metrology was instantiated, involving all the project partners.
The SNM benchmark was performed to compare and evaluate the capabilities
of the participants to quantify the line width of an isolated line, the pitch of a
regular dense line structure and the position of the individual lines within this
dense line structure. The goal of this task-force was to investigate the measure-
ment methods adopted by all partners and compare them to the reference stan-
dard. Two types of instrumentation were used in this benchmark task force:
scanning probe microscopes in the form of regular atomic force microscopes
(AFMs) or lithographic devices in AFM read-back mode were used, and charged
particle microscopes (CPM) in the form of SEM and HIM (Helium Ion Micro-
scope).

2.3.1 The TUD instrumentation

As part of the metrology benchmark task-force, the instrumentation used by
us (TUD) consists of a scanning electron microscope (FEI Nova Nano Lab 650
dual beam SEM) and an atomic force microscope (Bruker Dimension fast-scan
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Instrument | Bruker Dimension fast-scan Atomic Force Microscopy

Ambient Cleanroom class 10000, 20 +/-0.2 C
conditions

Measurement ® Load a new cantilever in the AFM
procedure e Align the laser and photodetector

e Autotune the tip

* Load sample such that the lines under measurement
are perpendicular to the fast scanning axis of the tip

e Set the number of samples per scan line to maxi-
mum(16384) and scan rate to 1.96 Hz
* Reduce Z limit to 500 nm to increase dynamic range of
the Z axis

¢ Tune signal by maximizing integral and proportional
gain up to the point where the tip starts resonating, then
reduce gain

Table 2.1: Instrument details, ambient conditions and measurement procedure of the Bruker
fast-scan AFM

AFM). In table 2.1 and 2.2 the instruments details, the ambient conditions and
the measurement procedures are described.

2.3.2 The benchmark sample

The benchmark sample [courtesy of IMEC] that was used for this task is a cut-
out of a silicon wafer, with areas that contain blocks of dense Si lines, capped
with Si3Ny. The searching geometry patterned on the wafer allows the user to
easily identify the block of interest. Each block consists of 24 lines with a pitch
of approximately 0.05um. Along the direction of the lines, this pattern is dis-
rupted every 3um by the local discontinuation of the lines 1, 2, 4, 5, 7, and 8.
This creates isolated parts of lines 3 and 6. In this benchmark activity the width
(CD) of the isolated part of line 3 on this specific location will be determined.
In addition, the position of the lines in the block in the vicinity of this specific
local disruption will be evaluated, as well as the local pitch.

Figures 2.10a and 2.10b show the SEM micrograph of the regions of interest,
taken with the TLD (Through the Lens) detector with beam spot size 1 (corre-
sponding to a probe current of approximately 12p A) and spot size 2 (corre-
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Instrument

Nova Nano Lab 650 Dual Beam Scanning Electron Micro-
scope

Ambient The microscope is not in a cleanroom, but in a regular
conditions laboratory

Measurement ¢ The microscope chamber was cleaned with 2h oxygen
procedure plasma cleaning (15W)

* The sample was loaded and clamped on a heavy block
in order to limit vibrations and drift
 The chamber pressure was 4.16-107% mbar.

¢ The working distance was set at the eucentric height
(5.4mm).

* The measurements were performed in UHR (Ultra High
Resolution) mode.

* Acceleration voltage: 18.5kV, beam current: 39pA
(Spot 2) and 12p A (Spot 1). Field of View (FoV): 1.4um x
1.4um. dwell time = 3us
¢ In between two measurements, refocus and astigma-
tism adjustment was performed

Table 2.2: Instrument details, ambient conditions and measurement procedure of the FEI Nova

Nano 650 SEM
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Figure 2.10: a) and b) Images of the benchmark sample on the region of interest, that consists of
24 lines taken with the FEI Nova Nano Lab 650 SEM. The images were taken at 18.5kV in Spot
1 (a) and Spot 2 (b), corresponding to a beam current of approximately 12p A and 39p A respec-
tively. The images were taken from the Through the Lens Detector (TLD). ¢) 3D reconstruction
of the AFM scan over the third line from the top and over the 24 lines, as indicated in the SEM
micrograph in b), using the Bruker fast-scan AFM.
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sponding to a probe current of approximately 39p A), using a 18.5kV beam in
immersion mode (UHR). Figure 2.10c shows the 3D reconstruction of the AFM
scan of the third line from the top and of the 24 lines, as indicated by the arrow
of figure 2.10b. The asymmetric shape of the third line profile in figure 2.10c
indicates that the AFM tip used in this analysis has an asymmetric shape. From
the SEM images and the AFM scans, the width of the lines and the position of
the lines with respect to the third line were measured.

2.3.3 Analysis of the SEM images

SEM image

Line profile
[
X !I-—-Il \top flat
]

Ry §
bottom, base
! of the line

Cross section

Figure 2.11: On the left, illustration of a secondary electron image of three lines and, below, their
cross section. The brighter areas in the image correspond to the sidewalls of the lines. On the
right, illustration of a line profile extracted from the SEM image. The line profile has an M-shape,
where the peaks in intensity correspond to the sidewalls of the lines emitting more secondary
electrons.

Typically, the width of lines having a gaussian profile is measured using ei-
ther the FW50 value, namely the full width at 50% of the area under the profile,
or the FWHM value, namely the full width at half maximum. When imaging
with a secondary electron detector, the contrast of the lines at the edges is en-
hanced because more secondary electrons are emitted from those areas. Figure
2.11 shows a schematic of an SEM image of three lines and their cross section.
The sidewalls of these lines generate more secondaries, creating an enhanced
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Figure 2.12: Profile of the third line integrated along a distance of approximately 100nm mea-
sured from the SEM images taken with spot 1 (= 12p A beam current). The profile has an M-
shape profile, which makes it difficult to establish the width using known criteria. Here we
present three methods to calculate the width of M-shaped lines profiles. In the first method,
the width of the line is measured as the distance between the two peaks. In the second method,
the width is measured at the same height as the local minimum located between the two peaks.
In the third method, the width is measured as the distanve between the first local maximum and
the second local minimum of the derivative of the M-shaped line profile.
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contrast in the SEM image. The profile of such line has an M-shape, where the
peak in intensity is reached just outside the top flat.

In case of M-shaped line profiles, there is no clear definition of FW50 nor
FWHM values and measuring the width of these lines is not trivial. Figure 2.12
shows three methods to define the width of M-shaped lines, taking as example
the third line profile of the SEM image acquired with Spot 1, as shown in fig-
ure 2.10a. The first method to define the width is by measuring the distance
between the two peaks of the M-shaped line profile. However this is an un-
derestimation of the line width as it is an estimation of the top flat only. In this
case, we measured a line width of 17.68nm. In the second method, the line pro-
file is measured at the height of the local minima in between the two peaks and
in this case a width of 28.9nm is measured. This method could work if the flat
in between the two peaks is narrow enough and presents a well defined local
minimum. This cannot be applied in cases where the line profile is more simi-
lar to that illustrated in figure 2.11. The third method consists of calculating the
derivative of the line profile, which shows two alternating peaks and dips [99].
The width of the line is measured from the first peak and the second dip of the
derivative, namely the first and the last change in slope of the edges of the line.
In this case, a line width of 27.54nm is measured.

Figure 2.13a shows the line profiles of the third line taken from the SEM im-
ages with spot 1 and spot 2 with the TLD detector. The profiles have an M-shape
and it is noticeable that the profile taken with spot 1 is broader than that taken
with spot 2. Changing spot required a change in brightness and contrast, which
can explain the different size of the two profiles. In figure 2.13b the derivatives
of the line profiles for spot 1 and spot 2 are shown. The width of these two
lines is calculated using the second and the third method described in figure
2.12 and is shown in table 2.3. The width of the third line measured with beam
spot 1 is = 29nm if measured with method 2 and = 27nm if measured from
the derivative of the line profile. In case of beam spot 2, therefore larger beam
current, the width is = 26nm with method 2 and = 25nm with method 3. The
width of the line measured with spot 1 is larger than that measured from the
image taken with spot 2, which has a larger spot size at the sample.

The difference in width measurement can be explained by the amount of
drift that was measured by imaging the structure at high resolution with the
two beam settings. Figure 2.14 shows two SEM images taken from the TLD
detector with spot 1 (on the left) and spot 2 (on the right). The number of pixels
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Figure 2.13: a) Profile of the third line measured from the SEM images taken with spot1 (= 12p A
beam current) and spot 2 (= 39p A beam current). b) Derivatives of the lines profiles in a) for
beam spot 1 and beam spot 2. c) Line width calculated using the second method and the third
method of figure 2.12 of the third line of ten images taken with spot 1 and spot 2.

Table 2.3: Width of the third lines measured with method 2 and method 3 from figure 2.12.

Beam spot | Method 2 | Method 3
Spot 1 289nm | 27.54nm
Spot 2 26.18nm | 24.82nm
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of these images is 1024 x 1024, the dwell time 3us, the horizontal field of view
512nm and no image avaraging and no image integration was selected. The
beam settings were those selected for the acquisition of the image served for
the analysis shown in figure 2.13. In a smaller box, the image was refreshed after
30s. In the first image, taken with spot 1, a drift towards south was measured to
be 28nm, whereas on the second image it was 6rnm towards north. The speed of
the drift is in the first case 56nm/min whereas in the second case 12nm/min.

Spot 1 Spot 2

Drift

Drift e direction
direction

Figure 2.14: High magnification SEM images taken from the TLD detector of the area shown
in figure 2.10, with dwell time 3us and resolution of 1024 x 1024 pixels. On the left, the image
is taken with spot 1, whereas on the right with spot 2. In the smaller boxes, the images were
refreshed after a waiting time of 30s. The drift measured on the left is 2872m and that on the right
is 6nm and in opposite directions.

The images acquired for the benchmark task force have a resolution of 4096
x 4096 pixels, dwell time of 3us and the total frame time is approximately 50s.
The third line is approximately 70 pixels wide, therefore it takes approximately
0.85s to scan the portion of the frame containing the third line. Within this
time-frame, the drift towards south in case of spot 1 is approximately 0.8nm
and the drift towards north is approximately 0.17nm. Assuming the drift is con-
stant, the lines imaged in spot 1 will appear broader by 0.8nm, whereas those
imaged in spot 2 will appear smaller by 0.17nm. This alone is not sufficient to
explain the difference in the measurement taken with spot 1 and spot 2. Anther
factor that can contribute and can explain this difference can be a miscalibra-
tion of the magnification in the two different current settings.

The pitch and the position of the lines was measured from the line profile
across the 24 lines, as shown in figure 2.15. The pitch between lines is measured
as the distance between the dips of each line profile, whereas the position of the
lines with respect to the third line is defined as the distance between the n-line
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Figure 2.15: Line profile of the SEM images take with spot 1 showing the 24 lines with M-shpaed
profiles. How the position of the lines is measured is highlighted in this graph. The position of a
line is the position of minimum between the two peaks. The position of lines 4-22 is measured
as the distance to the third line, as shown here for line 4 and line 22.

and the dip of the third line, as shown in figure 2.15.

Figure 2.16a shows the line profile of an image taken with spot 1 and a sec-
ond line profile of an image taken with spot 2. With a Matlab code, the position
of the dips in each profile is determined and the pitch and the position of lines
4-22 with respect to the third line was measured. Figures 2.16b and 2.16c show
the resulting pitch and line position for images taken with spot 1 and spot 2.
The pitch between lines has an average value of = 44nm + 2.5nm and the two
sets of measurements reveal the same trend.

2.3.4 Analysis of the AFM measurements

An atomic force microscope (AFM) consists of a proping tip attached to a can-
tilever spring. Because of the force between the tip and the sample, the can-
tilever is deflected. Images are taken by scanning the sample relative to the
probing tip and digitizing the deflection of the lever or the z-movement of the
piezo as a function of the lateral position x, y [100]. In atomic force microscopy,
conductive and non-conductive samples can be imaged, with, in some cases,
atomic resolution. In our study, we used a Bruker fast-scan AFM located in a
cleanroom environment, as specified in table 2.2.

AFM is best suited for precise height measurement, whereas for lateral di-
mension reliable analysis is done by deconvolving the tip shape from the mea-
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Figure 2.16: a) Line profile of the SEM images taken with spot 1 and spot 2, showing the 24 lines
with M-shaped profiles. b) Pitch between the lines, for images take with spot 1 and spot 2. The
dashed line indicates the average pitch of = 44nm+2.5nm calculated from these measurements.
¢) Line position with respect to line 3, for SEM images taken with spot 1 and spot 2.
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Figure 2.17: Explanation of the measurement of the critical dimension done by atomic force
microscopy.
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surement. Figure 2.10c shows the 3D reconstruction of the scanned area across
line number 3. This reconstruction shows how an asymmetric tip leads to a
profile with sidewalls with different slope. Figure 2.17a shows a schematic of
an asymmetric tip scanning over a line. The tip is scanned over the line and it
touches the top of the line (1) while the very end of the tip is still scanning the
bottom surface. The tip is lifted because of the interaction with the upper left
corner and then the very end of the tip reaches the top left corner (2). The tip
then scans the top flat on the line, until the very end of the tip reaches the top
right corner of the line (3). Because the slope of the tip now has decreased, the
end of the tip will reach the substrate much further away than where the line
actually ends (4). The obtained line profile, shown in figure 2.17 appears to be
much broader than the line itself. The best way to reconstruct the line profile
is to perform a tip-deconvolution. In this case, however, this was not possible
because the sample used to measure the shape of the tip was not available. But
in our analysis, we noticed that when the very end of the tip reached the two
upper corners, there is a little bump in the profile. We therefore measured the
distance between these two bumps to measure the line width, as appeared to
be more consistent with what resulted from the SEM analysis.

Figure 2.18a shows the height profile of the 24 lines from the AFM analy-
sis. The pitch is measured as the distance between two neighbouring peaks,
whereas the position of the lines with respect to line 3 is the distance between
the peak of the line and the third line peak. An accurate estimation of the width
of the line is in this case not trivial because the shape of the tip was asymmet-
ric. We took as line width the distance between bumps that are visible in the
AFM profile and we believe belong to the very end of the tip bouncing of the
corner of the line. In this case, we measured a line width of 24nm. Lastly, the
measurement of the line position from the AFM scan is shown in figure 2.18c
and it is here compared to the line position measured with the SEM, spot 1 and
spot 2. The slope of the AFM position measurement differs from the slope of
the SEM position measurements and the position of line 22 with respect to line
3 measured from the SEM image is approximately 831nm, whereas that mea-
sured from the AFM is 855nm. This means that the either the SEM or the AFM
set up may suffer from sample drift.
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Figure 2.18: a) AFM profile of the 24 lines showing how the position of lines 4-22 was measured
with respect to line 3. b) AFM line profile of the third line. The width of the line is measured by
looking at the small bumps in the profile, as explained in figure 2.17 c) Pitch of lines 4 to 22 with
respect to the third line, measured from the SEM line profiles (in spot 1 and 2) and from the AFM
line profiles.
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2.3.5 Measurement results

Figure 2.19 shows the results of the task force within the SNM project, for AFM
and CPM instruments. The CD width of the third line is shown in figures 2.19a
and 2.19b. The line width measured with the AFM from the partners results
to be bigger than that measured by VSL, where the tip-deconvolution was ap-
plied, because of the convolution with the tip shape that broadens the line pro-
file. The measurement performed by us (indicated in this graph here as B002)
is actually smaller than that measured by the reference AFM, meaning that the
method we used to determine the line width is an underestimation. In case of
SEMs and HIM, here referred to as CPM, the measurements are closer with the
reference value. The results for the pitch are shown in figures 2.19c and 2.19e.
In case of AFMs, if the pitch is measured as the distance between consecutive
peaks, there is little influence from the shape of the tip and the results are more
reliable compared to the reference results. The results of the line position for
AFMs and CPMs are shown in figures 2.19e and 2.19f: the presented graphs for
the line position data are displayed as the difference from the reference values
as measured by VSL. In this case, the accuracy of the measurement of the line
position critically depends on the correct lateral calibration coefficient. Cor-
rection with a calibration coefficient that is either too small or too large will
result in an increasing difference with respect to the reference value, that can
be either positive or negative, as shown in figures 2.19e and 2.19f. One of the
AFM results additionally shows a non linear difference, indicating a residual
non-linearity in the movement of the scanning probe or scanning stage (TUIL-
NPMM). The maximum observed difference of about 20 nm for the position of
the final line with an average reference position value of 847nm corresponds to
arelative error of the calibration factor of 2.4%.
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Figure 2.19: Results of the benchmark task force among all partners in the SNM project com-
pared to the reference, measured by VSL. a) and b) Measurement of the CD width of the third
line with the AFM and CPM respectively. c) and d) Measurement of the average pitch from the
AFM and CPM. d) and e) Measurement of the line position from AFM and CPM.
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2.3.6 TEM benchmark

A second benchmark task force was set up by VSL to compare TEM instruments
within the partners of the SNM project. The sample was made by VSL and con-
sists of a SIN TEM membrane in a silicon carrier. On top of the flat side of the
sample silica nanoparticles were deposited such that they do not cluster. This
way individual nanoparticles can be imaged and measured. The sizes of fea-
tures on the benchmark sample are measured with different TEM instruments
as well as SEMs and AFMs among the participants.

The instrumentation we used for the second benchmark task-force are two
SEMs (FEI Nova Nano Lab 650 dual beam SEM and the FEI Verios XHR 460
SEM) and a NanoAnalytik in-situ AFM. The nanoparticles were imaged in the
SEMs using beam voltages and beam currents that are listed in table 2.4. The
resulting images are shown in figure 2.20.

The images Nova-1, Nova-2 and Nova-3 show regions with nanoparticles
on top of the membrane. Nova-1 and Nova-2 were acquired using 5kV beam
voltage and 1.6n A beam current, whereas Nova-3 was acquired with a 16.5kV
and 2.3nA beam. For these images we used the UHR mode, or also called im-
mersion mode. The SEM image Nova-4 depicts particles that are lying on the
silicon bulk substrate, in a region outside the thin membrane. In this case, a
16.5kV beam voltage and 11p A beam current was used, in immersion mode.
The SEM micrographs at the bottom of figure 2.20 display areas with nanopar-
ticles on the thin membrane and were taken with the FEI Verios 460 SEM, at
1kV (Verios-1) and 5kV (Verios-2), with 25p A current, in immersion mode. For
both these images, the monochromator was switched on. The dwell time was
selected to be 10us, apart from the image Verios-1, where a dwell time of 0.1us
with 8 averaged frames was selected to compensate for charging that was no-
ticeable in that region. Table 2.4 also lists the horizontal field of view (HFW) of
the images acquired with the two microscopes.
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Nova-1 Nova-2

Nova-3 Nova-4

Verios-1 Verios-2

Figure 2.20: SEM micrograph of the nanoparticles taken with the FEI Nova Nano Lab 650 SEM
and the FEI Verios 460 SEM. All images are taken from areas on the thin membrane, apart from
image Nova-4, that was acquired in a region on the bulk substrate. The beam settings with which
these images were taken are described in table 2.4.

38



Image | Beam energy | Beam current | Dwell time | Averaging | HFW |

Nova-1 5kV 1.6nA 10us 0 1.28um
Nova-2 5kV 1.6nA 10us 0 1.6um
Nova-3 16.5kV 2.3nA 10us 0 1.7um
Nova-4 16.5kV 11pA 10us 0 2.13um
Verios-1 1kV 25pA 0.1us 8 1.6um
Verios-2 5kV 25pA 10us 0 1.03um

Table 2.4: Imaging settings for the two microscopes. Note that HFM is the horizontal field view.

The analysis of the benchmark sample was performed using the NanoAnali-
tik in-situ AFM, mounted in the FEI Nova Nano Lab 650 SEM, as shown in figure
2.19a. The AFM is mounted to fit below the electron-beam column and under
a tilting angle, in order not to touch the ion-column, which is positioned under
an angle of 52deg on the right of the electron column. On the left of the elec-
tron column, the grid of the ETD detector is visible. Figure 2.21 shows an SEM
micrograph of a sample that is being scanned with the in-situ AFM, where the
cantilever and the tip are visible.

Figure 2.21: a) Image from the CCD camera inside the chamber of the Nova Nano Lab SEM
showing the electron colum, the ion column, the ETD detector and the tilted stage, where the
AFM is located. b) SEM micrograph showing the AFM cantilever while scanning the sample.
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Figure 2.22: a) AFM image of the scanned area containing nanoparticles on a region outside the
window and b) AFM profile of the particle highlighted in the figure on the left. The height of the
particle is approximately 17nm, whereas the width of the particle is 52nm

However, because of the small size of the sample, it was not possible to
clamp the sample to the AFM support, which would be ideal for avoiding drift.
Using C-tape would indeed cause too much drift and the measurements could
not be performed. Therefore, the AFM was mounted on the SEM stage, but the
SEM door was left open, such that the AFM could be positioned at zero tilt. This
way, however, it was quite difficult to navigate on this sample and only images
of particles outside of the membrane of moderate quality were obtained. An ex-
ample is the image on the left of figure 2.22, where the nanoparticles are clearly
visible, but in a background that is very non-uniform. The height profile of the
particle highlighted in the AFM scan is plotted on the right of figure 2.22. The
width of the particle at half maximum (FWHM) is 52nm, whereas the height is
approximately 17nm. As the particles are spherical, the broadening of the par-
ticles lateral dimension is caused by the tip not being infinitely small.

We carried out ten measurements on particles in each image and from those
values we calculated the average value as well as the standard deviation. In ta-
ble 2.5 the resulting particle sizes are shown for the instruments that were used
in this task-force. The particle size was determined "by eye" from the SEM im-
age. We chose this method because of the images being rather noisy. Also, the
contrast of the particle in image Nova-4 enhances the edges of the particle and
drops in the middle, forcing us to use a different measurement method than
in the other images. The particle size was measured therefore by loading the
images in Image]J [101] and measuring the particle from one border to the op-
posite. In case of the AFM analysis, the height of the particle was measured
instead from the height profile. The height of the particles determined by the
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AFM analysis is considerably smaller than that measured from the SEM image.
The reason could be that the particle lay in a very rough background, giving
misleading results. Also in this case, measurements of the height of the parti-
cles were performed on ten different particles.

Instrument Image ‘ Result [nm] ‘

FEI Nova Nano Lab 650 Nova-1 46.9+3.8
Nova-2 58.5+3.4
Nova-3 41.8+3.5
Nova-4 48.2+2.5
FEI Verios 460 Verios-1 51.5+3.8
Verios-2 47.3+4.2
NanoAnalitik In-Situ AFM | AFM-1 13.1+6.9

Table 2.5: Average particle size over a sample of 10 measurements on the images of figures 2.20
and 2.22.

TEM benchmark
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Figure 2.23: Results of the benchmark measurements using the nanoparticle sample. The refer-
ence averaged diameter measured at VSL is in line with the averaged diameter measured with
the FEI Nova Nano Lab 650 and the FEI Verios 460 SEMs.

The sample was shipped back to VSL, where the analysis on the reference
AFM was performed. The final results are shown in figure 2.23, where the mea-
surements taken from the two FEI scanning electron microscopes and the in
situ-AFM are compared with the reference measurement. The normalized er-
ror | E, | gives an indication of the error of the participant measurement with
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respect to the reference value measured at VSL and it is calculated using the

formula:
Tlab— R

" VUZ(ra) + UR(R)

(2.1)

Where r;,p, is the measurement result of the participant, R is the reference
value, U(r;4p) is the expanded measurement uncertainty for the result from the
participant and U(R) is the expanded measurement uncertainty for the refer-
ence value. | E;, | describes the comparability of the measurement result with
respect to the reference value, where absolute values of | Ej, | larger than 1 indi-
cate an inconsistency with respect to the reference value. For all practical pur-
poses this means that the difference between the measurement and the refer-
ence is too large given the stated uncertainties. The resulting normalized errors
for our measurements are listed in table 2.6.

Instrument Image ‘ | E, | ‘
FEI Nova Nano Lab 650 Nova-1 0.9
Nova-2 0.6
Nova-3 2.3
Nova-4 0.9
FEI Verios 460 Verios-1 | 0.2
Verios-2 | 0.8
NanoAnalitik In-Situ AFM | AFM-1 5.3

Table 2.6: Average particle size over a sample of 10 measurements on the images of figures 2.20
and 2.22.

One of the results on sample Nova-3 resulted in an |En| value of 2.3. This
measurement was taken for high voltage and high current settings, namely
16.5keV and 2.3n A4, in contrast to the other ones that were taken at lower volt-
age and/or lower current settings. For the In-Situ AFM result an |En| value of
5.3 was calculated. This could be a result of the observation that the measured
area by the Nanoanalytik AFM shows a very rough background. Such a rough
background was not observed for areas at and near the membrane indicating
that the measurement was taken at an area that does not represent the same
or similar conditions as during reference measurements. Diameter measure-
ments based on the particle height of particles on a rough background are more
difficult to interpret and could lead to inaccurate results because a well defined
reference plane is not available.
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2.3.7 Conclusions

Defining the critical dimension of lines from images taken with a secondary
electron detector is not trivial. In case of line profiles that have an M-shape
the common definition of FW50 and FWHM cannot be applied, so the width
must be determined with alternative ways. We have explored three methods
for determining the line width: the first considers the line width as the distance
between the two peaks, the second the distance at the height of the dip be-
tween the two peaks and the third the distance of the first peak and the second
dip of the derivative of the line profile. While the first method is an underesti-
mation of the width because it measures only the top flat of the line, the second
and the third seem to be a more accurate estimation as they take into account
the non-vertical sidewalls of the lines. Moreover, different imaging conditions
may introduce unwanted effects that may broaden, or shrink, the line width,
such as drift. The line pitch and the line position is then determined by the dis-
tance between two neighbouring peaks or the distance between the line peak
and the reference peak. While AFM can measure the height of the structures
with extreme high resolution, it is not the most reliable technique for width
measurements as the line profile is the result of the physical profile of the line
convoluted with the tip shape. In case of AFM, the pitch and the line position
can be determined by the position of the peaks of each line.

The analysis results of the benchmark samples allows for a comparison
of the performance of the instrumentation and analysis tools that were used
to measure the required parameter values for those measurements that were
stated with a measurement uncertainty. Bearing in mind these boundary con-
ditions, the analysis of the CD line width measured by AFM results in values
that are larger compared to the reference value most likely due to the critical
dependence on probe shape correction, and for CPM very close to the refer-
ence value. The pitch results are both larger and smaller compared to the ref-
erence value for both techniques, and typically agree within slightly more than
1nm or approximately 2.4%. The line position analysis shows a linearly increas-
ing difference (both positive and negative) for both techniques that were used
in this benchmark, i.e. AFM and CPM. This can be attributed to an error in
lateral calibration factor. This hypothesis is substantiated by the observation
that the errors in the pitch and position are strongly correlated. A compari-
son between the two different types of instruments reveals a majority of pos-
itive differences for the AFM instruments while the CPM results are either too
small or too large, the cumulative error is 20nm, corresponding to 2.4%. The
results from the benchmark provide a reference frame required for comparison
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of measurement results from individual partners, and provides a typical value
of the uncertainty, or confidence level, of the measurement results.

In the second task-force aimed at benchmarking the transmission electron
microscopes in the consortium, silica nanoparticles on a SiN thin membrane
were prepared and distributed among the partners. We imaged the samples
with two scanning electron microscopes and an in-situ AFM. The size of the
particles was determined "by eye" from the SEM images, whereas in case of
the AFM analysis the size was determined by the height of the particles. The
normalized error |En| gives a hint on how accurate the measurements are with
respect to a reference measurement. While the difference between the refer-
ence measurement and the measurement from the in-situ AFM is very large,
those of the SEM images are smaller than 1 and therefore are consistent with
the reference measurement. The only exception is for image Nova-3, where the
measured average size of the particle is much smaller than the reference mea-
surement.

The task-force on metrology aimed at evaluating the measuring methods
among the SNM partners and comparing them to reference measurements. On
one side, measuring M-shaped lines with the third method described in fig-
ure 2.12 resulted to be in line with the reference measurement. On the other
side, AFM is not the ideal instrument for the measurement of CD width if not
equipped with a tip-deconvolution function. Even though we tried to retrieve
the position where the tip overstepped the two corners of the lines, this lead to
measurements that were still far from the reference measurements. Also the
measurement "by eye" on the silica nanoparticles confirmed to be accurate
with respect to the reference measurement, in case of the SEM images.

44



Pattern transfer using etching
masks made by EBID

Life would be tragic if it weren’t funny.

Stephen Hawking

3.1 Introduction

Single nanometer structures, i.e. structures with dimensions smaller than 10nm,
are not easy to fabricate. Standard lithography techniques, such as resist-based
electron beam lithography, do not routinely provide sub — 10nm resolution.
Moreover, being serial writing techniques, they are inherently slow and not
suitable for large area manufacturing. For large area manufacturing of sin-
gle nanometer structures and devices it would be great when a fast and low-
cost technique such as Nano Imprint Lithography (NIL) could be used. NIL
is a non-conventional lithography technique with which nanostructures are
fabricated through mechanical deformation of a soft polymer by pressing a



mold (or stamp) in it, at a controlled temperature and pressure. NIL is a mas-
sively parallel lithography technique and therefore extremely suitable to pat-
tern large areas. But, a big challenge of this technique is the fabrication of
high-resolution stamps. In the case of UV-assisted NIL, also known as Step and
Flash Imprint Lithography (SFIL), the resist is cured with UV light, therefore
transparent stamps are required. For thermal-NIL, the resist is cured thermally,
hence the candidate material for molds can be silicon because of its hardness
and high mechanical strength [14]. High resolution NIL stamps can be fabri-
cated by depositing features on top of a substrate. Optical lithography is gen-
erally used for micron-scale features and Electron Beam Lithography (EBL) for
patterning nano-scale features. These deposits form a mask for a subsequent
anisotropic Reactive Ion Etch (RIE) into the underlying substrate, leading to the
surface features required for NIL molds. Sub — 15nm nano imprint molds can
be fabricated by using Electron Beam Lithography with hydrogen silsesquiox-
ane (HSQ) resist by, either direct deposition of the features on top of the silicon
substrate, or by transferring these deposits into the underling silicon substrate,
to increase the aspect ratio of the patterns [102].

We propose to use EBID to fabricate stamps even for sub-10 nm NIL. For
SFIL direct deposition of a UV transparent material on a transparent substrate
would be possible, but it requires a suitable precursor that leads to transpar-
ent deposits. Instead we first study the fabrication of masks made by EBID,
and transfer the masks into the Si substrate underneath using plasma etching
to gain experience with sub-10 nm pattern transfer. These silicon samples can
subsequently be used in nanoimprint lithography as masters for the fabrica-
tion of replicas, that serve as imprint templates. In order to directly fabricate
NIL templates by EBID, UV-transparent samples need to be used. In this case,
suitable substrates are Pyrex, or glass, coated with a conductive layer, that has
to be UV-transparent as well. We investigated the pattern transfer into coating
layers, that are both transparent and conductive: ITO, i.e. indium tin oxide,
and TiN. ITO can be deposited very easily in a sputter coater, leading, how-
ever, to a very rough surface. On the other hand, TiN is deposited using Atomic
Layer Deposition (ALD), leading to an atomically flat surface, that is preferred
when patterning at the nanoscale. In this chapter, experimental results on the
pattern transfer of EBID structures into silicon, ITO and TiN are presented and
discussed. When patterning structures in the sub — 10nm scale, imaging the
structures themselves and measuring their size is a challenge, because of the
low contrast in SEM imaging. Repeating the experiment using thin membranes
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allows imaging in transmission electron microscopes (TEM), leading to high
resolution imaging. Hence, experiments on the pattern transfer into SiN thin
membranes are also carried out, where the patterning is done in a scanning
electron microscope and the imaging in a high acceleration voltage TEM.

3.2 Pattern transfer into silicon*

The pattern transfer process of features in the sub — 10nm scale in itself is
quite a challenge. Guan et al. demonstrated the pattern transfer into silicon of
masks made by EBID using W(CO)g or C1oHg as a precursor, resulting in silicon
nanowires with a width of 33nm [103]. The etching process, which is based on
SFg and C4Fg, leads to a selectivity of approximately 21. They even succeeded
in fabricating nanopillars with sizes down to 13.5nm, and a selectivity of 18,
using a bilayer approach with an EBID mask on top of a polymethylmethacry-
late mask. However, the authors do not expect that the bilayer approach has an
inherently superior resolution over a single-layer approach. Notargiacomo et
al. reported on the pattern transfer of ion and electron deposited Pt masks by
using Reactive Ion Etching, where pattern transfer of lines with width down to
100nm is obtained with fluorine chemistry [104]. The same chemistry was used
by Heerkens et al., who demonstrated the pattern transfer into silicon of 20nm
wide lines deposited using EBID from a platinum precursor. They achieved a
selectivity of the Pt-EBID lines to silicon of approximately 6 [105]. The pattern
transfer of EBID masks can be used for many applications, e.g. gold bow-tie
antennas with 10nm gap spacing were fabricated on AFM tips [106]. Fleischer
et al. presented a process for the fabrication of nano-cones by focused elec-
tron beam deposition of a local etch mask on a metallized non-planar surface,
and argon ion etching. The smallest resulting cone had a diameter of 60nm
and height of 55nm [107]. Recently Weppelman et al. [108] presented the fab-
rication of narrow-gap nanostructures made by electron beam induced depo-
sition and transferred into the underlying metal layer using a chromium sacri-
ficial layer as etching mask. However, as far as we know, the pattern transfer of
sub —20nm EBID structures without the use of sacrificial layers has not been
reported yet.

*This section is published as:
Scotuzzi M., Kamerbeek M.J., Goodyear A., Cooke M. and Hagen, C. W.,, Pattern transfer
into silicon using sub-10 nm masks made by electron beam-induced deposition, J. of Mi-
cro/Nanolithography, MEMS, and MOEMS, 14(3), 031206 (2015)
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We present here the results of experiments that were carried out to gain ex-
perience towards etching with sub —20nm EBID masks. As sub— 10nm struc-
tures deposited by EBID are also very shallow, with a typical aspect ratio of one,
the pattern transfer into an underlying layer is a method by which the aspect
ratio of the structure can be increased. High resolution EBID patterns were de-
posited onto a silicon substrate, serving as a mask for the subsequent etching
process. Two sets of EBID masks, one with somewhat larger structures between
20 and 40nm and one with structures between 8 and 20nm, were fabricated us-
ing the platinum precursor MeCpPtMe3 (methyl- tri-methyl-cyclo-pentadienyl
platinum) in an FEI Nova Nano Lab 650 Dual Beam system. The masks consist
of arrays of dots and sets of lines, with sizes in the range between 40nm and
8nm. We used different etching processes, based on hydrogen bromide, chlo-
rine and fluorine chemistries, that are known to etch silicon.

3.2.1 Experiments

Basically two sets of experiments were performed. The first experiments were
carried out to get some experience with pattern transfer into silicon using EBID
structures as etching mask. Larger structures are preferred, because they are
easier to find after the etching process. The second set of experiments then is
carried out to demonstrate the pattern transfer into silicon of sub—10nm EBID
masks, with deposits of size down to 8nm.

The quality of the etching process is mostly determined by the directional-
ity of the etching. Preferably the etch is anisotropic, very selective and results
in smooth surfaces after etching. To determine the directionality of the etching
is challenging as the resulting structures are really small. The change in width
of the structures gives an indication of the directionality.

The inspection of the masks, before and after etching, is done both in an
FEI Nova Nano Lab 650 Scanning Electron Microscope (SEM) and in a Bruker
Nanoscope V Atomic Force Microscope (AFM). The lateral dimension of the
structures is manually measured in the SEM images, while the height is calcu-
lated from the AFM profile.

The smoothness of the resulting surface after etching is an important factor
with the goal in mind to fabricate single-digit nanometer devices. To character-
ize the etching process usually the etch selectivity is determined, defined as the
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ratio of the etching rate of the substrate material to the etching rate of the mask
material. Because of the dimensions of the structures, it is difficult to measure
the selectivity of the tested etching processes. Hence, we chose to characterize
the process by the height ratio, defined as the ratio between the height of the
mask before etching and the height of the structure after etching. This param-
eter gives a hint to what the etching rates of the materials are. A large height
ratio is preferred because it leads to higher aspect ratio structures.

The first set of 20 — 40nm EBID masks was fabricated using the Platinum
precursor MeCpPtMes in an FEI Nova Nano Lab 650 Scanning Electron Mi-
croscope, using a 30kV beam focused in a 40p A spot, which corresponds to
a probe size of < 2nm, in High Resolution (HR) mode. We used silicon sub-
strates partially covered by 60nm of molybdenum. Because the total size of
the EBID mask is only 4um, a search pattern is necessary to be able to retrieve
the structures after pattern transfer. Hence, an array of 13x13 circular holes of
approximately 10pum diameter has been lithographically opened in the molyb-
denum layer using photoresist as a mask, leading to a visible structure that can
be easily retrieved. Figure 3.1 shows the process flow for the sample fabrica-
tion. The sacrificial layer (photoresist) is deposited on top of the silicon sub-
strate. By means of optical lithography, the array of circles is transferred into
the photoresist (PR) layer. A molybdenum layer is deposited on the sample sur-
face after which the resist is removed in a lift-off process. The EBID structures
are then deposited inside one of these circles, directly on the silicon surface.

1) 4) Mo deposition
[ | Photoresist | Photoresist
Silicon Silicon
substrate substrate
S S S 9
2 ¢ W iithography ¢ ¢ 5) REEmovES
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Figure 3.1: Process flow for the fabrication and 3D view of the search pattern on the Si sample.

The EBID masks, patterned with the Pt precursor, typically consist of car-
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Array Size of Dwell | Number
each pixel (dot) | time | of passes

A (top left) 15x15 400ns 1000

B (top right) 10x10 800ns 1000

C (bottom left) 5x5 lus 1000

D (bottom right) 5x5 400ns 1000

Table 3.1: Electron beam induced deposition (EBID) parameters for the 20 — 40nm masks.

bon (85%) and platinum (15%). The first set of masks consists of four arrays of
5 by 5 dots, with a size in the sub—40nm range. Figures 3.2a and 3.2b show
the SEM micrograph and the AFM image of one of the patterned EBID masks,
whilst Table 3.1 shows the patterning parameters for each array of dots. Each
dot is defined as a square, the size of which is determined by the number of
pixels exposed by the electron beam and the pixel to pixel distance. The latter
was chosen equal to the diameter of the electron beam. The beam is scanned
from one spot (pixel) to the next one following a serpentine writing strategy.
The beam resides at each pixel for a certain amount of time, called the dwell
time. The whole pattern is written 1000 times (the number of passes), We will
refer to array A as the top left array of dots, B the top right, C the bottom left and
D the bottom right. The diameter of the dots varies from 40 nm to 19 nm, while
the height of the dots in Array A is approximately 4.7 nm.

a) |

Figure 3.2: a) SEM micrograph of the 20 — 40nm EBID masks. b) AFM 3D view of the 20 —40nm
EBID mask.
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Because the mask is shallow it is important that the chosen chemistry is
very selective towards the EBID structures. The etching process used to trans-
fer the EBID structures into the underlying silicon is carried out by Inductively
Coupled Plasma (ICP) etching, performed in a Plasmalab System 133 ICP380
at the Oxford Instruments Plasma Technology (OIPT) facility in the UK. Plasma
based etching allows processes to be carried out at relatively low temperature
by lowering the activation energy of the chemical etching reactions. Moreover,
plasma etching allows a wide area to be processed, providing uniform etching
and control over the direction of etching. Figure 3.3 shows the schematic of the
ICP etching tool. By applying a combination of RIE power at the lower electrode
and ICP power to the coils around the upper chamber, a better control over the
ion density and the ion energy is provided. The wafer is mechanically clamped
to the fluid-cooled lower electrode and helium is used as the sample backside
cooling gas for better control over the wafer temperature. The backside cooling
gas mixes with the etching gas in the chamber, but it has almost zero impact
on the process, being light, hard to ionise and chemically inactive. The sample
pieces were bonded to a carrier wafer to ensure good temperature control. A
gas inlet leads the gas mixture into the chamber, that is at a controlled pressure
and temperature [109].

Gas
inlet

e %
e ICP power

e
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Sample
| |

Lower electrode

| [
L ti] table bias

Figure 3.3: ICP RIE plasma etching tool used in the OIPT facility.

These masks are etched using hydrogen bromide HBr, chlorine Cl, and
boron trichloride (BCl3/Cl,) chemistries, that are known to selectively etch sil-
icon when using carbon-based masks. These etching processes are carried out
by using both ICP and RIE power. HBr chemically reacts with silicon atoms
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on the surface, forming SixBr, a compound with low volatility [109]. This char-
acteristic makes HBr to be a highly anisotropic silicon etchant, in which SixBr
forms a sidewall protective layer. Chlorine is also known to etch silicon either
in a pure form or as part of the gas mixture BCl3/Cl, [110]. When using either
pure Cl, or BCl3/Cl, chemistry, silicon atoms bind to Cl, forming the volatile
compound SiCly, that can be pumped out of the system. Chlorine etching is
strongly crystallographic, leading to an anisotropic etch profile [111]. Once the
properties of each chemistry are determined, they can be further tested on even
smaller EBID masks, to demonstrate the pattern transfer of sub — 10nm struc-
tures.

For that purpose the second set of 8 — 20nm EBID masks was fabricated in
the same setup as the first set of masks, with a 20kV beam, focused in a 40p A
spot, but now in Ultra High Resolution (UHR) mode. In this case we used a dif-
ferent substrate than the molybdenum-silicon one. The reason for that is that
the smoothness of the molybdenum layer makes focusing of the electron beam
a difficult process. We decided to use the same search pattern, but instead of
depositing a metal layer outside the array of circular holes, we plasma-etched
the Silicon for a very short time using SFg and oxygen such that black silicon is
formed at approximately 20nm below the un-etched silicon surface. Figure 3.4
shows the process flow of the fabrication of the black silicon samples used for
the fabrication of the 8 — 20 nm EBID masks.
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Figure 3.4: Process flow for the fabrication and 3D view of the optimized search pattern on the
Si sample.

3)

In this configuration, the EBID patterns are deposited inside the circles
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on top of un-etched silicon, surrounded by the pillar-shaped black silicon, on
which focusing the beam is really easy. Figure 3.5a shows a 8 —20nm EBID
mask. It consists of three arrays of 5 by 5 dots and 9 sets of lines. The dots have
sizes of approximately 20nm, 13nm and 7nm and a height of 7nm, 2.5nm and
1nm, for the top left, central and right array respectively. Each set of lines con-
sists of 10 lines with 100nm, 50nm and 20nm spacing. The width of these lines
is 17nm, 10nm and 8nm, whilst the height is 5nm, 2nm and 0.8nm for the
first, second and third column respectively. Figure 3.5b shows the high resolu-
tion image of the 8nm set of lines, with 50nm spacing.

Figure 3.5: a) SEM micrograph of the sub —20nm EBID mask. b) High resolution SEM micro-
graph of the 8nm lines at 50nm spacing.

Table 3.2 shows the deposition parameters and the designed pixel size of
each structure of the mask. In this case a single pass patterning mode is chosen,
instead of a multi-pass strategy. The deposition occurs in the current limited
regime in which there is an abundant supply of precursor molecules. Hence
the resulting deposits will not be affected by the chosen writing strategy (single
pass or multi-pass), as demonstrated by Hari et al. [112]. The multi-pass strat-
egy is preferred because it is less sensitive to the proximity effect.

The sample fabrication and subsequent inspection, that needs to be done
before and after the etching, is a very time consuming process, hence the amount
of samples available is limited. Therefore, the etching chemistries for the 8 —
20nm masks have to be chosen carefully. The chemistries chosen are hydrogen
bromide (HBr), chlorine (Cl,) and fluorine (SFg/C4Fg), for reasons that will be
discussed later. Chemical etching by fluorine is known to be isotropic, therefore
it is necessary to add a component that provides anisotropic etching. We used
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’ Array ‘ Size (pixel) ‘ Dwell time | Number of passes

D-A (top left) 12x12 100us 1
D-B (top centre) 8x8 100us 1
D-C (top right) 5x5 100us 1
’ Set of lines \ Size (pixel) \ Dwell time | Number of passes
L-A (left) 1000x1 1ms 1
L-B (centre) 1000x2 100us 1
L-C (right) 1000x1 10045 1

Table 3.2: EBID parameters for the 8 — 20nm masks.

an SFg plasma, that is known to etch silicon easily, and by adding C4Fg a flu-
orocarbon film is deposited that protects the sidewalls of the etched structure
and sustains the anisotropy of the etching process. However, the ratio between
carbon and fluorine needs to be tuned carefully, because polymer deposition
can occur when the F-to-C ratio is too small.

3.2.2 Results and discussion

Initial experiments were carried out on 20 —40nm etching masks to demon-
strate the possibility of using EBID masks for nano-patterning into underlying
silicon. In this case, HBr, Cl, and BCl3/Cl, chemistry were chosen because of
their affinity to etch silicon better than carbon, i.e. the main element in the
EBID deposit when using the Pt precursor. In case of HBr, helium, that is used
as a sample backside cooling gas, is also pumped into the system,. A combina-
tion of ICP and RIE power is used (750W and 100W respectively), at a pressure
of 10mTorr and a temperature of 30°C, for 1 minute. Figure 3.6a shows a SEM
micrograph of the etched mask: as the EBID masks were completely etched
away the dots consist of silicon only, leading to a poor contrast in the secondary
electron image. Figure 3.6b shows the same mask as in Figure 3.6a compared
to the AFM 3D view, where the dots are more visible. The AFM height profile of
the central horizontal row of dots, before and after etching, is shown in Figure
3.6¢c. We observe that this chemistry leads to a rough surface and provides a
height ratio (after etching : before etching) of less than 2. The diameter of the
dots remained constant, as observed from the SEM images. In this case, only
the largest EBID dots could be retrieved after etching.
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By inserting a dummy silicon sample in the plasma chamber, next to that
with the EBID masks, it is possible to measure the etch rate of silicon. The
same can be done in case of silicon oxide. The etch rate of the silicon oxide is
measured to be approximately 2nm/min, while that of silicon is approximately
46nm/min. We conclude that the etch rate of the native silicon oxide is com-
parable or maybe even lower than that of the EBID deposits, causing complete
etching of the mask before reaching the silicon substrate.

Height[nm]
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Figure 3.6: a) SEM micrograph of the array of dots A after etching (HBr chemistry). b) SEM
micrograph and AFM 3D profile of the array of dots A after etching (HBr chemistry). ¢) The height
profile measured with AFM of the horizontal central row of array A, before and after etching (HBr
chemistry).

In case of pure chlorine chemistry, 50 sccm of Cls is led into the chamber,
together with backside cooling helium, at 10mTorr and 30°C. When etching
with Cl, for 1 minute, the surface of the sample became extremely granular,
and the EBID dots too. The size of the dots, as estimated from the SEM images
(Figure 3.7a), increased from 40nm to approximately 55nm. As seen from the
AFM profile (Figure 3.7b) the height ratio is approximately 3.5. Although this
is an acceptable number, the granularity of the resulting mold will prevent the
successful fabrication of single nanometer devices.

Figure 3.8a shows the result after etching with BCl3/Cl, chemistry for 1
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Figure 3.7: a) SEM micrograph of the array of dots A after etching (Cl, chemistry). b) The height
profile measured with AFM of the central horizontal row of array A, before and after etching (Clo
chemistry).

minute. 50sccm of Cl, and 20sccm of BCl; are led into the chamber together
with helium, at 10mTorr and 30°C. In this case, the surface remained smooth,
as shown in Figure 3.8a. However, some particles can be seen, close to the
etched mask, as well as in other regions of the samples. The reason for that
has not been established yet, but we think this might be caused by dirt in the
etching chamber. The height ratio is approximately 2.5 (Figure 3.8b), while the
diameter, as measured from the SEM image, increased from 40nm to approx-
imately 50nm. This could be caused by the halo deposited around the struc-
tures.
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Figure 3.8: a) SEM micrograph of the array of dots A after etching (BCl3/Clp chemistry). b) The
height profile measured with AFM of the central horizontal row of array A, before and after etch-
ing (BCl3/Cly chemistry).
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Analysing the results, we observe good results in terms of height ratio for the
Cl, etching process. Although, the resulting presence of the granularity must be
avoided. The granularity may have been caused by the black spots on the sili-
con surface observed before etching and visible in Figure 3.2a. They could be
resist residues from the lift-off process and cause the sample surface to become
granular after the Cl, process. This might also explain the roughness of the sur-
face resulting after the HBr etching process. To prevent this, the substrates for
the 8 — 20nm EBID masks were carefully cleaned in an oxygen plasma before
carrying out the etching step. We decided to repeat the hydrogen bromide and
the chlorine recipes to verify whether the oxygen plasma cleaning improves the
surface roughness. Because of the limited number of samples available, we de-
cided to carry out a fluorine chemistry instead of BCl3/Cl,. Although known
to be isotropic, fluorine etches silicon very fast and by adding other compo-
nents, such as C4Fg, a passivation wall can be formed, making the etch more
anisotropic.
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Figure 3.9: a) SEM micrograph of the EBID mask after etching (HBr chemistry). b) The integrated
height profile measured with AFM of the 17nm lines with 50nm spacing, before and after etching
(HBr chemistry).

HBr, Cl, and SFg/C4Fg chemistries are then tested for the pattern transfer
of the 8—20nm EBID masks. In case of the HBr chemistry, only the biggest set of
lines is visible in both the SEM micrograph and the AFM image after the etching
is performed. For these lines, of 17nm width and 5nm height, the EBID mask
is preserved as it was thicker than the other deposits. In Figure 3.9a, the SEM
micrograph shows the 17nm lines with spacing of 100nm, 50nm and 20nm.
In figure 3.9b the integrated AFM profile of the 17nm lines with 50nm spac-
ing shows that the height ratio is very low, approximately equal to 1/5. In this
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case, the etch rate of silicon is measured to be 50nm/min and that of silicon
oxide is 1.8nm/min. Although the etching rates are comparable to those of the
20—40nm mask experiments, the small height ratio might be caused by a thick-
ening of the native silicon oxide layer during the plasma cleaning. If that is the
case, the etch may remove the mask completely before breaking through the
oxide layer, because of the slow etching rate of the silicon oxide. Further exper-
iments were carried out to increase the etch rate of the silicon oxide by applying
a higher bias voltage, however no improvements were observed. In case of the
17nm lines at 50nm spacing, the width decreased from 17nm to 12nm after
etching, as estimated from the SEM images.
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Figure 3.10: a) SEM micrograph of the EBID mask after etching (Cl chemistry). b) The integrated
height profile measured with AFM of the 5nm lines with 50nm spacing, before and after etching
(Cly chemistry). c) High resolution SEM micrograph showing the widening of the 8nm lines to
12.5nm.

The sample surface, however, is quite smooth and the roughness observed
in the case of the 20 — 40nm mask experiment did not occur. We therefore be-
lieve that the roughness caused by the HBr etching was caused by the photore-
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sist residues on the silicon surface.

In case of pure chlorine etching, when using the same recipe as for the 20 —
40nm masks, the same granularity is observed, as shown in the SEM image of
Figure 3.10a. All sets of lines were visible in both SEM and AFM graphs and
the integrated AFM profile along the 8nm lines at 50nm spacing, depicted in
Figure 3.10b, shows a height ratio of approximately 3.5. For these lines, the
width increased from 8nm to 12.5nm. Note that some particles close to the
EBID deposit are seen in figure 3.5b, but they were also found in regions of the
sample that have not been exposed to the electron beam while fabricating the
etching mask.

Their origin has not been established yet, however we believe it can be
caused by dirt in the etching chamber.

Lastly, fluorine etching chemistry is tested on a 8 —20nm mask. In this test,
25sccm of SFg is mixed together with 50sccm of C4Fg, at a pressure of 15mTorr
and a controlled temperature of 15°C, and at 1200W ICP and 30W RIE. The
etch rate of Silicon in this condition is measured to be approximately equal to
160nm/ min, while that of the native oxide is 20nm/min.
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Figure 3.11: a) SEM micrograph of the EBID mask after etching (fluorine chemistry). b) The
integrated height profile measured with AFM of the 8nm lines with 50nm spacing, before and
after etching (fluorine chemistry).

The resulting lines appear to be smooth in the SEM micrograph, as depicted
in Figure 3.11a. No granularity or roughness is encountered and the height ratio
calculated from the integrated AFM line profile in figure 3.11b is approximately
5. The graph in figure 3.11b depicts the AFM integrated profile of the 8nm lines
at 50nm spacing. The bump located in the fourth and fifth line corresponds to
the presence of a particle accidentally deposited on top of these lines. For these
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lines the width increased from 7.4nm to 14.3nm approximately, as shown in
Figure 3.12a and Figure 3.12b. The contrast of the SEM micrograph in Figure
3.12b is extremely poor as the EBID mask has been completely removed during
the etching process. The secondary electron image therefore only shows topo-
graphical contrast and no material contrast. This makes the measurement of
the line width rather difficult.

Figure 3.12: a) SEM micrograph of the EBID mask, zoom-in of the region of the 8nm lines at
50nm spacing, before etching (fluorine chemistry). b) SEM micrograph of the EBID mask; a
zoom-in of the region of the 8nm lines at 100nm spacing, after etching (fluorine chemistry).

The sets of 17nm lines emit more secondary electrons than the others, as
shown in Figure 3.11a, meaning the EBID mask was thick enough to remain.
Figure 3.13a shows the high resolution SEM micrograph of the 17nm lines at
50nm spacing after etching. The width of the lines is measured to be 9.8nm,
suggesting that the line width decreased. This could also be concluded from
Figure 3.13b, that shows the integrated line profile of the secondary electron
intensity emitted by the 17nm set of lines with 50nm spacing before and af-
ter etching. However, the AFM profile in Figure 3.13c reveals a broadening of
the lines after etching, and a height ratio of about 8. This broadening, though,
could be partly caused by the finite size of the AFM tip. Our conclusion is that
it is not so obvious what a good criterion is for line width determination from
SE-images.

3.2.3 Summary and Conclusion

EBID is a direct write lithography technique, that can be used to pattern high
resolution structures, with sizes in the sub — 10nm range. Pattern transfer into
silicon using masks made by EBID is a method that can potentially be used to
fabricate stamps for Nano Imprint Lithography as it provides an aspect ratio en-

60



O
~

:

——before etching ——after etching

Nlnte:sity La.u.]w
EEEE

[} 200 400 600 800 1000 1200

distance [nm]

C) ——before etching ~ ——after etching

Height [nm]
P
]

"
5

)

01 03 05 07 09 11
distance [um]

Figure 3.13: a) SEM micrograph of the EBID mask, zoom-in of the region of the 17nm lines at
50nm spacing, after etching (fluorine chemistry). b) Integrated secondary electron intensity of
the 17nm lines at 50nm spacing, before and after etching (fluorine chemistry). c) AFM inte-
grated profile of the 17nm lines at 50nm spacing, before and after etching (fluorine chemistry).

hancement compared to the aspect ratio of the EBID masks. Initial experiments
were carried out using 20 — 40nm EBID masks, containing dots and lines, to
demonstrate the possibility of using EBID masks for nano-patterning into un-
derlying silicon. In this case, etching chemistries based on hydrogen bromide
(HBr), chlorine (Cl,) and boron trichloride (BCl3) were chosen for their affin-
ity in anisotropically etching silicon when using carbon-based masks. When
etching with HBr chemistry, the EBID masks are transferred into underlying
silicon with a height ratio, i.e. the ratio of the height of the structures before
etching and after etching, of approximately 2, while the diameter of the dots
remained constant. The roughness of the surface observed after the HBr etch-
ing might be caused by some residuals of photoresist, used for the fabrication
of the samples. Chlorine etching leads to a height ratio of approximately 3.5
and the size of the dots increased from 40nm to 55nm. However, in this case
we observed a surface granularity, that was shown not to be caused by the pho-
toresist residuals. BCl3 mixed with pure chlorine provides a height ratio of ap-
proximately 2.5,while the size of the dots increased from 40nm to 50nm. When
using this chemistry, no surface roughening occurs. Further experiments were
carried out with even smaller EBID masks to demonstrate the pattern transfer
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of sub—10nm structures. For this purpose, EBID masks consisting of lines with
sizes varying from 17nm to 8nm were fabricated. In order to avoid the rough-
ening and the granularity of the etched samples, the EBID masks were further
cleaned in an oxygen plasma. This indeed led to smooth surfaces after HBr
chemistry. The height ratio is now smaller than 1/5 probably because of the
thickening of the native oxide layer as a result of the plasma cleaning. Because
the etch rate of the silicon oxide using the hydrogen bromide chemistry is low
compared to that of the EBID deposits, it is not possible to break through the
oxidelayer without removing the mask. In case of pure chlorine etching, the
height ratio remained approximately 3.5, as in the case of the 20—407nm masks,
and the lines widened from 8nm to 12.5nm. However, the granularity can still
be observed on the sample surface as well as on the lines themselves, meaning
that this is an inherent effect of the Cl, etch. Very good results are obtained
with the fluorine based etching, in terms of height ratio and surface smooth-
ness. In case of the 8nm lines, the height ratio is approximately 8 and the width
increased from 7.4nm to 14.3nm. However, because the mask was completely
removed during the etching, the lines are made of only silicon, causing a very
poor contrast in the secondary electron image. The 17nm EBID lines, being
also thicker than the 8nm lines, were not completely etched away and the re-
sulting lines have a width that is measured to be 9.8nm. In summary: we have
demonstrated that the pattern transfer of 7.4nm wide lines into silicon, using
chlorine and fluorine chemistries, resulted in slightly broader lines of 14.3nm
width.

3.2.4 Remarks on the line width measurement

Original SEM image

100 nm  Area selected for the integrated line profile

Figure 3.14: On the left, SEM image of the 9.8nm line as shown in figure 3.13a. On the right,
the same image with an highlight on the line and the area where the integrated line profile was
extracted.
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The measurement of the line width is not trivial. In Chapter 2, we presented
the measurement of lines with M-shaped profiles and analyzed three methods
for the definition of the line profile. In this chapter, all measurements were
performed "by eye", where the images were loaded into the ImageJ program
and analyzed by manually dragging a measurement line. However, this method
is very user-dependent and suffers from how the user distinguishes the "line"
from the "background". In this section, we analyze the width of the lines shown
in figure 3.13a, which have reported a width of 9.8nm (judgment "by eye"), us-
ing the inflection point method and the definition of FWHM and FW50 from
the line profile integrated over the entire length of the line itself, as shown in
figure 3.14. In this figure, we report the SEM image of the 9.8nm line, where
we highlight the line that is analyzed and the area over which the integrated
profile is extracted. As shown in figure 3.15, in the inflection point method,
the derivative of the integrated line profile is calculated and the width is de-
fined as the distance between the first peak and the subsequent minimum. The
width measured with this method is equal to 12.9nm. Following, the FWHM
and the FW50, calculated via a simple Matlab script, report widths of 13.8nm
and 14.72nm. Those values are slightly bigger than the 9.8nm that was deter-
mined "by eye".

The estimation of the line width "by eye" is 3nm less than what is mea-
sured with the inflection point method, inducing and error of approximately
30%. We conclude that it is difficult to determine a "real" line width value, as
there are many definitions and many techniques to measure the line width,
all suffering from inaccuracies. The best approach is therefore to chose a line
width measurement throughout the experiments and compare measurements
derived from the same method.

3.3 Pattern transfer into ITO

3.3.1 Plasma etching of ITO using photoresist mask

Electron Beam Induced Deposition (EBID) will be used by us to fabricate stamps
for Nano-imprint Lithography (NIL). Step and repeat NIL requires UV trans-
parent stamps that can be made by EBID in two ways. By direct deposition
of transparent features on top of the NIL stamp, or by transferring EBID fabri-
cated patterns into the stamp material. We chose to aim at the latter and have
studied the transfer of such nano-patterns into an underlying substrate using
plasma etching. As transparent material, a glass substrate covered with ITO
(indium-tin-oxide) can be used. Experiments were performed on a Plasmalab
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Figure 3.15: Width measurement of the line in figure 3.13a using the inflection point method and
the definition of FWHM and FW50. The width of the line is measured to be 12.9nm, 13.8nm and
14.72nm, whereas "by eye" if was determined to be 9.8nm.
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system133 etcher at and in cooperation with Oxford Instrument Plasma Tech-
nology (OIPT).

First, the etching recipe for ITO needs to be developed. For the process set
up, we used ITO coated Si samples covered with a 1.4um thick layer of AZ5214E
photoresist (PR). We assume the resist to be comparable to EBID deposits pat-
terned with the platinum precursor (MeCpPtMes) as both consist mostly out of
carbon. The pattern in this resist consisted of trenches that can easily be mea-
sured with the metrology equipment available at OIPT, i.e. a high end scanning
electron microscope and a profilometer. The long term goal is to find an etch-
ing recipe, by which sub —10nm EBID deposits are transferred into underlying
ITO, forming a NIL mask. Because sub— 10nm EBID deposits are also very
shallow, in the order of few nanometers, the etching recipe must provide a high
selectivity (at least higher than 5), in addition to low undercut and anisotropy.

Results of plasma etching of ITO using a CH4/H, gas mixture are already
reported in literature [113]. By using this chemistry, H, will reduce oxygen in
the ITO film and CH3s species will volatilize the metals (indium and tin). Initial
experiments were performed by choosing a reactive ion etching (RIE) in com-
bination with inductively coupled plasma (ICP) etching. Figure 3.16a shows
the trend of the selectivity, which is defined as the ratio between etch rate of
ITO and that of the PR masking material, as well as the ITO etch rate for dif-
ferent RIE power values. In this case the ICP power is kept constant at 1000W.
At 100W RIE, selectivity seems to be maximal. At these settings, the etch rate
is 50nm/min and the selectivity equals approximately 2. For our purpose the
etch rate value is acceptable, but the selectivity is not.

To improve the selectivity, which can be achieved by reducing the mask etch
rate, the ICP power source has been switched off and RIE plasma etching has
been carried out. Figure 3.16b shows the trend of selectivity of ITO with respect
to PR and the ITO etch rate for different RIE power (ICP source off). In this
case a negative selectivity appears due to the fact that polymer is deposited on
top of the PR, while the ITO is still being etched. The etch rates are lower than
those of the ICP plasmas, but still suitable for transferring EBID masks for NIL
stamps fabrication. However, we noticed that CHy4/H; based etch chemistry
yields rough surface morphologies. This can be caused by polymers deposited
on the etched surface or insufficient chemical etching of the ITO. Polymers may
grow not only perpendicular to the sample surface, but rather in any direction,
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thereby reducing the lateral dimensional control of the EBID masks, which may
be effectively widened by this effect.
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Figure 3.16: Selectivity of ITO with respect to PR AZ5214E and corresponding ITO etch rate in
CH4/Hjp plasma etching: ICP + RIE (a) and RIE only (b).

In order to reduce the polymerisation, and to prevent the resist thickness
from growing or shrinking, we tried to add Argon to the gas mixture. In fact,
Argon increases the ionic bombardment of the sample surface which may re-
duce the observed surface roughness by boosting the chemical reactions and
sputtering the protrusions on the surface, as shown in literature [114]. Fur-
thermore, Ar will also sputter the polymers that are deposited on top of the PR,
which may reduce the loss of lateral dimensional control. The amount of poly-
merisation depends also on the CH4/H> ratio. The smaller the amount of CH,
in the plasma, the lower the polymerisation rate.

To investigate this, we added 30sccm of Ar to the CH4 and Hj gas mixture.
We chose to keep the Ar flow constant as we think that the CH,4/Hj ratio is more
significant in determining the polymerisation rate. Furthermore, a high Ar con-
centration might damage the EBID masks. Figure 3.17 shows the trend of the
selectivity of ITO with respect to PR and the etch rate of ITO for different Hy
flows. In this case the total pressure is kept constant at 35m Torr and the tem-
perature at 20°C. It is seen that the selectivity is negative due to polymer depo-
sition on top of the PR. By decreasing the pressure to 25mTorr the selectivity
was found to strongly increase. The ITO etch ratio was 16.4nm/min and the
PR was not etched, and no polymer deposition occurred. This result is very
promising: by further decreasing the pressure we expect that the etch rate of
the PR increases, showing a positive selectivity. This has not been tried yet, be-
cause of time limitations, but will be studied later.
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Figure 3.17: Selectivity of ITO with respect to PR AZ5214E and corresponding ITO etch rate in
CH4/Hp/Ar plasma etching (RIE).

To prevent the formation of polymers, a BCl3/Cl, chemistry has also been
studied, taking into consideration the results presented in literature [115]. In
this case, Cl reacts with both In and Sn, forming InCly and SnCly, which are
volatile at high temperature. By increasing the concentration of Cl,, the etch
rate should increase due to more available reactive Cl radicals in the plasma.
However, by further increasing the concentration of Cl,, the etch rate decreases
because the concentration of BCl; ions and the ion energy are too low. By
adding a small amount of CF,, the etching rate can be enhanced due to a more
efficient breaking of metal-oxygen bonds in ITO by CF4. However Cl and F
chemistries are known to attack PR quite efficiently, which may limit the selec-
tivity. Table 3.3 shows the resulting selectivity between ITO and PR by varying
the concentration of BCls, Cl, and CF, in the plasma. The RIE power and the
ICP power are kept constant to 100W and 1000W respectively, while the pres-
sure was set to be 10mTorr and the temperature 20degC. A selectivity of 0.28
is achieved with a 12sccm BCl3 flow and the etch rate for the ITO is 18nm/min.
If the RIE power is set to 300W, 20sccm BCl3 flow (pressure 60mTorr, temper-
ature 20deg C) shows a similar selectivity of 0.27, though the etching rate of ITO
dropped down to 12nm/min.

3.3.2 Pattern transfer into ITO using etch masks made by EBID
In order to gain some experience in pattern transfer, we first carried out exper-
iments using silicon substrates covered by 100nm ITO. Structures consisting of
sets of lines were patterned by EBID using the platinum precursor (MeCpPtMe3)
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BCl3 Cl CF, RIE | ICP || ITO etching rate | Selectivity
[sccm] | [sccm] | [sccm] || [W] | [W] [nm/min]
12 12 0 100 | 1000 17 0.09
12 0 0 100 | 1000 18 0.28
20 0 0 300 | 1000 12 0.27
12 0 6 100 | 1000 27 0.17
28 0 5 100 | 1000 20 0.20

Table 3.3: ITO etching rate and selectivity of ITO with respect to PR AZ5214E in BCl3/Cly/CFy
plasma etching.

in the FEI Nova Nano Lab 650 scanning electron microscope, equipped with
a gas injection system. The etching experiments were performed on a Plas-
malab system133 etcher at and in cooperation with Oxford Instrument Plasma
Technology (OIPT). Two different batches of samples were patterned using the
platinum precursor (MeCpPtMes). One batch consists of silicon chips, with a
navigation pattern made by etching silicon to obtain black silicon. The other
batch of samples consists of silicon chips covered by a 15nm layer of molyb-
denum on top of a 100nm ITO layer. Circular holes were opened in the Mo
layer as a navigation pattern: in these circles the EBID deposits were patterned.
Figures 3.18a and 3.18b show the patterns that were deposited in each circle.
In order to have a chance to inspect one of the deposits with the profilome-
ter available in OIPT, a line has been patterned to be approximately 10um long
and 500nm wide (circle a in Figure 3.18a). Series of smaller EBID lines, having
either Gaussian profiles or long tail profiles (Figure 3.18b), have also been pat-
terned (circles b, ¢, d and e), as shown in Figure 3.18a. The FWHM of these lines
are approximately 30nm (circle b), 35nm (circle c), 17nm (circle d) and 22nm
(circle e).

In literature it has been demonstrated that ITO can be etched using CH4/H>
chemistry [113] [114]. Firstly, the performance of different CH4/H, etching
recipes has been evaluated by varying the composition of the gas mixture, the
pressure of the chamber and the power of RIE and ICP generators. This was
done by using Silicon samples, on top of which 100nm of ITO has been de-
posited by sputtering. The resulting ITO deposition appeared to be extremely
rough, which is an unwanted situation in case of nano-pattern transfer of sub—
10nm EBID masks. We decided to carry out the experiments in OIPT with these
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Figure 3.18: a) Optical image of the EBID deposits patterned on the 100nm layer of ITO (blue
circles), on top of silicon. The yellow area around the circles corresponds to the molybdenum
layer, which forms the navigation pattern. Circle a: EBID line of approximately 20um length
and 500nm width, which serves as a visible EBID pattern in the profilometer. Two sets of line
series have been patterned with different line profiles. b) Profile 1 is defined to have a Gaussian
profile (10 pixel wide, each of them patterned with 1us dwell time, pixel size = 1nm); profile 2 is
defined to be patterned with 200ns dwell time at the edges of the lines and 1us at the centre of
the lines, leading to a long tails profile. Circle b+c in (a): Series of EBID lines with profile 1 (circle
b: passes:10; circle c: passes:20). Circle d+e in (a): Series of EBID lines with profile 2 (circle d:
passes: 10; circle e: passes: 20).

wafers anyway because of limited amount of time left. Our next goal is to im-
prove the deposition parameters of ITO in order to get smoother films or switch
to another conductive UV-transparent layer. The ITO layer was then partially
covered by 1.5um photoresist (AZ5214E), such that it was possible to easily cal-
culate the etching rate of ITO and the selectivity of ITO with respect to PR. This
has shown that the best recipe consists of a gas mixture of 7.5sccm of CHy and
60sccm of Hy, using only 800W RIE power source (OW ICP), at 35mTorr pres-
sure and 20deg C. This recipe is first tested on a black Si/Si chip. After 5 min-
utes of etching, the colour of the sample changed meaning that a polymer layer
has been deposited. Profilometer measurements confirmed the deposition of
a 50nm layer of polymer on top of silicon. Assuming that the same amount of
polymer was deposited on top of the EBID line as well, then the EBID line etch
rate is measured to be approximately 8nm/min. However, we noticed that the
polymer layer can be easily removed by performing Oxygen plasma cleaning.
Therefore, we decided to repeat the same recipe but varying the etching time
(3, 5 and 7 minutes). The idea would be to confirm the height of the deposited
polymer by AFM analysis before cleaning them.

Figures 3.19a and 3.19b show the SEM image of a chip etched with the above
mentioned chemistry for 5 minutes. It is clearly visible that polymers have been
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Figure 3.19: a) SEM overview of the EBID deposits after etching (800 W RIE plasma with 7.5sccm
CHy4 and 60sccm Hp gas mixture, at 20°C and 35mTorr, etching time 5 minutes). b) Zoomed in
image (tilted 45°) of one of the sets of lines (circle e).

deposited everywhere on top of the sample. In particular, a uniform thick layer
of polymer has been deposited close to the EBID structures. We think this is
because in that region there is already a thin Carbon layer, deposited during
the EBID patterning by backscatter electrons. The amount of polymerisation
depends also on the CH4/Hj ratio. By decreasing the concentration of CHy
in the gas mixture from 7.5sccm to 5sccm we indeed confirmed (by etching a
Si/ITO/Mo chip with EBID patterns) that the amount of polymer deposited is
less, as shown in Figures 3.20a and 3.20b. Further AFM analysis will give more
information on the difference in height of the two sheets of polymer.

Figure 3.20: a) SEM overview of the EBID deposits after etching (800W RIE plasma with 5sccm
CH4 and 60sccm Hp gas mixture, at 20°C and 35mTorr, etching time 5 minutes). b) Zoomed in
image (tilted 45°) of one of the sets of lines (circle d).
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In order to reduce the polymerisation, and to prevent the resist thickness
from growing or shrinking, we tried to add Argon to the gas mixture [114]. In
this case, previous results have shown that a good gas mixture is 5sccm CHy,
80sccm Hy and 30sccm Ar, using a 800W RIE plasma, at 20°C. Different runs
were performed on Si/ITO/Mo chips with EBID patterns and the pressure was
changed for each run. Results are depicted in figure 3.21: in the high pressure
(35mTorr -20mTorr) regime, polymer has been deposited on top of the chips.
This is concluded from the observation that the sum of the original thicknesses
of the ITO and the Mo layers is lower than the one after etching. On the other
hand, in the low pressure (5mTorr) regime the ITO etch rate is very low. We
think that the best regime to work in is between 8.5mTorr and 12.5mTorr.
Three runs were then performed at 12.5mTorr, 10mTorr and 8.5mTorr, as
depicted in figures 3.22a, 3.22b, 3.23a, 3.23b, 3.24a and 3.24b. In the case of
12.5mTorr, a polymer layer is still deposited in the region surrounding the
contact pad. The polymer sheet becomes thinner and thinner when the pres-
sure decreases. However, it cannot be avoided completely. Figure 3.24b shows
clearly the roughness of the ITO layer. For sub—10nm devices this is catas-
trophic.
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Figure 3.21: EBID etch rate in CHq/Hp/Ar plasma etching (RIE only) and the step height of the
polymer layer, molybdenum layer and ITO.

To prevent the formation of polymers, a BCl3/Cl, chemistry has also been
studied, taking into consideration the results presented in literature [115]. Al-
though the resulting selectivity does not meet the requirements of transferring
EBID masks into underlying ITO for NIL stamps fabrication, we think that fur-
ther improvements of the recipe might enhance the selectivity. Strong efforts in
improving the BCl3/Cl, chemistry are worthy since this recipe prevents the for-
mation of polymers. We decided to carry out this recipe on a Si/Black Si wafer
to check the behaviour of the EBID deposits under this condition. We selected a
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Figure 3.22: a) SEM image (tilted 45°) of the EBID line in circle a etched with CH4/Hjy/Ar chem-
istry at 12.5mTorr. b) EBID lines in Circle c (image tilted 45°).

Figure 3.23: a) SEM image (tilted 45°) of the EBID line in circle a etched with CH4/H>/Ar chem-
istryat 10mTorr and zoomed in image of the thin polymer sheet deposited on top of the line. b)
EBID lines in Circle e (tilted 45°).

Figure 3.24: a) SEM image of the EBID line in circle a) etched with CH4/Hp/Ar chemistry at
8.5mTorr and zoomed in image of the thin polymer layer deposited on top of the line. b) EBID
lines in Circle ¢ with a zoomed in image of the lines profile, taken by rotating the sample over
90°.
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gas mixture of 285sccm of BClz, 0sccm of Cl, and 5scem of CFy, at 10mTorr and
20degC. We could measure the thickness of the silicon that has been etched
by just gluing a strip of tape close to where the EBID deposits were patterned.
The difference in height between the etched silicon and the protected silicon
is 120nm. The profilometer cross-section of the EBID line in Figure 3.25a and
3.25b, shows that the height of the EBID line is approximately equal to 309nm
before etching and 130nm after etching (etching time in this case is 1 minute).
Hence the total height of the EBID line that has been etched is approximately
10nm. Therefore, the EBID etch rate using this recipe is 10nm/min. Previous
experiments have shown that the ITO etch rate in this chemistry is 20nm/min.
Hence, with this recipe we can achieve a selectivity of 2, preventing polymer to
be deposited.
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Figure 3.25: a) Profilometer cross-section of the EBID line in circle a before etching. b) Pro-
filometer cross-section of the EBID line in circle a etched with the BCl3/Cly/CF4 chemistry. In
this case, the EBID line lies on top of silicon.

We are now interested in studying further recipes for improving the selectiv-
ity by using either the CH4 or the BCl3 chemistry. The advantage of the first, is
that a fast ITO etch rate can be achieved, however we need to prevent the poly-
mer deposition. The advantage of the latter is that no polymer is deposited,
but the selectivity seems to be too low for our purposes. We also need to im-
prove the deposition of ITO to reduce the surface roughness or we could switch
to other UV-transparent and conducting materials, such as TiN-based films,
which is discussed in the next section.

3.4 Pattern transfer into TiN

ITO is a suitable UV-transparent and conductive material that can be used for
the fabrication of NIL stamps. However, the granularity of ITO that results from
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the method of deposition of ITO itself is not compatible with the size of struc-
tures that need to be deposited. Although it is possible to adjust the deposition
parameters, the obtained surface might not be smooth enough.

Instead of ITO, a thin layer of TiN can be deposited by Atomic Layer Deposition
(ALD), leading to an atomically smooth surface. Moreover, TiN is conductive as
well as transparent for UV-light. Figure 3.26 shows the transmittance of a Pyrex
wafer covered by 10nm of TiN when exposed to light of wavelength varying
from 300nm to 650nm. In the UV-light range, around 365nm, the transmit-
tance is approximately 60%.
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Figure 3.26: Transmittance of a 10nm layer of TiN deposited by atomic layer deposition (ALD)
on top of a Pyrex wafer.

The idea is to deposit EBID structures on a wafer covered with silicon diox-
ide and TiN on top. The structures are then transferred into silicon dioxide,
which has a lower roughness than ITO. The mask residual that may stick on top
of the structures will be UV-transparent and therefore will not influence the
NIL process. The goal of these experiments is to test the selectivity of TiN ver-
sus SiO,. The sample used in these experiments is a silicon wafer covered with
a thick SiO, and TiN, which resembles a Pyrex wafer covered with TiN that is
used in a real case.

First experiments were carried out in order to find an optimal chemistry to
etch TiN. In order to do so, we decided to use a sample covered with TiN and
use SiO, as hard mask. To test ICP etching recipes for TiN, a silicon wafer is
covered with:
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e 450nm of SiO,, thermally deposited
e 40nm TiN, deposited with ALD

e 70nm of SiO,, deposited via CVD

Via optical lithography, the first layer of SiO, (CVD) is opened up, as shown
in figure 3.27.

LITHO

40nm TiN

450 nm Si02 (th)

Figure 3.27: On the left, the SiOy (CVD)/TiN(ALD)/SiOz(th) tri-layer on a silicon wafer used for
testing the etch recipe for TiN. On the right, after the lithography step the top SiO is opened up.

We first partially covered the surface of the sample with tape (in orange) and
subsequently used fluorine chemistry (SFg 13.5sccm for 1.5 minutes) to etch
the TiN as well as the CVD-deposited SiO,. In this step, the TiN is completely
etched away s well as a thin layer of the underlying SiO,, which was thermally
deposited, as shown in figure 3.28.
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Figure 3.28: First fluorine etch to completely remove the TiN and open the underlying thermally
deposited SiO» layer.(The structure in orange is the tape)

We then covered another area of the etched surface with a second piece
of tape (in orange as depicted in figure 3.28). After that, a second etch run is
carried out using the CH,/C4Fg/He chemistry for one minute, to completely
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remove the remaining top SiO» (deposited by CVD) and TiN layer, that served
as a mask in the first etching step, as shown in figure 3.29.
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Figure 3.29: Second etching step using the CHy/C4Fg/He chemistry to completely remove the
remaining SiO2 (CVD)/TiN layer. (The structure in orange is the tape)

By measuring the steps between each etched layer, as shown in figure 3.30,
it is possible to retrieve the selectivities of the two etching processes:

e Selectivity(TiN/SiO2)1stetching = (40nmimin)/(32nm/min) = 1.25

* Selectivity(SiOz2/ TiN)ynaprcping = (232nm/min)/(40nm/min) = 5.8

Figure 3.30: Measures of all etched steps that serve to retrieve the selectivity for the two etching
processes. Values in black are measured values with a typical uncertainty of 3 — 5nm. Values in
red are derived from the measured data.

In these experiments we measured the etching rate of TiN and its selec-
tivity towards silicon oxide hard masks. This seems a promising approach to
fabricate UV-transparent stamps using EBID-defined masks patterned on TiN
covered Pyrex wafers. The aspect ratio of the EBID structures can be enhanced
by etching into the underlying TiN layer by optimizing these etching recipes.
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We also considered an additional initial step, meant to increase the height
of the very shallow EBID lines. This can be done by first patterning the shallow
lines with EBID, ideally just one monolayer of Pt (so-called seed layer). Later, by
means of ALD (Atomic Layer Deposition), single atomic layers of Pt can be se-
lectively deposited on top of the existing seed layer of Pt. Mackus et al. [116] first
introduced this technique, that is capable of achieving the fabrication of high
Pt purity nanostructures with higher resolution than the area selective ALD-
methods and higher throughput than EBID.

Figures 3.31a and 3.31b show a set of lines and an array of dots made by
first depositing a thin EBID layer and subsequent deposition of Pt using ALD.
Though the concentration of the Pt can be increased considerably [116], the
shape of the lines and dots appear to be granular. Future work can be done on
the optimization of the ALD parameters in order to get more control over the
shape of the resulting structure.

Figure 3.31: a) Set of 10 Pt lines deposited by EBID and subsequent ALD. b) Array of 5x5 Pt dots
deposited by EBID and subsequent ALD

3.5 Conclusions

We have worked on the pattern transfer of nanostructures made by EBID into
underlying layers. This process will, on one side, enhance the aspect ratio of
the sub—20nm EBID structures, that are typically very shallow. Secondly, if
the EBID mask is completely etched away, the resulting structure will in prin-
ciple have the shape of the mask, with enhanced aspect ratio and with the de-
sired composition. As a first step, we carried out experiments on the pattern
transfer of EBID nanostructures into the underlying silicon layer using hydro-
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gen bromide, chlorine, boron trichloride and fluorine chemistries. Very good
results were obtained with the fluorine chemistry, where lines with sub—15nm
width, were transferred into the underlying silicon layer with an aspect ratio of
8. Because the final goal is the fabrication of stamps for nano imprint lithogra-
phy (NIL), that need to have a good transmittance for UV light, we decided to
perform further experiments on the pattern transfer of EBID structures into
underlying transparent layers. Moreover, to successfully pattern single-digit
nanometre structures, the underlying layer must be conductive. Given these re-
quirements, the first material candidate that we investigated was ITO. Though
first results show good performance of EBID structures as etching masks, the
roughness of ITO prevents single-digit nanometre structures to be successfully
patterned. A possible follow up study is the investigation of the deposition of
smoother ITO layers combined with the optimization of the etching process.
We decided instead to carry out experiments using TiN as underlying layer. In
fact, TiN can be deposited by ALD, which provides atomically flat surfaces and
is conductive. We foresee that TiN is a good candidate for the fabrication of
NIL stamps using masks made by EBID, where the aspect ratio is enhanced by a
pattern transfer step. We have worked on the development of a process flow for
the nano-pattern transfer of EBID structures in an underlying TiN layer, which
is deposited on top of a silicon wafer. In particular, we focused on the pattern
transfer of small EBID lines (sub—8nm range). Because they are really thin (less
than 1nm height), they do not work as a good mask for the subsequent etching
process.

3.6 Pattern transfer into thin membranes
The pattern transfer on the single nanometer scale is challenging in two ways.
First to develop recipes to successfully etch such delicate fine structures, and
second, to image them properly to judge the result. To improve on the latter it
was decided to carry out pattern transfer experiments using TEM membranes
as a substrate. In this way, the deposited and etched structures can be imaged
using a high beam energy transmission electron microscope (TEM). These ex-
periments were carried out in collaboration with Oxford Instruments Plasma
Technology (OIPT) and EPFL, both partners of the Single Nanometer Manufac-
turing for beyond CMOS devices (SNM) project.

Because we had already experience with pattern transfer into silicon, it was
decided to cover 20nm thick SIN membranes with 20nm of Si, by means of
sputtering. Subsequently Pt/C lines were written on top of the silicon layer, us-
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Figure 3.32: SEM image with enhanced
digital brightness/contrast of Pt/C struc-
tures deposited by EBID on thin mem-
brane consisting of a bottom layer of
20nm SiN and a top layer of 20nm sput-
tered Si (Sample 1). The patterning was
done at 19kV, 39pA, and single pass
writing mode.

ing EBID in our FEI NovaNanoLab 650 SEM, at 19kV, 39p A beam current, in
immersion mode. Two samples were fabricated following this recipe, sample
1 and sample 2. Figure 3.32 shows the patterned structure on sample 1. The
contrast in the SEM image is very poor, leading to a very difficult judgment of
the line widths. These samples were then inspected at EPFL in a STEM instru-
ment using High Angle Annular Dark Field (HAADF) imaging at 80keV. The
schematic of the sample and measurement set up is presented in figure 3.33.
The high angle annular dark field (HAADF) detector is used for the detection
of the scattered electrons and the intensity of each pixel is proportional to the
atomic number Z of the sample material. The schematics shows the imaging
set up before (a) and after etching (b). The background around the deposited
structures consists of the SiN membrane covered with a layer of silicon, that is
thinned after etching, giving therefore different contrast in the STEM image.

Figure 3.34 shows the overview HAADF image of the deposited lines on the
left and zoomed-in images of areas A, B and C on the right. The contrast in
HAADF imaging is much higher than that of SEM imaging, shown previously
in figure 3.32. The Pt lines result to be brighter than the Si/SiN background.
Moreover, the deposition method of silicon leads to a granular surface, that is
visible in the zoomed-images of areas B and C of figure 3.34.

Thanks to the HAADF images, a more accurate estimation of the line width
can be done. Figure 3.35 shows the analyzed areas 1, 2 and 3 as previously de-
fined in figure 3.34. The lines patterned in these areas are designed to have
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(a) Before etching (b) After etching
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Figure 3.33: Schematic of the experimental setup. High energy electrons pass through the mem-
brane on which EBID patterns are written (a) before and (b) after etching. Depending on the

atomic number of elements electrons are inelastically scattered and detected by the high angle
annular dark field (HAADF) detector. [Courtesy of D. Ovchinnikov]

Figure 3.34: STEM HAADF overview image of the EBID patterns on the thin membrane substrate

(left), and zoomed-in TEM images of the areas A, B and C, highlighted in the image on the left
(Sample 1).
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Figure 3.35: HAADF image of the EBID pattern and zoomed-in images of areas 1, 2 and 3 (Sample
1). Line profiles measured from the HAADF images at different magnification of Area 1 (a-c),
Area 2 (d-f), Area 3 (g-i) are shown. Distance between the lines is extracted from plots of the
HAADF intensity across the dashed line cut (a, d, g) and plotted as a function of distance in
graphs c, f and i, respectively.
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100nm, 50nm and 20nm spacing respectively and the same width of 10nm.
From the high resolution STEM images, the intensity profiles of the lines are ex-
tracted, from which the distance between the intensity maxima and the width
of the lines are measured. The width of the lines is measured using the full
width at half maximum value (FWHM). Table 3.4 shows the measured line spac-
ing and line width for areas 1, 2 and 3. The line spacing is 101.5nm, 52nm and
20.2nm respectively, which is in agreement with the designed geometry. The
line width is 17.2nm, 18.8nm and 18.4nm respectively for areas 1, 2 and 3.

’ Area ‘ Spacing [nm] ‘ Line width [FWHM with gaussian fit] ‘

Areal 101.5+1.9 17.2+1
Area 2 52.0+0.5 18.8+3.4
Area 3 20.2+1.3 18.4+4.1

Table 3.4: Line separation and line width measurement for areas 1, 2 and 3, measured from the
HAADF STEM images in figure 3.35 (Sample 1).

From the zoomed-in images of figure 3.35b, 3.35e and 3.35h, we notice
that the EBID lines consist of clusters of small and bright particles. Moreover,
the same bright particles are also dispersed around the EBID lines themselves,
forming a so-called halo. The lines with only 20nm spacing have barely some
trenches in between because of the overlapping of the halo of neighbouring
lines, as also confirmed by the line profile in figure 3.35i. We therefore expect
that the etching of the underlying silicon layer will be stopped by the material
deposited between these lines.

3.6.1 EDX analysis on the EBID structures

The zoomed-in images of the EBID structures in figure 3.34 and 3.35 reveal
that the lines consist of small Pt grains, that have typical dimensions of sev-
eral nm (particle size analysis is limited due to the contrast of the STEM im-
ages) and are located not only on the written lines, but also on the substrate
around the EBID lines, where their density is relatively low. In order to have
a more complete analysis, EDX is performed on this sample by EPFL. Energy-
dispersive X-ray spectroscopy (EDX) is a broadly used technique that provides
information on the elemental composition of structures from the detection of
the characteristic X-ray emitted from the sample when interacting with the in-
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cident beam [117]. While HAADF images provide only information on the in-
tensity variation between structures made of different material, EDX allows to
analyze the elemental composition. It is of fundamental interest to understand
the composition of the Pt/C deposits prior to the etching step in order to study
the most suitable etching recipe. A representative region was chosen, namely
area 1, and the EDX spectrum was acquired for every scanned pixel in order to
obtain an elemental composition map. Figure 3.36 shows the HAADF image of
the selected region (a) and the EDX spectral map of carbon (b) and platinum
(c). Though carbon is present in the EBID lines in a large percentage, it is here
noticeable that there is a uniform C layer also around the EBID patterned re-
gion, that is possibly caused by contamination during SEM and STEM imaging.
Platinum is concentrated on the EBID lines, but some granules are also visible
around the lines.

Figure 3.36: EBID patterns (Sample 1): lines = 20nm wide with = 100nm spacing before etching.
(a) HAADF STEM image of patterned area with lines visible as brighter regions. (b) EDX map of C
distribution. (c) EDX map of Pt distribution. (a), (b) and (c) images are acquired simultaneously.

3.6.2 Results and discussion

After the STEM inspection at EPFL, samples 1 and 2 were etched at OIPT using
Atomic Layer Etching (ALE) with a Cl,/Ar mixture. ALE using plasma is an etch-
ing process where a combination of gas dosing and ion bombardment removes
material from a sample layer by layer. Cooke et al. demonstrated in a study
the etching of silicon by ALE using the chlorine/argon recipe [118]. The main
advantage of this technique is the potential to remove single atomic layers with
low damage. Two samples were etched using the following recipes:

e Sample 1: 165 Ar pre-clean + 25 cycles of Cl,/Ar ALE, where the etch
depth on an OIPT reference sample of amorphous Siis = 17nm.
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e Sample 2: 165 Ar pre-clean + 20 cycles of Cl,/Ar ALE, where the etch
depth on an OIPT reference sample of amorphous Siis = 12 - 13nm.
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Figure 3.37: HAADF image of sample 1 taken at 80keV of line patterns defined by EBID masks,
before (a) and after (b) a Cla/Ar ALE etching process. Below the images, the intensity profiles
integrated over the rectangular areas indicated are shown.

Standard HAADF STEM imaging was performed again at EPFL after the
samples were etched. Figures 3.37a and 3.37b show the 80keV HAADF im-
ages taken before and after etching for sample 1, including integrated inten-
sity profiles obtained from the areas indicated by the rectangles. The intensity
ratio before and after etching was measured and the layer thickness informa-
tion was calculated, taking a linear relation into account. It is concluded that
40% (namely 8nm) of silicon was removed. This is smaller than estimated for
the same process on the a-Si calibration sample at Oxford Instruments, namely
= 17nm. This is only an estimation concluded from the change in the detected
HAADF signal before and after the etching, without considering all the possible
parameters of influence, such as the detector electronics settings. Moreover,
the presence of Pt grains that lay on the sample surface provides an additional
contribution to the STEM intensity, thus increasing the total contrast, causing
an underestimation of the etched silicon thickness. We therefore conclude that
scanning probe techniques such as AFM are necessary for more reliable thick-
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ness measurements.

From figure 3.37b, it can be observed that the Pt grains are found over a
much larger area than where the deposition took place and were not visible in
the STEM images taken before the etching process. It is unknown whether this
is caused by the etching process, or the 80keV imaging or a combination of
both.

The HAADF images before and after etching of sample 2 are shown in fig-
ures 3.38a and 3.38b. We noticed that the height of the EBID lines seems to have
shrunk after the etching, making this not a suitable recipe. Moreover, much less
platinum particles are found around the EBID lines, compared to sample 1 in
figure 3.37. Therefore, we conclude that this type of etching, that is a cyclical
process of gas dosing and ion bombardment, may cause damage to the EBID
lines, leaving debris of platinum clusters around the patterned features.
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Figure 3.38: HAADF image of sample 2 taken at 80keV of line patterns defined by EBID masks,
before (a) and after (b) a Clo/Ar ALE process. Below the images the intensity profiles integrated
over the rectangular areas indicated are shown.

We performed EDX on sample 1 after etching to confirm that the compo-
sition of the bright particles is platinum. Figure 3.39 shows on the top row the
HAADF image (left) of a region in sample 1 and the EDX maps for silicon (mid-
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dle) and platinum (right) taken simultaneously. On the bottom, the zoomed-in
HAADF image and the Pt map of the same areas, where some reference par-
ticles are highlighted. The EDX maps clearly show that the spread grains in
between the lines are indeed platinum.

A . .ﬁ!“.'_,""'q""".‘"%‘r '-.4"- *::'

Figure 3.39: In the top row, HAADF image of sample 1 and EDX maps of the same region for Si
(middle) and Pt (right). In the bottom line, zoomed-in images of the HAADF micrograph and the
platinum EDX map of the same area, where Pt grains are highlighted.

3.7 Conclusions

When patterning sub — 10nm structures with electron beam induced deposi-
tion, the aspect ratio that is achieved is usually less than 1. A way to increase
the height of the structure, while preserving the width, is to transfer it into an
underlying layer, using an etching process, where the EBID deposit acts as a
mask. We successfully demonstrated the pattern transfer of EBID structures
in underlying silicon, using fluorine chemistry, which leads to an increase in
height of a factor of 8. These samples can be used as masters for a subsequent
UV-NIL step, meaning that a UV-transparent replica of the EBID-samples has
to be made before the imprinting.

However, if we want to use EBID structures directly as NIL stamp, we need to
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use transparent substrates. We considered the option to deposit an ITO layer,
that provides a transparent and conductive surface, on top of glass. In this case,
the best recipe for the pattern transfer of EBID structures in underlying ITO is
based on BCl3. However, the main disadvantage of this option is the roughness
of ITO, that is not compatible with the size of the structures that we want to
deposit.

Another option is to use TiN instead of ITO. Like ITO, TiN is conductive and
has been demonstrated to be acceptably transparent in the UV-range. More-
over, TiN can be deposited by ALD and therefore results in very flat surfaces.
We carried out experiments where we studied the selectivity of TiN towards sil-
icon oxide and vice versa, from which we concluded that this is a promising
approach for the fabrication of NIL stamps by EBID.

Etching experiments are finally carried out also on thin membrane samples us-
ing sub—10nm EBID structures as mask. Such samples can be imaged in high
acceleration voltage STEMs, leading to high resolution images from which it
is easier to judge the dimensions of the patterned structures. HAADF-STEM
images also reveal that the EBID lines consists of Pt particles, which can also
be found in the areas surrounding the deposited structures, forming the so-
called halo. The presence of platinum grains was confirmed by EDX analysis
performed in the high acceleration voltage STEM. Despite the fact that the con-
trast in HAADF-STEM images is proportional to the mass thickness, the etch
rate of the EBID lines and that of the silicon is not trivial to estimate. As for
future experiments, AFM analysis prior to and after the etching process is re-
quired in order to accurately measure the selectivity of the etching.
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EBID stamps for Nano Imprint
Lithography

Religion is a culture of faith; science is a culture of doubt.

Richard P. Feynman

4.1 Introduction

The nanotechnology industry is putting efforts in demonstrating the fabrica-
tion of devices in the sub — 10nm range. Typically, the technologies that are
used are optical lithography, where extreme ultra violet lithography (EUVL) is
the leading patterning technology, and electron beam lithography (EBL). EUVL,
that has been developed since the 1980s, makes use of photons of 13.5nm wave-
length for patterning. Because of the short wavelength of these photons, they
are absorbed easily, so the entire EUVL scanner must be kept under vacuum. To
achieve high volume manufacturing with EUVL, progress and improvements
have been done not only on the sources and the optics of EUVL scanners, but



also on contamination control, mask handling and resist [119]. In EUVL, the
resolution is limited by the wavelength of light and thoughput can be increased
by for instance employing high power light sources. On the other hand, EBL
may ultimately have its greatest impact because of the increasing attention in
the manufacturing industry on the number of components that can be fabri-
cated in a chip [120]. In EBL, resolution is not limited by the resolution of the
electron optical systems, but rather by the resolution of the resist and the sub-
sequent fabrication process [121] [122] [18]. EBL has however disadvantages
in terms of throughput, which can be overcome by integrating into one sys-
tem, technologies like SCALPEL, developed by the Bell Laboratories (Scattering
with Angular Limitation in Projection Electron-beam Lithography), PREVAIL,
developed by IBM (Projection Reduction Exposure with Variable Axis Immer-
sion Lenses) and multi-column systems [123].

Among these techniques, nanoimprint lithography (NIL) emerges as a low
cost and high throughput patterning technique that is suitable for large area
and large volume manufacturing. In this chapter, nanoimprint lithography is
used in an attempt to fabricate structures in the sub—10nm range. In nanoim-
print lithography, a stamp is pressed on top of a sample coated with a polymer,
or NIL resist. The template on the stamp is impressed into the sample resist
and transferred into the metallic layer underneath the resist by pattern trans-
fer. For this process, UV-transparent stamps are required to allow the resist
to cure while the stamp is pressed on top of it. The fine structures, with sizes
in the nanometre scale, can be patterned using Electron Beam Induced De-
position (EBID). The main advantage of using EBID for the fabrication of NIL
stamps is that it is a direct write technique and it does not require any electron
beam sensitive resist nor post-patterning steps. EBID can be easily performed
in a scanning electron microscope (SEM) equipped with a gas injection system
(GIS).

In this chapter, the fabrication of NIL stamps by EBID is thoroughly dis-
cussed. Experiments were conducted in collaboration with the EVG group,
leader in supplying NIL instruments and partner in the Single Nanometer Man-
ufacturing for beyond CMOS device (SNM) project. NIL requires stamps to be
UV-transparent, therefore substrates made out of Pyrex or glass can be em-
ployed. Because EBID requires conductive substrates to pattern high-resolution
structures, the Pyrex (or glass) samples need to be coated with a conductive and
UV-transparent layer. The materials considered in this set of experiments are
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TiN, chromium and molybdenum, that are all sufficiently transparent at the
UV wavelength when deposited as thin films, with thickness less than 10nm.
Reference measurements of the NIL masters made by EBID and the imprinted
wafers were performed by the Dutch institute of metrology (VSL), also partici-
pating in the SNM project.

4.2 State of the art of nano imprint lithography
Nano Imprint Lithography (NIL) is a high resolution and high throughput pat-
terning technique, that makes use of a template stamp to be imprinted on a
sample. Figure 4.1 shows the schematics of nano imprint lithography. A sub-
strate is covered by a ductile resist and a sample with pre-patterned features,
called NIL stamp, is positioned on top of the substrate. Usually, the NIL stamp
consists of a quartz plate covered with a mold, on which the features are pat-
terned. The stamp is pressed on the resist, that will be deformed according to
the shape of the stamp. The resist is then hardened in a curing process. The
stamp is released and positioned in another location of the substrate where the
same process is repeated. We can distinguish two NIL processes based on the
way the resist is cured: thermal NIL, that is based on the compression of a thin
thermoplastic film, and UV-NIL, where the resist is liquid at room temperature.
In the first case, the resist is cured at elevated pressure and temperature. In
UV-NIL, the stamp is pressed at low pressure, to allow the liquid to fill the gaps
of the stamp. Then, the resist is hardened by UV-exposure through the trans-
parent stamp. This NIL method is used in the experiments described in this
chapter, and can be referred to as Step and Repeat NIL (S-RNIL or S&R NIL) or
Step and Flash NIL (S-FIL) [124].

The first published article on nano imprint lithography is dated 1995 and
since then it had a more and more established position in research and in in-
dustry, as the low cost, high throughput and high resolution lithographic tech-
nique. NIL is low cost and it represents a valid alternative to electron beam
lithography (EBL) or high-end photolithography (PL), that are costly and, in
case of EBL, do not provide at the same time sufficiently high resolution and
high throughput. NIL does not require complex optics nor sophisticated light
sources nor electron optics systems, therefore NIL tools are generally less ex-
pensive than EBL and PL tools [125]. The NIL tools operate at atmospheric
pressure and room temperature and use low-cost broadband mercury lamps
for the UV source [126]. Because NIL relies on the mechanical deformation of
the resist, it does not suffer from resolution limitation given by the diffraction
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Figure 4.1: Schematics of nano imprint lithography. A NIL stamp, consisting of a glass handler
and a mold with high resolution features, is brought in proximity of a silicon wafer covered with
a NIL resist, with a layer of primer in between (1). The stamp is pressed on top of the sample (2)
and the resist is cured, with either a Heat & Press process (3a) or a UV exposure (3b). The stamp
is then released (4) and moved to a neighbouring location (5), where the entire process is then
repeated.

of light or by the electron scattering, that are the main factors that limit the res-
olution in photolithography and in electron beam lithography. Instead, the res-
olution depends on the minimum size of the template feature [125]. Nanoim-
printlithography can be of interest in the hard disk drive (HDD) industry and in
the semiconductor industry, for example in device prototyping. In the field of
memory products, where the requirements on high resolution are more strin-
gent, NIL can become the preferred choice: because of the redundancy of the
design of memory devices, they are also less vulnerable to defects [126].

Recently, nanoimprint was used in the fabrication of 200nm x 200nm cell
area SRAM metal interconnects with 20nm half-pitch lines [127]. Nanoscale
source-drain electrode pairs with continuous interconnects were also fabri-
cated by thermal nanoimprint lithography [128], using a plastic substrate cov-
ered with silicon dioxide as stamp. In this case, the preferred choice of stamp
material was Si/SiO,, which has sufficient hardness and durability properties
[129]. Nanowires are structures of interest in the field of photonics, electronics
and life sciences. T. Martensson et al. demonstrated that the quality of arrays
of nanowires fabricated using nanoimprint lithography is identical to those

92



fabricated by electron beam lithography [130]. More in general, nanoimprint
lithography was demonstrated to be a suitable technique for the fabrication of
integrated optical devices [131], grid polarizer [132], LEDs [133], photonic crys-
tals [134] and plasmonic nanocavities [135].

Literature offers numerous review papers on nano imprint lithography [126]
[124] [136] [129] [125]. H. Schift [124] addresses nano imprint lithography as
a lithographic technique, giving an in-depth description of both the thermal-
NIL and the UV-NIL processes. The author covers the NIL processes starting
from the NIL resist materials and their mechanical properties, to an overview
of different NIL machines. The paper from L. Guo [129] is an extensive review
on nano imprint lithography, focusing especially on the fabrication of the NIL
mold and the resist materials for both thermal-NIL and UV-NIL. More recently,
E. Costner et al. [125] published a review paper on nanoimprint lithographic
techniques, with a special focus on S-FIL (step and flash imprint lithography).
Malloy et al. [126] describe the technological impact on industry, the perfor-
mance of NIL in terms of resolution and throughput compared to other tech-
niques and its intrinsic issues, mainly related to the defectivity.

The high resolution capabilities of NIL have already been demonstrated in
many publications, where features in the sub —20nm range can be resolved.
Back in 1997, S.Y. Chou and PR. Krauss experimentally demonstrated that the
ultimate resolution of nanoimprint lithography could be in the sub - 15nm
range, where the imprint process is repeatable and the stamp durable. They
showed nanostructures imprinted into PMMA, including 10nm diameter holes
and 15nm wide trenches, demonstrating uniformity over an area of 15mm by
18mm [137].

G.-Y. Jung et al. demonstrated the fabrication of high density lines at 17nm
half pitch by nanoimprint lithography [138]. The NIL stamp with the 17nm fea-
tures was fabricated by using the superlattice nanowire pattern transfer (SNAP)
technique, where a superlattice, consisting of 300 layers of 34nm GaAs and
15nm AlGaAs, is used to produce 150 silicon nanowires on the stamp surface.
The stamp is then pressed on the resist, which is cured by UV-light exposure.
The resulting imprinted lines in the resist were transferred into an underlayer
material. The substrate was covered with titanium and platinum by electron
beam evaporation. The lift-off removed the under-layer, resulting in a sample
with 17nm half pitch lines.

G. Calafiore et al. described a process flow to fabricate sub — 15nm lines,
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that are also sub — 15nm thick at 50nm half pitch, using a multilayer lift-off
process of features patterned by nanoimprint lithography [139]. The sample
consists of a silicon wafer coated with PMMA, a silicon oxide layer, an adhesion
promoter layer and the final NIL resist layer. First, the NIL resist is imprinted
with a template containing gratings. Subsequent etching steps remove the NIL
resist residual, the adhesion promoter layer and the silicon oxide layer. The
PMMA is then opened up with an anisotropic etch using an oxygen plasma, fol-
lowed by a metal deposition step, where chromium and gold are deposited by
thermal evaporation. The smallest imprint that the author achieved is a 24nm
pitch and 7nm wide gap grating, whereas the smallest metal line obtained was
14nm wide.

M.D. Austin et al. reported on the fabrication of lines with 5nm width and
14nm pitch using UV-nanoimprint at room temperature [140]. Also, they demon-
strated that a 4 inch wafer was uniformly patterned in a single step. In this case,
the stamp was fabricated by using a GaAs/AlGaAs superlattice. This process re-
sults in very dense sub — 50nm pitch features that can be manufactured over a
large area, with very steep sidewalls and low defect and linewidth variation.

Single digit nanofabrication by nanoimprint lithography is demonstrated
also by C. Peroz et al. [141]. The stamp consists of a quartz template with dense
lines patterned in HSQ, that is an electron beam resist. The trench width varies
from 100nm to 8nm, while the height is constant at 30nm, in order to keep
vertical sidewalls. The stamp is first covered by Al,O3 by atomic layer deposi-
tion (ALD) such that the width of the trench can be carefully controlled by the
thickness of the deposited alumina. The stamp is then pressed onto the sample
surface, that is covered by a UV-light curable resist. Lines with sizes down to
7.2nm where successfully imprinted and transferred into silicon, with aspect
ratios higher than 5 and 10 for sub—10nm and sub — 20nm features respec-
tively.

The resolution of NIL can be pushed even further using non conventional
lithography techniques for the fabrication of the master. E Hua et al. demon-
strated the resolution limit of nanoimprint using single wall nanotubes (SWNTs)
[142]. The SWNTs with typical size in the range 1 —4nm are grown by CVD on a
SiO,/Si sample. A mold was derived from the SWNT/SiO,/Si master and used
in a nanoimprint process. The author demonstrates that a SWNT of height
of 2.4nm was successfully imprinted three times, resulting in tubes of height
2.4nm. TEM analysis demonstrated that the lateral dimension of the tube is
approximately 3.2nm. This experiments demonstrated that NIL is capable of
high resolution.
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Typically, stamps for nanoimprint lithography are fabricated by electron
beam lithography (EBL) [141] [143] or using more sophisticated GaAs/AlGaAs
superlattice pattern transfer techniques [138] [140]. Other works [144] [145]
presented nanoimprint stamps fabricated by proton beam writing, where a
proton beam with high energy, typically in the order of MeV, is focused onto
the sample surface and irradiates the resist. The main advantage of using pro-
tons instead of electrons is that because of their mass (approximately 2000
times that of the electrons) they travel through the material in a straight path.
The secondary electrons generated by the interaction of the proton primary
beam with the target are confined to the narrow primary beam, limiting the
proximity effect compared to that of electron beam lithography. Stamps for
nanoimprint lithography can also be fabricated by using edge lithography [146]
[147], that consists of depositing thin films of materials on the sidewall of pre-
patterned features, usually by evaporation. Also focused ion beam (FIB) is used
for the fabrication of NIL stamps [148]. FIB uses a focused ion beam to remove
material from a sample surface and it is a direct write technique that does not
require any resist.

On a large scale, electron beam lithography is the preferred technique for
the fabrication of high resolution sub—300nm features. EBL, however, is a slow
process that involves the spin coating of a resist on the sample surface, post-
exposure development, the deposition of a metal layer and the lift-off of the
residual of the resist. We want to use another electron-beam based lithography
technique, that is also high resolution as EBL, for the fabrication of nanoim-
print stamps. We propose to use Electron Beam Induced Deposition (EBID),
that is a direct write lithographic technique, that does not require any resist nor
post-exposure processing. A focused electron beam is scanned onto a sam-
ple surface in presence of a precursor gas, that is let into the system through a
gas injection system. The precursor gas reacts with the primary beam and can
be dissociated into a volatile part, that is pumped out the system, and a non
volatile part, that sticks onto the sample surface, forming the deposit. EBID is a
high resolution lithography technique, with which it is possible to pattern lines
with sizes down to 3nm [38].

Typically, quartz substrates are used as support for NIL stamps, and there
is little experience on transparent and conductive stamps in literature. W.J.
Dauksher verified the compatibility of using ITO-based substrates as imprint-
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ing stamps, reaching a fidelity of 20nm isolated lines and semi-isolated features
of 20nm width in 150nm spacing [149]. While researchers are focusing their
attention in addressing limitations such as overlay and multilevel capabilities
and throughput [150], requirements on width and depth control strictly depend
on the applications. The main drive is the reproducibility between NIL stamp
and imprinted features, that can be achieved by investigating novel resists and
tweaking the NIL parameters. Also, as best of our knowledge, no evidence was
found on using EBID for the fabrication of NIL stamps.

In this chapter we will address the fabrication of NIL stamps using elec-
tron beam induced deposition: the mentioned experiments were performed in
a collaboration with the EVG group, participant of the SNM project. We used
silicon wafers, pyrex wafers covered with TiN and glass masters provided by
the EVG group as templates, on top of which we patterned structures by EBID.
Reference measurements of the NIL masters made by EBID and the imprinted
wafers were subsequently validated by the Dutch Institute of Metrology (VSL),
along with standard measurements performed with SEM and AFM.

4.3 Definition of the experiment

4.3.1 Design of the process flow for the fabrication of NIL
stamps
We propose to use EBID for the fabrication of sub—20nm nanoimprint stamps.
As described in chapter 3, when patterning high resolution features, the aspect
ratio is very small. 8nm wide lines can be as thin as 1nm and it is very difficult
to control the vertical growth, without increasing the width. A way to overcome
this problem is to increase the aspect ratio of high resolution lines by etching.
In chapter 3, we described the pattern transfer of EBID lines into an underly-
ing metal layer by plasma-based etching. We described the progress of etching
into silicon, ITO and TiN. By using this knowledge it is possible to design a
process flow for the fabrication of NIL stamps by EBID, with a subsequent pat-
tern transfer to enhance the aspect ratio of high resolution features. Figure 4.2
shows the fabrication process of NIL stamps. First, the high resolution features
are patterned by EBID in a scanning electron microscope, equipped with a gas
injection system (GIS), that is positioned close to the sample. The sample can
be either a silicon wafer or a pyrex wafer. In the first case, this sample cannot
be used directly as a stamp because it is not transparent. The pyrex wafer, on
the other hand, needs to be coated with a transparent and conductive layer, to
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avoid charging effects during patterning. As already explored in chapter 3, the
choice for such coating material can be either ITO or TiN. In the case of a sili-
con wafer, a first NIL process is done to fabricate a replica of the silicon wafer:
in this intermediate step, the silicon wafer with which the transparent replica
is fabricated, becomes the NIL master. In this phase, the silicon wafer is the
stamp and the imprinted sample is a glass covered with a polymer. The cur-
ing phase is done by exposing the imprinted sample to UV light. Once the NIL
stamps are ready, they can be tested as stamps for nanoimprint.

Typically, quartz substrates are used as support for NIL stamps, and there
is little experience on transparent and conductive stamps in literature. W.J.
Dauksher verified the compatibility of using ITO-based substrates as imprint-
ing stamps, reaching a fidelity of 20nm isolated lines and semi-isolated features
of 20nm width in 150nm spacing [149]. Also, to the best of our knowledge, so
far EBID is not mentioned in literature with regard to NIL stamps fabrication.

4.3.2 Experimental methods

In this set of experiments our goal is to demonstrate the fabrication of NIL
stamps by electron beam induced deposition. The questions that we want to
answer are: will EBID structures survive the imprinting process or will they de-
tach from the substrate they were patterned on? Are EBID structures trans-
parent enough to the UV light for the NIL resist to be cured? How small can
an EBID structure be to be still successfully imprinted? Ultimately, we want to
investigate if stamps made by EBID can be imprinted multiple times without
losing fidelity in terms of height and lateral size of the structures.

Patterning and imaging

The EBID stamps are fabricated in an FEI Nova Nano Lab 650 SEM using the
platinum precursor (MeCpPtMes). For the patterning, we used a beam with
19kV acceleration voltage and 19p A current. The stamps are then imaged in
the same microscope and then sent to EVG, where they are first analyzed with
an AFM and then imprinted into a silicon wafer covered with a resist. The im-
prints are then analyzed with the AFM and returned back to Delft. Inspection
with an FEI XHR Verios 460L is performed on the imprinted wafers using low
landing energy as the resist charges heavily under the electron beam. Some
of the analyses are repeated by the dutch institute of metrology (VSL) to have
reference measurements.
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Figure 4.2: Process flow for the fabrication of nanoimprint stamps using electron beam induced
deposition and a subsequent pattern transfer step, for enhancing the aspect ratio of high reso-

lution features.
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The substrate

We initially selected a Pyrex wafer covered with TiN, deposited with ALD, and
subsequently diced to fit the NIL machine. However, it turned out that the
wafer is too thin and cannot be clamped tightly in the NIL machine. We used
then NIL glass stamps provided by EVG. To make them conductive, we de-
posited a thin layer of chromium on the first stamp and molybdenum on the
second. Unfortunately, we could not deposit TiN because the NIL stamp was
too big (15x15cm) to fit into the ALD machine.

The patterning template and the writing strategy

Figure 4.3a shows the patterned geometry and the patterning settings. 9 sets of
lines with different width and spacing and three arrays of dots are patterned.
The first array has dots of 12x12 pixels, while the second has 8x8 pixels and
the third 5x5 pixels. All the arrays of dots are patterned with a dwell time of
100us. The lines are 1000 pixels long and have widths of 1 pixel, 2 pixels and
1 pixel for the first, the second and the third column of line sets respectively.
The line sets are patterned with dwell times of 1ms (first column) and 100us
(second and third column). This geometry is patterned with a magnification of
31250 (small window), corresponding to a horizontal field of view of 4.096 um1,
for which the size of a pixel is 1nm. The line spacing, or pitch, is 100nm for the
first row, 50nm for the second and 20nm for the bottom row and the pixel-to-
pixel distance in each line is 1nm. The entire template is patterned with 1000
passes. The entire geometry is patterned starting from the top left array of dots
to the top right, and then the three sets of 100nm pitch lines (1A - 2A - 3A), fol-
lowed by the 501 m pitch lines (1B - 2B - 3B) and the 10nm pitch lines (1C - 2C -
3C). This procedure defines 1 pass. More passes are implemented by following
this procedure multiple times, in this case 1000. Four different fields are pat-
terned, by changing the number of iterations, as shown in figure 4.3b: 10 (Field
A), 5 (Field B), 2 (Field C) and 1 (Field D) iterations. The number of iterations
defines how many times the 1000-passes template is repeated. Therefore, in
case of 10 iterations, the pattern is repeated 10 (as the number of iterations) x
1000 (as the number of passes). Patterning fields A and B with 10 and 5 itera-
tions respectively helps in navigating onto the sample surface as they are rather
big. We tested the template D (1 iteration) on a silicon substrate. In this case,
we patterned dots of 20nm (12x12 pixels), 13nm (8X8 pixels) and 7nm (5x5 pix-
els), and height 7nm, 2.5nm and 1nm. As for the lines, we expect a line width
of 17nm (1 A-C), 10nm (2 A-C) and 6nm (3 A-C), with height of 5nm, 2nm and
0.8nm, as shown in figure 4.4. Field C, patterned with 2 iterations, will have
slightly broader and slightly higher structures. We decided to pattern bigger
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Figure 4.3: a) Template of the EBID structures, consisting of three arrays of 5x5 dots and 9 sets of
lines of different widths and pitch and b) the four patterned fields with different iterations.

structures in case Field D did not survive the NIL process.
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Dots diameter: 20 nm Dots diameter: 13 nm Dots diameter: 7 nm
height: 7 nm height: 2.5 nm height: 1 nm

Line width: 17 nm Line width: 10 nm Line width: 6 nm

height: 5 nm height: 2 nm height: 0.8 nm

Figure 4.4: SEM image of the template in figure 4.3a, tested on a silicon substrate with 1000
passes and 1 iteration.

4.4 NIL using a replica of an EBID master - TiN on
Pyrex

In Step & Repeat NIL (S&RNIL), stamps are made out of glass handlers, that are
UV-transparent. In this experiment, a Pyrex wafer, that is a type of glass, was
used. Because glass is non-conductive and charges under the electron beam, a
UV transparent and conductive metal coating is necessary prior to depositing
structures by means of EBID. A layer of TiN was deposited by atomic layer de-
position (ALD), providing an atomically flat and UV transparent surface. The
wafer is then diced to a square of size 65mm x 65mm, that can be fit in the NIL
machine. As it turned out, however, the pyrex sample was not thick enough to
be securely clamped in the NIL machine and therefore a replica of the EBID
master needed to be fabricated.

Figure 4.5 shows the process flow of the first experiment. First, the stamp
was fabricated using electron beam induced deposition in an FEI Nova Nano
Lab 650 scanning electron microscope. We used a pyrex wafer covered with
10nm of TiN deposited with ALD. The structures were patterned at 19kV in
spot 2 (equivalent to approximately 39p A current in the spot) in immersion
mode using the platinum precursor. After that, a replica of the EBID master was
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Figure 4.5: Process flow of the first experiment of fabricating NIL stamps by EBID. EBID struc-
tures were patterned on a pyrex wafer covered with TiN by EBID, in a scanning electron micro-
scope (1). The sample features were replicated on a NIL master using the smart NIL process,
where a roll moves across the EBID stamp placed on top of the NIL master, covered with NIL
primer and resist. The stack is then exposed to UV light and the EBID stamp is released, leaving
the negative impression of the EBID features on the resist (2). Lastly, the NIL stamp is impressed

on top of a wafer covered with NIL resist and NIL primer, according to the S&RNIL flow depicted
in figure 4.1 (3).

made in the EVG facility using the smart NIL process, which is done as follows.
The EBID master is placed on top of the replica and pressed by means of a roll
that moves across the pyrex wafer. When the roll has finished moving on top
of the pyrex wafer, the sample is exposed to UV light. The EBID master is then
released, after having imprinted the features in the replica. The replica is then
used for the Step & Repeat NIL to imprint a silicon wafer covered with NIL re-
sist. To ensure good attachment of the NIL resist to the substrate, a NIL primer
layer is deposited in between. The primer layer increases the adhesion between
the wafer and the imprinted structures. In fact, a strong force is needed to sep-
arate the template from the imprint and without the primer there is a high risk
that the imprint will separate from the wafer and stick on the sample surface.
The thickness of the primer is just a few nanometers, whereas the resist is ap-
proximately 400nm thick and both were spin coated on the entire sample. The
replica is then pressed on the NIL resist, which is then exposed to the UV light.
To cure the imprint, a light with wavelength of 320nm and 500nm is narrowed
down from a broadband light source in the exposure unit. During the expo-
sure, which takes only 60 seconds, a force of 1N is impressed on the replica.
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Subsequently, the replica is released and moved to another location to repeat
the imprint process. In total, 9 imprints have been done on a 8 inch wafer.

4.41 Fabrication of the EBID master

The glass wafer was cut to a square with lateral size of 65mm. Because the
region of interest where the EBID structures are patterned is very small com-
pared to the actual size of the sample, a search geometry is patterned to guide
to the location of the EBID patterns. Figure 4.6 shows the SEM image of the
patterned search geometry, that was etched in the TiN layer by ion milling us-
ing a gallium Focused Ion Beam (FiB). The ion milling process was performed
in the FEI Nova Nano Lab 650 dualbeam system, at 30kV and 26n A beam cur-
rent. The searching geometry consists of 4 diagonal lines, starting from the cor-
ners of the TiN/Pyrex sample and are directed towards the centre of the sample,
where the EBID structures are patterned. The region of interest is recognizable
by 4 crosses of size 40pum, milled in the TiN layer. Figure 4.6a shows the region
of interest after the sample was cut, where some dust particles are visible.

Figure 4.6: a) SEM micrograph of the search geometry, that defines the region of interest of size
100um by 100um. The search geometry was patterned by ion milling. b) Optical image of the
region of interest after cutting the TiN/pyrex wafer. The search geometry patterned by FIB is
visible.

Before patterning the structures of the TiN/Pyrex wafer, the SEM cham-
ber was thoroughly plasma-cleaned in order to remove any contamination.
The Pyrex wafer was then tightly clamped to a heavy wafer handler, to limit
mechanical vibrations. Prior the deposition, the SEM chamber was pumped
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down for 30 minutes, until the pressure reached 1.62-10~®mbar. First, the
beam is focused on the patterned search geometry, where small features in the
sub—50nm range could be found. Then, the GIS was heated until reaching the
temperature of 42°C. Before starting the patterning of the structures, the flow
is let stabilize for approximately 20 minutes. Fields A, B, C and D, previously
defined in figure 4.3, were patterned in the middle of the search geometry of
figure 4.6a, using a 19kV beam with 19p A beam current, at a working distance
of 5.27mm, equivalent to the eucentric height.

Field A: 10 iterations Field B: 5 iterations

Field D: 1 itration

Figure 4.7: SEM micrographs of the EBID template patterned with 10, 5, 2 and 1 number of
iterations on the TiN/pyrex wafer on the EBID master. The contrast of fields C and D was digitally
enhanced.

Figure 4.7 shows the SEM micrograph of the four fields, that are patterned
with 10, 5, 2 and 1 number of iterations. The images are taken at 19kV in spot 2
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(approx 39p A) in immersion mode with the through-the-lens secondary elec-
tron detector (TLD). The contrast of fields C and D is really poor because of the
lines being very shallow. Measurement of the width of the lines on the EBID
master and the comparison to the line width of the imprints will be discussed
later.

4.4.2 Results

The EBID master could not be used directly as NIL stamp because the Pyrex was
too thin to be clamped in the NIL machine. Following the work-flow presented
in figure 4.5, a replica was made from the EBID master. The replica is used as
NIL stamp to imprint a wafer covered with a few nm NIL primer (EVG Prim
KR) layer and a 400nm thick resist layer (EVG NIL UV/SA). Figures 4.8 and 4.9
show the SEM micrographs of the 1st imprint and the 9" imprint, where the
imprinted structures in the NIL resist are visible. The sample heavily charges
under the electron beam, we therefore used the FEI Verios 460 SEM for inspec-
tion, which has higher resolution at low acceleration voltages than the FEI Nova
Nano Lab 650. We used a 5kV landing energy beam, stage bias of 4kV and
100p A current. The EBID master, where the structures are standing out the
surface, was replicated to fabricate the NIL stamp, where the negatives of the
EBID structures can be found. Therefore, the EBID lines and dots became effec-
tively indentations. The nine imprints, on the other hand, present the positive
replica of the EBID structures as a consequence of imprinting the negative-NIL
stamp.

In figure 4.8, SEM images of Field A and zoomed-in images of areas 1, 2 and
3 are shown. In area 1, we clearly notice that some of the lines are interrupted,
whereas this is not observed on the other structures in the same field. If we
compare this to figure 4.9, where a zoomed-in of area 1 on the 9™ imprint is
shown, we again see the same interruptions. We conclude that in this case the
NIL stamp was damaged during the first NIL process. Unfortunately we did not
receive the NIL stamp and this could not be verified. As for Field B, we notice
again some damages on the imprinted lines. In the zoomed-in areas 4 and 5
interruptions are clearly visible, but are not reproduced on the ninth imprint,
as shown in figure 4.9, zoomed-in imaged of areas 2 and 3, belonging to Field B.
We conclude that in this case the damage was caused during the imprint. This
was not an isolated case, however, as some damages can also be seen in the
zoomed-in images 7 and 8 of figure 4.8 of Field C and are not replicated in the
same areas of the ninth imprint (figure 4.9, areas 4 and 5).

105



Field A: 10 iterations

 # ]
scale bar: 100 nm

scale bar: 100 nm

% o

scale bar: 100 nm
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Figure 4.8: SEM micrographs of the 15¢ imprinted wafer, showing fields A (10 iterations), B (5
iterations) and C (2 iterations). Zoomed-in images of areas 1-8 are also shown. We observe some
damages in the imprinted lines in areas 1, 4, 5, 7 and 8.
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Field A:
10 iterations

scale bar: 100 nm

scale bar: 100 nm

Figure 4.9: SEM micrographs of the gth imprinted wafer, showing fields A (10 iterations), B (5
iterations) and C (2 iterations). The damages that we earlier saw in figure 4.8, area 1 are here
again visible. We conclude that in this case the replica may be damaged. The other imprinted
EBID lines do not show any damage, as those reported in figure 4.8 (areas 4, 5, 7 and 8). We
conclude that in this case the first imprinting was faulty.
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Figure 4.10: a) SEM image of Field A (1 iteration) of the master, showing areas 1A (theoretical
width: 17nm), 2A (theoretical width: 10nm) and 3A (theoretical width: 6nm), as described in
figure 4.3a. b) and c) Integrated line profile over the entire length of the lines 1A, 2A and 3A in
Field A (10 iterations) on the master and on the gth imprint.

In figure 4.10a, we present the SEM micrograph of Field A (patterned with
10 iterations) of the EBID master, already shown in 4.7, where the sets of lines
1A (theoretical width: 17nm), 2A (theoretical width: 10nm) and 3A (theoretical
width: 6nm) - as described in figure 4.3a - are highlighted. Next, in figure 4.10b
and 4.10c the integrated line profiles (over the entire length of the lines) of the
master and the 9™ imprinted wafer are shown, where the offset in the intensity
was adjusted to fit the graph. We measured the line width at half maximum
(FWHM) from the integrated line profiles. In case of the EBID master, the line
profiles have a stair-case shape on the right of the peak. We nevertheless mea-
sured the width of the line profile at half the height of the peaks.

From the integrated line profiles of the EBID master, the first imprint and
the 9th imprint, we measured the width of each of the 10 lines as the FWHM
value. We then averaged the 10 measured line widths and calculated the 1o
(standard deviation). We plotted the resulting line width of Field A, B and C in
figures 4.11. We noticed that typically the width of the lines decreases between
the EBID master and the imprints. So, if we look at Field A, patterned with 10
iterations, the width of the line, initially of = 54nm on the EBID master, de-
creases to = 45nm and = 32nm on the first and ninth imprint respectively. In
this case, lines have shrunk by a factor of 17% in case of the first imprint and by
a factor of 40.7% in case of the ninth imprint. The smallest line that could be
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successfully imprinted for 9 times had a width of = 23nm on the EBID master.
In this case, however, the width increased to = 29nm on the first imprint and
to = 31nm on the ninth imprint. The increase in line width could be an artifact
introduced by the poor quality of the images on the NIL resist, where the lines
are not well visible and the integrated line profile is noisy.
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Figure 4.11: Results of the line width measurements, calculated from the integrated line profiles
of Field A, B and C of the master, the first imprint and the ninth imprint.

Analysis with AFM on the EBID master, the replica and the first and the
ninth imprints was performed in EVG. Thanks to this analysis, the height of the
structures of the master, the replica and the imprints can be analyzed. Figure
4.12a shows an example line profile of the Field A (patterned with 10 iterations)
and the set of lines 1A, as shown in figure 4.10. We noticed that in the AFM
analysis the pitch of the line differs from sample to sample, probably due to
drift or a poor calibration of the AFM. Also, as shown in figure 4.12b, the line
width is broader than that measured from the SEM line profiles. The reason is
that tip-deconvolution was not performed during this analysis.

Figure 4.13 shows the height of the lines from the master, the replica and the
first and the ninth imprint, measured from the AFM analysis. For these mea-
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Figure 4.12: a) AFM line profiles of Field A (10 iteration) of the master, the replica, the firstimprint
and the ninth imprint of the 100nm pitch lines of box 1A from figure 4.3a. b) zoomed-in of the
graph in a) showing the difference in height of the structures on the master, the replica and the

imprinted chips.

surement, the integrated line profiles of the sets of lines 1A, 2A and 3A were
analyzed. When looking at the height of the structures, the fidelity is higher
than when measuring line widths. However, we noticed that the height of the
structures on the master are smaller than the structures on the replica. We do
not know the cause of this phenomenon, which may have occurred during the
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process of replication.
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Figure 4.13: Results of the height measurements, calculated from the integrated line profiles of
Field A and B of the master, the replica and the first imprint and the ninth imprint.

4.4.3 Discussion

In this section, we investigated the fabrication of an EBID master for nano im-
print lithography, consisting of a Pyrex wafer covered with 10nm of TiN, de-
posited by ALD. We initially designed the experiment as if we could use the
EBID master directly as NIL stamp, but because the Pyrex wafer was not thick
enough, the master was replicated into the NIL stamp, which was then used
to imprint nine locations on a silicon wafer covered with NIL resist. We pat-
terned structures consisting of sets of lines and arrays of dots with a wide range
of exposure times, that lead to lines of various sizes. While the biggest patterns
served mainly as search features, the patterns deposited with lower exposure
time served to characterize the NIL process. Still under the belief we could em-
ploy the EBID master directly as NIL stamp, we cut the wafer into a 65mm x
65mm square chip. Cutting the sample led to particles sputtered on the sample
surface, but fortunately they did not cover the patterned structures. Once the
replica was fabricated by Smart NIL, we used this stamp to imprint a wafer cov-
ered with a layer of NIL resist on top of a primer layer, that served as adhesion
layer. We analyzed the line width and the height of the structures measured
from SEM imaging and AFM inspection, respectively. More specifically, we in-
vestigated the sets of line 1A, 2A and 3A as previously defined in figure 4.3b for
Fields A, B and C, patterned with 10, 5 and 2 iterations, respectively. The line
width, measured as the FWHM, decreased considerably from the EBID master
to the 9th imprint, up to a fraction of approximately 41%. As for the height
of the structures, we analyzed the integrated profiles from the AFM inspec-
tion performed by EVG. We noticed that the pitch of the lines is not constant
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throughout different AFM scans and we think the reason lies in the poor cali-
bration of the AFM system. Despite the height decrease from the EBID master
to the NIL stamp, as shown in figure 4.13 for field A, the line height remains
constant, within the 1o value, from the replica to the first and ninth imprints.
To the best of our knowledge, this was the first attempt to imprint a wafer with
a NIL stamp, fabricated with a Smart NIL process from an EBID master. De-
spite the fact that some fidelity is lost in the replica fabrication, the shape of
the lines in terms of height is maintained during the nine imprints. As a next
step, we wish to investigate the fabrication of NIL stamps directly by EBID to
understand how the EBID structures react on the stress of being pressed on the
NIL resist and released from it.

4.5 NIL using an EBID master - Cr on Glass

In section 4.4.3, the fabrication of a NIL master made by EBID was discussed.
The NIL master consists of a Pyrex wafer covered with 10nm of TiN, on top of
which sets of lines of different width and height were patterned by EBID. Ini-
tially, the experiment was designed to use the TiN/Pyrex wafer directly as NIL
stamp. However, the thickness of the Pyrex wafer was not sufficient to tightly
clamp it in the NIL machine. Therefore, a replica of the NIL master was fab-
ricated using the Smart NIL process, shown in figure 4.5, step 2. The replica
of the NIL master was used to imprint 9 locations on a single wafer using the
S&RNIL technology. As resulted from this experiment, the fidelity in height was
maintained for some of the patterns, as shown in figure 4.13. However from
the SEM analysis some of the imprinted lines were observed to be damaged
on both the first and the ninth imprint, suggesting that the replica was in fact
damaged. Moreover, we also measured the line width from the integrated line
profile of the SEM images, calculated using the FWHM definition. As a trend,
the line width on the imprints has shrunk up to a factor of almost 41%.

Now that we have proven the possibility of producing NIL masters by EBID,
we want to investigate the direct fabrication of NIL stamps by EBID. We asked
EVG to provide standard NIL stamps, on top of which we could directly pattern
the EBID structures. The NIL stamp, shown in figure 4.14 consists of large glass
handle of 15¢m x 15c¢m in size with a thicker area in the middle of size 2.5cm x
2.5c¢m, called mesa, which is the area that will effectively be imprinted on the
silicon wafer.

The stamp must be coated with an UV transparent metal layer, providing
a conductive film. Unfortunately, TiN could not be deposited because the NIL
stamp is too big to fit into the ALD machine. The choice of the coating metal is
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Figure 4.14: a) The NIL master consisting of a square glass plate of size 15cm x 15¢cm with a
thicker area in the middle of size 2.5cm x 2.5¢m, called mesa, was provided by the EVG group.
b) The NIL master was coated with a 10nm layer of chromium, that provides a smooth and con-
ductive surface and wires were added to provide the electrical connection to ground. c) Picture
of the NIL stamp covered with chromium (dark grey areas) with wired connections to ensure an
electron path from the mesa to ground. The uncovered areas were in fact not exposed to the
metal deposition because hidden behind the clamping system of the metal deposition machine.
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limited to the range of available metals in a specific metal deposition machine
where the NIL stamp fits. Within the range of available materials, chromium
is a good candidate as a coating metal, as it provides a rather uniform metallic
layer. Moreover, the transmittance of the chromium layer can be estimated for
the UV-exposure wavelengths and for different layer thickness. Table 4.1 shows
the transmittance of chromium as listed in the database [151]. A layer of 10nm
of chromium offers at the same time a uniform conductive layer and an ac-
ceptable transmittance of 38% and 43% at wavelengths of 320nm and 500nm.
Therefore, as shown in figure 4.14b, we deposited the chromium layer on top of
the NIL stamp. To provide electrical contact between the mesa and the lower
part of the stamp, thus to ground via the stage, we connected the mesa to the
lower chromium surface with wires, secured on the sample with carbon tape.
Figure 4.14c, shows the chromium covered NIL stamp. The Cr covered parts
show up in dark grey and the uncovered areas coincide with the clamping sys-
tem of the metal deposition machine.

The process flow followed in this experiment is shown in figure 4.15. The
NIL glass stamp is first covered with a 10nm layer of chromium, providing a
sufficiently smooth conductive surface that has an acceptable transmittance at
the UV-exposure wavelength (1). The structures are patterned using electron
beam induced deposition (EBID) in an FEI Nova Nano Lab 650 SEM, equipped
with a gas injection system, using the platinum precursor (MeCpPtMe3). The
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’ Wavelength | Cr thickness ‘

] \ 1nm \ 5nm \ 10nm \ 15nm \ 20nm ‘

A=320nm | 0.90 | 0.61 0.38 0.23 0.19
A=500nm | 0.92 | 0.66 0.43 0.28 0.14

Table 4.1: Transmittance of Chromium [151].
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Figure 4.15: Process flow of the second NIL esperiment. A NIL glass template is covered with a
chromium layer, providing a conductive surface (1). The structures are then patterned by EBID
in a scanning electron microscope, using the platinum precursor (2). The NIL master with EBID

structures is directly used as a stamp to imprint 9 times a silicon wafer covered with a NIL resist
and a NIL primer, that acts as an adhesion layer (3).

NIL glass stamp, covered with the chromium layer and with the EBID structures
is directly used in the S&RNIL process (3). The imprinted substrate consists of
a silicon wafer, covered with a NIL resist and a NIL primer layer, providing good
adhesion of the resist to the underlying silicon wafer. To cure the resist, a light
with wavelength of 320nm and 500nm is narrowed down from a broadband
light source in the exposure unit, as in the previous experiment. The NIL stamp
with EBID structures is imprinted 9 times on different locations of the same sil-
icon wafer.

4.5.1 Fabrication of the NIL stamp by EBID

Because the dimension of the mesa is rather large compared to the area where
the EBID structures will be patterned, a search geometry was fabricated. A
region of interest of size 100um by 100um is defined by four crosses milled
away from the chromium layer using an ion beam, as shown in figure 4.16. The

114



search geometry was patterned in the FEI Nova Nano Lab 650 dual beam SEM,
using a 30kV ion beam, with 26n A current. The crosses are then connected to
the corners of the mesa by lines, that are also etched from the chromium layer
by ion milling.

Figure 4.16: SEM micrograph of the region of interest and the search geometry, defined by four
crosses etched from the chromium layer by ion milling in a focused ion beam (FIB) machine.
The four crosses, that are 100um from each other, are connected to the four corners of the mesa
by lines that were also etched by FIB.

The structures are deposited using EBID in the FEI Nova Nano Lab 650 SEM,
at 18kV and spot 1, that corresponds to a current of approximately 18p A, in
immersion mode. In the region of interest shown in figure 4.16, four different
fields are patterned with 10, 5, 2 and 1 number of iterations. The writing strat-
egy is the same as described in section 4.3.2 and the patterned geometry is that
depicted in figure 4.3. The four patterned fields are shown in figure 4.17. Field
A, patterned with 10 iterations, has large lines, whereas field D, patterned with
lower dose, has the smallest features. The analysis of the line width based on
these SEM images is presented in the next section. During the patterning, we
noticed some charging effects possibly introduced by the natural growth of an
oxide layer on the chromium film, which may have caused a broadening of the
lines deposited by EBID.
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Field A: 10 iterations Field B: 5 iterations

Field C: 2 iterations Field D: 1 iteration

Figure 4.17: SEM micrographs of the NIL master before it was employed in NIL. The images show
the fields A, B, C and D patterned with 10, 5, 2 and 1 iterations respectively.

45.2 Results

The NIL stamp with EBID features was imprinted 9 times on different locations
on the silicon wafer covered with NIL resist at the EVG facility. The chromium
layer was sufficiently transparent to the UV light, that cured the NIL resist dur-
ing the NIL process. Figure 4.18 shows the SEM images of the NIL master of
fields A, B, C and D after it was employed in the NIL process. Although some of
the dots are damaged (for example the first array of dots in Field A), all the lines
appear to be intact, demonstrating that the EBID structures adhere well to the
chromium layer and survived all the nine imprinting steps. A dark halo appears
in field D as well as in a small area of field B, for which the cause is unclear. We
think it may be some residual of the NIL resist that got stuck on the EBID stamp.

116



Field A: 10 iterations Field B: 5 iterations

-

Field C: 2 iterations Field D: 1 iteration

Figure 4.18: SEM micrographs of the NIL stamp, showing the four EBID templates, patterned
with 10, 5, 2 and 1 iterations, after the NIL process.

Figure 4.19 shows an SEM image taken with the FEI Nova Nano Lab 650 of
the region of interest inside the search geometry of the 9™ imprint. The wafer
is still covered with NIL resist: the crosses, that define the region of interest, are
now sticking out the surface, while the patterned lines are now grooves in the
resist layer. Because the sample is still covered with NIL resist it charges heavily.
To image it, we used a 5kV beam and spot 3, which corresponds to a current of
98p A.

We measured the line width of the EBID structures deposited on the NIL
stamp before and after being used in the NIL process as well as that of the ninth
imprint. In case of M-shaped line profiles, we used the method of the inflection
point, where the derivative of the line profile is calculated and the line width is
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Pattened area

Figure 4.19: SEM micrographs of the oth imprinted wafer, showing the region of interest and the
milled crosses and a zoomed in image of the patterned area. Because the wafer is still covered

with NIL resist, that is charging under the electron beam, imaging at low acceleration voltage
(5kV) was necessary.

measured as the distance between the first peak and the second dip. If the line
profile has a Gaussian shape, then we could measure the width as the full width
at half maximum (FWHM). We performed ten measurements of the line width
on the ten lines within one specific set, averaged them and calculated the 1o
value. Figure 4.20 shows the results of the line width measurements on the
EBID stamp, before and after NIL and the ninth imprint, for fields A, B, C and
D, patterned with 10, 5, 2 and 1 iterations respectively. Line sets described here
as 1A, 1B and 1C follow the definition given in figure 4.3b. First of all, the line
width on the EBID stamp does not correspond to the experimental results in
figure 4.4, achieved using a silicon wafer. We believe that chromium may have
oxidized and thus created a thin insulating layer on top of the substrate. This
layer may have then caused charging effects, responsible for the broadening of
the lines. We notice that the average values of the line width of the EBID stamp
before and after being used in the NIL process has remained the same, given
the 10 margin. In general, we observe that the line width measured in the 9th
imprint is smaller than that on the EBID stamp and in case of field C, set 1A,
the width has reduced in size by a factor of 37.5%, from 38.53nm (EBID stamp
before NIL) to 24.08nm.

After the NIL process, the NIL stamp and the last imprint were imaged at
VSL, the Dutch institute of metrology, using AFM. AFM images of the NIL mas-
ter and the 9™ imprint of the top left corner of field A are displayed in figure
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Figure 4.20: Results of the line width measurements, calculated from the integrated line profiles
of Field A, B, C and D of the EBID stamp, before and after the NIL process and the ninth imprint.

4.21. From the 3D view of the AFM scan, it is clearly visible that the lines pat-
terned on the NIL master are transferred as grooves in the resist of the 9! im-
print.

We measured the height of the lines from the AFM profiles of the EBID
stamp and the ninth imprint. The AFM profiles are integrated over the length
of the lines. Figure 4.22 shows as example the integrated line profiles of the set
of lines 1A of Field A of the EBID stamp (a) and of the ninth imprint (b). The
lines on the EBID stamp stand out of the surface, whereas in the ninth imprint
they are actually grooves in the polymer. In this case, the lines have a width of
approximately 50nm and a height of 35nm. When imaging the imprint with the
AFM, if the tip is not slender enough it may not touch the base of the grooves,
leading therefore to an error in the measurement.

Figure 4.23 shows the measurement of the height of the lines of fields A, B, C
and D of the EBID stamp (after NIL) and the ninth imprint. We notice that there
is a shrinkage in height of the structures up to a fraction of 70% in case of set 1A
in field D. The reason why the height of the structures of the imprint is always
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Figure 4.21: AFM 3D view of the EBID stamp and oth imprint.

smaller than that of the stamp is that probably the stamp was not pushed into
the resist enough. Also, we notice that the height of the structures on the EBID
stamps differs to that measured on the silicon wafer in figure 4.4, especially for
the set on lines 1A. We think that probably some NIL resist may got stuck on the
stamp after the NIL exposure, altering the height of the structures.

4.5.3 Discussion

To the best of our knowledge, EBID stamps for nano imprint lithography were
fabricated and tested by us for the first time. We used a NIL glass stamp, which
we covered with a 10nm layer of chromium to provide a conductive metallic
layer, but with sufficient transparency at the UV light wavelengths used in NIL.
As for the previous experiment, four fields were patterned with different num-
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Figure 4.22: AFM lines profiles of Field A on the stamp after NIL (a) and on the oth imprint (b).
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Figure 4.23: Results of the line height measurements, calculated from the integrated line profiles
of Field A, B, C and D of the EBID stamp (after the NIL process) and the ninth imprint. The AFM
inspection was performed at VSL.

bers of iterations, containing sets of lines and arrays of dots as explained in fig-
ure 4.3. The EBID stamp could be directly used to imprint a NIL resist on nine
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locations of a silicon wafer. From the SEM inspection of the EBID stamp, we
noticed some black shadows in some areas of field B and D, as shown in figure
4.18. We do not know the cause of this, but it may be attributed to the NIL resist
remaining attached to some areas of the stamp when the stamp was released
from the silicon wafer, after the NIL exposure. The imprinted fields on the ninth
location could be imaged in the FEI Nova Nano Lab 650 using low acceleration
voltage to avoid charging from the resist. While the line width measured from
the EBID stamp before and after being used in the NIL process is maintained,
the width of the imprinted lines is measured to be smaller. We think that maybe
the stamp was not well pressed into the NIL resist, which could also explain
why the height of the structures on the EBID master is always larger than that
on the ninth imprint. The main achievement of this experiment is the demon-
stration that NIL stamp can be directly fabricated by using EBID. Also, the EBID
structures not only survived nine sets of imprints, but also they seemed to be
transparent enough to the UV light for curing the NIL resist. Because we no-
ticed some charging effects possibly introduced by the natural oxide formed
on the chromium layer that may have negatively influenced the EBID process,
we decided to make a second attempt in the fabrication of NIL stamps by EBID
using molybdenum as a conductive layer, replacing chromium. It is also pos-
sible that the charging was caused by a poor connection to ground, which was
done using wires secured on the sample surface by carbon tape.

4.6 NIL using an EBID master - Mo on Glass

The results presented in section 4.5.3 show that, although the height of the
structures loses fidelity, which may be caused by the stamp not being pressed
completely into the NIL resist, the NIL process does not damage the EBID de-
posits. Moreover, the EBID deposits seem to be sufficiently transparent to the
UV light, allowing the curing of the NIL resist. The goal of these experiments is
to push the limits of resolution beyond the 10nm limit. Coating the NIL mas-
ter with chromium leads to a smooth and transparent layer, that, however, was
not conductive enough, leading to charging effects that may have influenced
the EBID process. The reason for that may be that the chromium layer oxidizes
forming a non conductive layer. For this reason, a third set of experiments was
carried out with the aim of improving the conductivity of the NIL master coat-
ing layer and hence increasing the resolution of the EBID structures.

A second NIL stamp was provided by EVG. It is the same as that described
in section 4.5.3: it is a glass stamp of 15c¢m x 15cm with a thicker area in the
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middle called mesa, which is 2.5¢m x 2.5¢m in size, as shown in figure 4.24.

a) b) ’_4 Mesa

v

S&R NIL glass stamp

515 | |
0 o
el I
Clamps Connection
L P / to ground

Mo :
l=|/ '

Figure 4.24: a) The NIL master consisting of a square glass plate of size 15c¢m x 15¢m with a
thicker area in the middle of size 2.5¢m x 2.5¢m, called mesa, was provided by the EVG group.
b) The NIL master was coated with a 10nm layer of molybdenum, that provides a smooth and
conductive surface. c) Picture of the NIL stamp covered with molybdenum.

Because EBID requires a conductive surface to successfully pattern high
resolution features, the deposition of a metal layer on the NIL stamp is a nec-
essary step. With the same issue encountered in section 4.5.3, the range of ma-
terials available for the deposition of the metal layer is limited by the metal
deposition machine used. A suitable material to replace the chromium coat-
ing is molybdenum. Molybdenum, as deposited by evaporation, forms a rather
smooth layer and its natural oxide is also conductive. With a thickness of 10nm,
molybdenum still provides a transparency of 51% for a 667 nm wavelength light,
as shown in table 4.2.

Wavelength Mo thickness

lnm | 5nm | 10nm | 15nm | 20nm
A=667nm | 0.93 | 0.71 0.51 0.36 0.26

Table 4.2: Transmittance of molybdenum [151].

To provide an electron path, the mesa is clamped to wires that are con-
nected to ground. The use of clamps instead of securing wires with carbon
tape might provide this time a better electrical connection, hence limiting the
charging effects. The picture in figure 4.24c shows the NIL glass plate covered
with molybdenum. Also here, we can see the shadow of the clamping system of
the metal deposition machine, that prevented some parts of the sample from
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being covered with molybdenum.

Figure 4.25 shows the process flow of the third experiment, performed in
collaboration with the EVG group. EVG provided the NIL glass template, that
was later on coated at TUD with a 10nm film of molybdenum, deposited by
evaporation (1). The EBID structures are patterned on the coated surface of the
NIL stamp in a FEI Nova Nano Lab 650 SEM, using the platinum precursor (2).
The NIL template with the EBID structures is used for S&RNIL, where it is im-
printed nine times in the silicon wafer, covered with NIL resist (3).

1. Metal
deposition Glass template

—_— e MO
Glass template

2. EBID \J’ s EBID structures
AR I

NIL stamp

3. S&R NIL ‘ NILstamp I—Fi
NIL resist

Silicon wafer
Figure 4.25: Process flow of the third experiment. The NIL glass template is covered with a layer
of molybdenum (1), where the EBID structures are patterned using the platinum precursor (2).

The NIL master with EBID features is used in a subsequent S&RNIL process to imprint nine times
a NIL resist covered silicon wafer (3).

4.6.1 Fabrication of the second NIL stamp by EBID

Because the surface of the mesa is large compared to the patterned areas, as
done previously in section 4.5.3, a searching geometry is etched in the molyb-
denum film by ion milling to allow the EBID patterns to be easily found. The
fabrication of the searching geometry was performed in the FEI Nova Nano Lab
650 dual beam SEM, using the 30kV ion beam with 26n A current. Figure 4.26
shows the SEM micrograph of the patterned searching geometry. Contrary to
what was done with the chromium/glass plate in section 4.5.3, the region of
interest is not connected with milled lines towards the corners of the mesa.
The clamps were positioned close to the electron microscope’s polepiece and
a large movement of the specimen would have caused a damage of the final
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lens. Therefore, a large search geometry consisting of eight crosses and con-
necting lines, as shown in figure 4.26 was patterned. Inside the dashed square,
the EBID structures will be deposited. The same template as shown in figure
4.3 was patterned with 10, 5 and 2 iterations, corresponding to fields A, B and
C. The patterning was done in the FEI Nova Nano Lab 650 SEM, equipped with
a gas injection system filled with platinum precursor.

Figure 4.26: SEM micrograph of the search geometry for the molybdenum/glass plate (left) and
zoomed in images of the region of interest where the three fields (A, B and C) of EBID structures
were patterned, with 10, 5 and 2 iterations.

Figure 4.27 shows the SEM micrograph of the patterned EBID structures.
Fields A, B and C are patterned with 10, 5 and 2 iterations, using a 19kV beam
in spot 2, corresponding to a current of approximately 39p A. A zoomed in im-
age of a line in field C shows that the width is 8.1nm. The sample surface has
wrinkles that may be caused during the deposition of the molybdenum layer
and will affect the quality of the imprinting process. However, the evaluation
and the analysis can still be carried out on the lines that lay outside the wrin-
kles.

As visible in figure 4.27, the writing process of field A failed. The geometry
seems to be patterned twice, with a little shift towards the bottom of the field
of view. We suspect that there was a sudden and unexpected movement of the
stage, that caused the geometry to be shifted during the patterning. For this
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Field A: 10 iterations Field B: 5 iterations

Figure 4.27: SEM micrograph of the fields A, B and C patterned with 10, 5 and 2 iterations, re-
spectively, on the 10nm molybdenum film on the NIL glass plate and zoomed in image of an
EBID line in field C showing a width of 8.1nm.

reason, we will not analyze this field. On the other hand, field B and C, pat-
terned with 5 and 2 iterations respectively, were successful.

4.6.2 Results

The NIL master with EBID structures was used for S&RNIL, for nine subsequent
imprints in a NIL resist spin coated on a silicon wafer. Figure 4.28 shows the
SEM micrograph of the EBID stamp after it was used to imprint the nine loca-
tions on the silicon wafer. The wrinkles are still visible and more dirt particles
can also be found in the area where the EBID structures were deposited. All the
EBID lines survived the nine imprinting steps without showing any damage, as
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shown in the bottom left SEM image of figure 4.27, where a small region of field
C is shown.

Field : 10 iteratons FieId B: 5 iterations

Figure 4.28: SEM micrographs of the EBID stamp covered with molybdenum, where fields A, B
and C are shown. The sample has the same wrinkles that are visible in the EBID stamp before
being used in the NIL process shown in image 4.27. On the bottom right, a zoomed image of
field C, as highlighted in the SEM image. The EBID structures appear to be undamaged.

We could not image the ninth imprint in the SEM because of charging ef-
fects. Despite the low acceleration voltage and the low beam current used for
imaging, we could not find the patterned locations. Therefore, we only ana-
lyzed the line width from the SEM images of the EBID stamp, before and after
being used in the NIL process. The integrated profiles of the lines on the EBID
stamp before and after NIL have very difficult shapes. An example is reported
in figure 4.29. Here we report the integrated line profiles of the set of lines 1A
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as defined in figure 4.3 for field B and field C, before (a) and after (b) NIL. While
calculating the width with the inflection point method can be done in case of
the line profiles in (a), it is more difficult in case of the profiles in (b) because of
the bumps in the graphs. Because of that, we decided to measure the width of
the lines "by eye" from the SEM images.
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Figure 4.29: SEM integrated line profiles of the EBID master before and after NIL. The line pro-
files are taken from fields B and C, on the set of lines 1A, as defined in figure 4.3b.

Figure 4.30 reports the measured width of the lines in fields B and C of the
EBID stamp, before and after being used to imprint the wafer. We took ten
measurements for each set of lines, averaged them and calculated the standard
deviation 1o. The smallest patterned line has a width of approximately 8nm
and belongs to the set of lines 3A in field C. Considering the error in the mea-
surement, we can state that the width of the lines on the EBID stamp did not
change after the NIL process.
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Figure 4.30: Results of the line width measurements, calculated "by eye" from the SEM images
of Field B, and C of the EBID stamp, before and after the NIL process.

The NIL master and the nine imprinted wafers were then analyzed with the
AFM at the Dutch institute of metrology (VSL). The AFM images of fields B and
C of the NIL Master, the first and the ninth imprints are shown in figure 4.31.
to measure the height, we retrieved the integrated line profile over part of the
line width, without touching the wrinkles. The height of each line is then mea-
sured, the ten values are averaged and the standard deviation (1) is calculated.

Figure 4.32 shows the height of the lines in field B and C, for sets of lines 1A
and 2A, on the EBID stamp and the first and ninth imprint. The height reduces
rather considerably from the stamp to the ninth imprint. In case of field B, the
average height of the lines in set 1A reduces from 6.63nm of the EBID stamp
to 3.26nm (50.8% from the original height), whereas for the sets of lines 2A the
height reduced by a factor of 57.7%, from 6.19nm to 2.55nm. In this case, the
line height of the nineth imprint is smaller than the first imprint, opposite of
what we measure in field C, which is hard to explain. We think that the wrinkles
may influence the fidelity of the imprints.

4.6.3 Discussion

In this last experiment, we used a NIL glass stamp to directly pattern the stamp
by EBID, as done in section 4.5.3. Because in the second experiment we noticed
that there was some charging effect that may have negatively contributed to the
patterning of the structures, in this experiment we decided to change the coat-
ing material from chromium to molybdenum. Also, we changed the ground-
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Figure 4.31: AFM images of fields B and C of the NIL Master, the first and the ninth imprinted
wafers.

ing wire, that in the second experiment was made to stick on the sample sur-
face with carbon tape, to a clamping system. While the patterning of the field
with higher number of iterations (10) failed because of what we think a sudden

130



Field B: 5 it Field C: 2 it

Line height [nm]
Line height [nm]
N

e mo—

[ury
-

0
Set 1A Set 2A Set 1A Set 2A

—— EBID stamp (after NIL)
—=— 18! imprint
*~ 9" imprint

Figure 4.32: Results of the line height measurements, calculated from the AFM analysis per-
formed at VSL of the EBID stamp (after NIL) and the first and the ninth imprint, for sets of line
1A and 2A.

small movement in the stage, the patterning of fields B and C was successful.
We achieved our goal to fabricate an EBID stamp for nano imprint lithography
where lines with width down to = 8nm and height down to = 2.3nm could be
successfully imprinted on nine different locations of a silicon wafer, covered
with NIL resist. The fidelity of the imprinting still needs some attention as from
what we have measured, the height reduces by approximately 50% from the
EBID stamp to the ninth imprint.

4.7 Conclusions

Experiments on different processes to fabricate NIL stamps using electron beam
induced deposition were carried out in collaboration with the EVG group, leader
in the supply of NIL machines and with the Dutch institute of metrology, VSL.

In the first experiment, EBID structures were patterned on a pyrex wafer
covered with a 10nm layer of TiN. Despite originally planned to use this sub-
strate directly as NIL stamp, the pirex wafer had to be replicated as it would not
fit in the NIL machine. A NIL stamp was therefore fabricated with the Smart
NIL technology from the EBID master and subsequently imprinted in nine lo-
cations on a wafer covered with NIL resist using the S&R NIL. From the SEM
analysis, we observed that some of the lines on both the first and the ninth
imprint were damaged, suggesting that the damages were actually present on
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the NIL stamp. We measured that the line width drastically decreased from the
EBID master to the last imprint, up to a factor of approximately 41%. On the
other hand, the height remained constant from the master to the last imprint,
within the 1o value.

In a second stage, we investigated the fabrication of NIL stamps made di-
rectly by EBID. The EVG group provided a NIL glass templates that needed to be
covered with a conductive and UV transparent metallic layer. We firstly decided
to cover the NIL template with a layer of 10nm of chromium, having a trans-
mittance higher than 38% in the wavelengths at which the NIL resist is cured.
We patterned lines with width down to 16nm by EBID, that were successfully
imprinted nine times into the NIL resist-covered silicon wafer. While the line
width is in general maintained, apart from only one case where we measured
a reduction of 37.5%, the height of the structures on the ninth imprint is al-
ways smaller than that on the EBID stamp, and it is reduced up to a factor of
70%. We think that the shrinkage of the structure height could be caused by
the stamp not being completely pressed into the NIL resist during the imprint
process. Because some charging was noticed during the patterning of the EBID
stamp in the second experiment, we decided to change the coating material
to molybdenum and to optimize the connection to ground of the mesa. With
these precautions, we managed to pattern lines with width down to 8nm and
height 2.3nm, that were successfully imprinted on nine locations of a silicon
wafer covered with NIL resist. As for the second experiments, also in this case
we observed that the line width is in general maintained, while the height is
reduced considerably, up to a factor of approximately 50%.

As a general remark, on one side the imaging of the imprints with the SEM
was not trivial because of the sample being covered with polymer, that heavily
charges under the electron beam. Despite the low acceleration voltage and low
beam current, in the third experiments the structures could not even be found.
In this case, an option would be to cover the imprint with a thin metal layer to
prevent charging. However, even a thin 10nm layer of coating will permanently
obscure the smallest features patterned with EBID. The analysis with AFM can
be trivial when imaging the grooves made by the EBID stamp into the resist. If
the aspect ratio is relatively high, however, it may occur that the AFM tip does
not reach the bottom of the grooves.

As future work, we propose the study of the fidelity of the imprinted EBID
structures, to investigate why the imprinted structures lose fidelity in terms of
line height and not line width.

132



Multi Beam Scanning
Electron Microscopes

Ifyou could see the earth illuminated when you were in a place as dark as night, it
would look to you more splendid than the moon.

Gallileo Gallilei

5.1 The 196 MBSEM

Electron Beam Induced Deposition (EBID) is a high resolution direct write lithog-
raphy technique, that is capable of writing single nanometre patterns and it is
suitable for the fabrication of high resolution NIL stamps. EBID is a serial writ-
ing technique and thus is limited by the low throughput. A way to overcome
this limitation is by using scanning electron microscopes that deliver multi-
ple beam-lets at the sample. In Delft, we are developing a Multi Beam Scan-
ning Electron Microscope (MBSEM), shown in figure 5.1, that is intended to
enhance the throughput by a factor of 196 [45] [46]. The Delft multi-beam SEM



is a single source and single column system, where the electron beam emitted
by one single emitter is split by an aperture array. For the development of the
multi-beam SEM, a commercially available FEI Nova Nano SEM 200 Scanning
Electron Microscope (SEM) was used. The optical schematic of the FEI Nova
Nano SEM 200 SEM is shown in figure 5.2a. Electrons are emitted from a Schot-
tky (or thermal field emission) source. A first condenser lens, C1, images the
source in a plane close to the Coulomb tube (CT), where beam shift and tilt
coils can adjust the position of the electron beam exactly on the optical axis of
the system. A second magnetic lens, C2, focuses the beam in a plane above the
variable aperture (VA), that limits the current in the beam. A set of two mag-
netic lenses INT (INTermediate) and HR/UHR (High-Resolution/Ultra-High-
Resolution) focuses the beam at the sample. The beam can be scanned over
the sample by means of scan coils, located above the HR/UHR lens.

In such a configuration, one way of splitting the
beam into multiple beams is by replacing the origi-
nal source module with a multi electron beam source
module. The multi beam source module consists
of an aperture plate that splits the broad beam of a
Schottky field emission gun (FEG) into sub-beams.
Initially this was designed and developed by van
Bruggen et al. for delivering 100 beamlets at the sam-
ple [152] [153], and the system was capable of sin-
gle beam blanking [154]. The design was further op-
timized and simplified by Mohammadi-Gheidari et
al. [45] [46] for delivering 196 beam:s.

Figure 5.2b shows the optical schematic of a
scanning electron microscope in our present multi-
beam configuration.

Figure 5.1: The Multi
Beam Scanning Electron

The emission angle of the beam is bigger than in Microscope (MBSEM).

a standard SEM, but such that the brightness is still

constant within the emission cone. An aperture lens

array (ALA) splits the beam into an array of 14x14 beams and focuses each
beamlet in the accelerator lens (Acc.) plane. The aperture lens effect is formed
on the ALA by means of the E-2 electrode, while E-1 provides a zero strength
lens (ZSL) that can correct for the field curvature. The accelerator lens, consist-
ing of three macro-electrodes (Einzel lens), images the source in a plane above
the C2 lens, in the Coulomb tube. The C2 lens creates a common crossover in
the variable aperture plane, that is imaged in the UHR coma-free plane by the
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Figure 5.2: a) Optical schematic of a commercially available FEI Nova Nano SEM 200 Scanning
Electron Microscope (SEM). b) Optical schematic of the Multi Beam SEM (MBSEM). c) Optical
schematic of the Multi Beam SEM (MBSEM) including the blanking plate

INT lens. It is extremely important that all the beams have a common crossover
in the coma free plane of the UHR lens. In this way, the off-axis aberrations of
the UHR lens can be neglected and the contributions of the off-axis aberration
of the other lenses will be demagnified by the objective lens (UHR). The mag-
nification of the system can be changed by tuning the strength of the C2 lens.

In the present system, the logical location for the multi beam blanker array
would be in the source module, as shown in figure 5.2c. However, in the source
module unfriendly conditions, such as ultra-high vacuum and high tension,
make the implementation of the blanker difficult. In fact, a large amount of
feedthroughs (at high-voltage) would be needed to control each of the 196 de-
flectors. It would also lead to a highly-specialised, and costly, source module,
which, from a commercial point of view, would be less attractive for applica-
tions.

To characterize this system by its optical properties the on-axis aberrations
must be evaluated. On-axis aberrations include diffraction, spherical aberra-
tion and chromatic aberrations. Figure 5.3a [46] shows the variation of the
total probe size and the on-axis contributions at the sample as a function of
the half opening angle of the beam at the sample. The smallest achievable
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probe size is 1.2nm, corresponding to a half opening angle of 7.8mrad. Fig-
ure 5.3b [46] shows the off-axis contributions to the probe at the sample of
all lenses of the MBSEM, calculated for a half opening angle at the sample of
7.8mrad, namely the case in which the on axis beam probe size is 1.2nm. The
relevant off-axis contribution is given by the INT lens, while those of the UHR
are practically negligible because of the common crossover in the coma-free
plane of the objective lens. With the Multi Beam Scanning Electron Micro-
scope, high throughput Electron Beam Induced Deposition can be performed.
Post et al [44] demonstrated the patterning of EBID dots using the Multi Beam
SEM (MBSEM), shown in figure 5.3c [44]. These dots were deposited on top of a
W/SizN4 /W membrane using the MeCpPtMes gas precursor, at 15kV. The dots
have a diameter of about 70nm, and the average pitch is 436nm and the total
field of 14x14 dots measures 5.7umx5.7um.
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Figure 5.3: a) Variation of the total axial probe size and the on-axis aberration contributions to
the probe as function of the beam half opening angle at the sample [46]. b) Off-axis contributions
to the final probe of all lenses in the MBSEM [46]. c) Single-beam SEM image of an array of EBID
dots deposited in the Multi Beam SEM (MBSEM) [44].

The 196-beam SEM can also be used for imaging large area samples. This is
achieved by placing the sample on a fluorescent substrate, which converts elec-
tron into photons, and by adding an optical system below the substrate for the
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detection of the transmitted photons. Such setup is shown in figure 5.4a [155]:
the optical system, placed below the sample, is comprised of an objective lens
which focuses the light coming from the fluorescent substrate into a camera.
This way, Ren et al. demonstrated the potential of multi beam imaging of large
area biological samples, as shown in figure 5.4b [155]. This SEM micrograph
shows a 50um field of view of a pancreatic tissue section placed on a YAG (yt-
trium aluminum garnet) screen.

a
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Nova nano 200 COLUMN

C2lens

VA

INT lens.
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£

Figure 5.4: a) Schematic of the detection setup comprising of an optical system placed below
the electron microscope [155]. b) Transmission image of a pancreatic tissue section, formed by
stitching the 14 x 14 images formed simultaneously by the 196 multi beam SEM. The total field
of view is 50 m [155].

5.2 Electronics control

The additional electrodes placed in the multi-beam source, shown in figure
5.2, allow the splitting of the beam into multi-beamlets. These electrodes are
at high voltage and are controlled via a second FEG Gun System Control Unit
(FGSU). An FGSU is a control unit that connects via a CANbus network the mi-
croscope PC to the electrodes, supplying the correct values of voltages and cur-
rent. Typically, the FGSU controls the filament, the extractor, the suppressor
and the C1 electrode that are located in the source module. With the extension
of the electron source module to a multi-beam source module, a second FGSU
is added to the network. The second FGSU is connected to a second PC, called
support PC, via an I?C network and controls the extra electrodes that are added
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to the source module, namely E-1, E-2 and Acc. The objective is to integrate the
electronics control of the second FGSU with the original microscope electron-
ics control.

Originally, the microscope PC is connected to the FGSU and to the Vacuum
System Control Unit via a CANbus network, as shown in figure 5.5a. The inte-
gration of the control electronics is provided by introducing a Support PC in the
original CANbus network between the Microscope Server and the FGSU 01, as
shown in figure 5.5b. In this way, two different CAN sub-networks are created,
one is linked to the FGSU and the second to the Vacuum Control Unit. Because
the support PC is placed in front of the original FGSU, the first FGSU does not
interface directly with the CANbus network. The aim is for the Support PC to
control also the second FGSU via I2C bus.

The design of the new control network starts with understanding the CAN-
bus control of the original FGSU. In order to do so, a monitoring test of the
CANbus network is set up.

a) Gun FEG System [+ e b) Support PC
Control Unit pe—==- Gun FEG System [+
(FGSU) [ Control Unit =
(FGSU) [+

%

Microscope Server = i .
(controller PC) Vacuum System [ =— M|crostco:Te SPe(r:ver 2 S—
Control Unit g (controller PC) Vacuum System p=—=.

Control Unit |

Figure 5.5: a) Schematics of the original control electronics. The microscope PC is connected to
the Gun FEG system control unit (FGSU) and the vacuum system control unit via a CANbus net-
work. b) The CANbus network configuration for the monitoring test. A support PC is connected
to the CANbus network and runs a program that receives, stores and decodes the CANbus com-
mands.

The monitoring of the CANbus network was performed by introducing the
support PC in such a way that it can sniff the network without interfering, as
shown in figure 5.5b. A Labview [156] program is running in the Support PC,
that detects and stores all the CANbus frames, or commands, that are sent
through the network. The monitoring program detects all the messages sent to
both the original FGSU and the vacuum system. Figure 5.6 shows an example
of received and stored CANbus frames. The messages have an ID (or identifier),
which is a sequence of 8 bits that contain information about the addressed de-
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vice. The Data field contains detailed information on the sent command, that
can be the voltage of an electrode or the value of the filament current.

Received and stored

frames
. Object ID Data
Timestamp Checksum Subindex ID  Type
09/24/2013 10:20:51.383323 4F 9 23 4 0 0 0 0 584 | CAN Data No No
09/24/2013 10:20:51.385035 40 8 10 0 0 0 0 0 604 | CAN Data No No
09/24/2013 10:20:51.388463 43 8 10 0 47 46 52 50 584 |CAN Data No No
09/24/2013 10:20:51.390191 40 6 23 1 0 604 | CAN Data No No
09/24/2013 10:20:51.396742 4B 6 23 1 70 0 0 0 584 |CAN Data No No
Timestamp Ident Type _ Checksum Object SubIndex Data
09/24/2013 10:20:51.383323 4 Answer 4F C2MS 4 0
[4 09/24/2013 10:20:51.385035 4 Request 40 Device Name 0 Unknown
09/24/2013 10:20:51.388463 4 Answer 43 Device Name 0 Unknown
09/24/2013 10:20:51.390191 4 Request 40 EMMS 1 0
09/24/2013 10:20:51.396742 4 Answer 4B EMMS 1 246
Decoded
frames

Figure 5.6: The received and stored frame configuration as they are sent to the monitoring pro-
gram. The program decodes the frame using FEI documentation and generates the decoded
frames.

The received messages are then decoded by the monitoring program. De-
coding the CANbus frames is possible when the FEI documentation is available.
In the decoding program, the received CAN frames are split into each fragment
(time-stamp, identifier and payload). Decoding the CANbus frames means that
it is possible to understand to which device the messages are addressed, for in-
stance the FGSU or the vacuum control system, what the command is that is
sent, for instance "Set suppressor voltage" and the corresponding value.

In a next step, the support PC is placed in front of the original FGSU, as
shown in figure 5.7. In this configuration, the support PC is equipped with two
CANbus ports, such that the CANbus network is divided into two subnetworks.
A CopyFrame Labview program, that copies a frame arriving in one port to the
other, is run on the support PC. This test verified that the speed of the frame
processing of the Support PC is high enough not to generate timeup errors in
the microscope PC.

The Support PC is here placed in front of the FGSU. The role of the Support
PC is to just copy each frame it receives in one port and copy it to the other
one. In figure 5.8 the set up for this experiment is shown. It is possible to create
two separate networks because inside the PC two different ports have been in-

139




Gun FEG System

¢ e===]  Control Unit
—RE
CAN Support PC
Network
Microscope Server * =1 \/acuum System
(controller PC) o Control Unit

Figure 5.7: CANbus network configuration during the CopyFrame test. The support PC, that
is equippend with two CANbus ports, is placed in front of the FGSU and runs the CopyFrame
Labview program, that copies frames arriving in one port to the other.

stalled. Those two ports are not directly interfaced to each other and they both
communicate to the Support PC mother board. This experiment is crucial. If
the Support PC is not fast enough in terms of elaborating the frames and copy
them to the other port, the timeout in the microscope server is not respected
causing a “warning state”. A warm reboot of the full system is then necessary.

The CopyFrame experiment was performed successfully, meaning that it is
possible to place a computer in front of the FGSU that filters the commands
sent from the microscope PC, without generating timeout errors. The integra-
tion of the second FGSU is done by connecting the Support PC to the FGSU
through an IC network. Figure 5.8 shows the control schematics of the pro-
posed solution.

< ——{Vacuum System
+ ====] Control Unit
CAN
Network
———1Gun FEG System
Microscope Server CANbus - Control Unit
(controlier PC) Support PC _. — FGSU - 01
From USB 12c . — Gug FI%[GISJ/s.ttem
to1’C | D) s = ontrol Uni
- FGSU - 02

Figure 5.8: Schematics of the integration of the control electronics. The CANbus network is split
into two through the Support PC, that is equipped with two CANbus ports. The Support PC is
then connected to the second FGSU through a second I>C network.
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Figure 5.9 shows the user interface of the Labview program installed on the
Support PC. The Ul allows the user to set parameters like the emission current,
the filament voltage, etc., that are sent to the original FGSU, as well as parame-
ters like the voltages of the new electrodes, that are sent to the second FGSU, via
the IC network. When commands are sent from the microscope PC directed to
the original FGSU, the values are changed according to the user settings. When
the microscope PC requires values from the FGSU, the Support PC is able to
send back the values that the microscope PC is expecting.

Set Gun Read Read Gun Fake Gun  Set Read Read
Write back back
Emission(uA) 22
Filament(A) 2,341 2,340 Filament(A) 2,340
Filament(V) 1,146
Suppressor(V) 761 760 Suppressor(V) 759
Extractor(V) 4999 5001 Extractor(V) 5000
Set Beam Read Read Beam Fake Beam Set Read Read
Write back back
) Condensor1(V) 1500 ¥ 1512 Condensor1(V) 1550 c1(v) |1521 |1521 |1521 [¢]¢]
d E1(V) 9200 ¥ 9227 E1(V) 9152
" ) E2(V) 1150 ¥ 1132 E2(V) 1125
v ] ACC3(v) 2150 ¥ 2161 ACC3(V) 2156

ONR W Temp 3V3/5V 12V
FGSU1 CAN2 D @@ 4 00 00 Rw

FGSU2 2C V00 3 35 138 MPC CANL @ @

|
I All to zero

Figure 5.9: The user interface (UI) of the Labview program installed on the Support PC. The user
can set parameters belonging to the original part of the electron source (like the filament voltage
and current) as well as parameters belonging to the new stack of electrodes of the multi-beam
source (like the voltages of E1 and E2)

5.3 Multi Beam EBID

In section 5.1, results on multi-beam EBID were presented. In this case, the
dots have a diameter of about 70nm, and the average pitch is 436nm and the
total field of 14x14 dots measures 5.7umx5.7pum. It is our aim to improve the
resolution of the features patterned by EBID in the 196 multi beam SEM.
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The Multi-beam FEI Nova Nano
SEM 200 is equipped with a SECOM
Delmic door [4], which is an inte-
grated solution for correlative light
and electron microscopy, as shown
in figure 5.10. The electron beam
is scanned onto a sample surface,
from which BSEs and SEs are emitted
and collected by the detectors. The opticvindow
sample is placed on a piezo driven \
stage, which also hosts a light objec-
tive lens. If the sample is a scintil-
lator, such as a YAG screen, light is I “““““““““““ >
produced after the material is hit by
electrons. The light is then collected
by the objective lens underneath the
Sample_ An Optica_[ path guides the Figure 5.10: The schematics of the SECOM plat-
light into the CCD sensor of a cam- orm [157].
era, that can be placed outside the
evacuated SEM chamber. In the multi-beam SEM, where standard imaging
with ETD or TLD detectors is not trivial, the SECOM platform provides an easy
and fast way to do transmission imaging. For the Multi Beam EBID experiments
this platform is used with the ultimate goal of focusing the beams, which can-
not be done with the standard SE-detectors. We used a YAG screen coated with
a 10nm thick Al layer, that provides a conductive layer. On top of the Al layer,
large areas at the center of the sample are patterned with W-dots and W-lines
of different sizes, using EBL. These features provide ‘knife’ edges, i.e. sharp
edges, that give a good contrast in transmission imaging, and help in judging
the probe size of the focused beams. The microscope is further equipped with
an FEI gas injection system (GIS), filled with the MeCpPtMe3 precursor, that
can be heated to 45°C. The GIS consists of a reservoir, where the precursor is
kept, and a needle, that can be placed in proximity to the sample surface and
from which the Pt-based gas is led into the system.

SEM

Door plate

Pump

Unfortunately at the time of the experiments, there were a variety of prob-
lems with this set up. First, the precursor gas flow was limited. All apertures,
except for the variable aperture, in the column were removed to enable multi-
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beam SE-imaging. Also pumping apertures were taken out, such that extra pre-
cautions had to be taken when letting the gas flow into the chamber, because a
large pressure increase in the chamber led to a higher pressure in the column,
all the way up to the electron source, causing it to shut down.

Secondly, the handmade SECOM door is equipped with a piezo stage which
is not accurate to control. For example, step sizes and the number of steps in
a stage move were not consistent. Therefore, large area patterning with proper
stitching was very difficult to perform.

Lastly, the Schottky source and Aperture Lens Array were at the end of their
lifetime. Therefore, there was no current uniformity over the array of 14x14
beams. Also, the imaging resolution worsened because of a decreasing source
brightness. Replacing the source is not as easy as in a standard single beam
microscope. The source and the beam splitting optics are one unit, and after a
source change the optics has to be cleaned and re-aligned with respect to the
tip. We decided to continue with the experiments even though the quality of
the source was not optimal and rather replace the tip in a later stage.

Figure 5.11: SEM image of two arrays of pillars of 196 EBID pillars. a) The two subsequent expo-
sures where performed with a stage movement in between. The two exposures are highlighted
with the continuous line box and the dashed line box. ¢) and d) show two zoomed-in images of
two regions that are highlighted in b). the double dots that are here visible are originated from
the two different subsequent exposures.

143




Figure 5.12: a) and b) SEM image of an array of pillars of 196 EBID pillars, showing pillars with
size 75nm.

The large area patterning, as described above, was difficult because of the
problems encountered with the piezo stage controllers. First, the beams are
focused by looking at the transmission optical image of the knife edge sample.
Because of the poor quality of the source, the intensity of the 196 images is very
different and the resolution is not optimal. Once the beams are focused, we
blanked the beams and let the heated gas flow into the chamber until the pres-
sure stabilized. We un-blanked the beams and exposed the first region in spot
mode for approximately 5 seconds. After that, we blanked the beams again,
moved the stage to another position and un-blanked the beams again, expos-
ing that area for approximately the same amount of time. Figure 5.11 shows
the SEM image of the two exposed arrays of 196 EBID pillars. This SEM image
is taken afterwards in a single-beam FEI Verios 460 scanning electron micro-
scope. The pitch between the beams is approximately 2um and the diameter
of the pillars is smaller than 100nm. Unfortunately, the control of the piezo
stage was so problematic that it was impossible to expose two consecutive re-
gions, to demonstrate the large area patterning.

Figure 5.12 shows a zoomed in SEM image of some of the pillars deposited
by EBID in the two subsequent patterning steps. The pillars have an elongated
shape, where the smaller dimension is 75nm. This deformation can be a con-
sequence of a small spatial drift of the stage or is due to improper focusing.

In principle, it is possible to write connected nanowires by EBID in the
multi-beam SEM. The idea is to align the scanning direction with the beam grid
and adjust the scanning area of each beam to the pitch. This strategy is shown
in figure 5.13: on the top, neighbouring beams are scanned such that the end of
a scanline coincides with the start of the next one. The scan direction, as shown
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Figure 5.13: Schematics show-
ing the writing strategy for the
patterning of continuous lines.

in the image on the bottom of figure 5.13, is set to be along the grid.

Figures 5.14 and 5.15 show the resulting ‘connected’ nanowires. The lines
have a width between 60nm and 80nm, and the pitch is 1.8um. It is clear that
the nanowires are not quite connected, because the scan direction was not ex-
actly oriented parallel to a row of beams in the array of beams. Furthermore
it is seen that the bright nanowires have actually lifted off the surface. This is
a result of enhanced growth for those beams that contain more current than
others in the very non-uniform current distribution within the array of beams.
This problem will be solved after a source change and a change of the aperture
lens array.

To aim for single nanometer structures the beams need to be better fo-
cused. In a number of experiments we tried to achieve that. But the electron
source giving up on us and the limited sharpness of the knife edge structures
on the YAG sample, posed a real challenge. Figures 5.16a and 5.16b show two
arrays of pillars, with some of the smallest dots deposited. The exposure time
was 5 sec, the pitch of the dots was 1.9um. In figure 5.16b a zoomed-in image is
shown of some of the dots in figure 5.16a, while figure 5.16d is a zoomed image
of figure 5.16c. The dots are seen to be elliptic, probably due to astigmatism
and/or drift. The smallest size is 57nm.
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Figure 5.14: SEM image of the first set of ‘connected’ nanowires. a) Top view image, b) 45deg
rotation and tilt SEM image and c) zoomed in SEM image of the same ‘connected’ nanowires.

5.4 Conclusions

To increase the throughput of EBID, a multi beam SEM was developed in Delft
to deliver 196 focused beams at the sample. The 196 multi-beam SEM is a sin-
gle source and single column system, where the beams are split thanks to a
multi-beam source module, that consists of an original Schottky FEG electron
source equipped with additional electrodes and a beam splitting plate. The
beam-lets are further focused at the sample thanks to the original electron op-
tics of an FEI Nova Nano SEM 200. To control the multi-beam source module
an additional FEG Gun Source Control Unit (FGSU) was added to the control
network of the microscope, next to the original FGSU. In this chapter, the de-
sign and implementation of a second FGSU was described. The two FGSUs are
controlled via two networks: the original FGSU is interfaced through a CANbus
network, whereas the second FGSU uses an I°C protocol. The integration was
successfully implemented by running a Labview program on the Support PC
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Figure 5.15: SEM image of the second set of ‘connected’ nanowires. a) Top view image, b) 45deg
rotation and tilt SEM image and c) zoomed in SEM image of the same ‘connected’ nanowires.

that allows the user to control the multi-beam source module. This program
reads and eventually modifies the commands send to the FGSUs according to
the user’s wish.

In the second part of this chapter, the 196-beam SEM is used to demon-
strate high throughput and large area patterning. The multi beam SEM was
equipped with a gas injection system to allow deposition with EBID. Connect-
ing nanowires were patterned by employing a writing strategy that takes into
account the scan direction. Moreover, high resolution EBID pillars of minimum
size of 57nm were patterned.

At the time of the experiments, several issues were encountered. First, the
gas flow was on purpose limited in order to avoid gas flowing into the upper
part of the electron column, which had no variable aperture to allow multi-
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Figure 5.16: a) and c): SEM images of high resolution multi-beam EBID. showing two arrays of
dots patterned in different locations. b) and d): Zoomed-in images of the box highlighted in a)
and c). The smallest size is 57nm.

beam imaging. Secondly, the movement of the piezo stage mounted on the
SECOM platform was not accurate. And lastly, the system was at that time
equipped with a source module at the end of its lifetime and thus with a non-
uniform illumination. We expect that it is possible to demonstrate sub-20 nm
structures patterned with multi beam EBID, once these issues are solved and
we encourage further work to prove it. Moreover, the integration of a beam
blanker that is capable of switching ON and OFF each beam individually is cru-
cial for large area and high throughput patterning. However, the integration of
a beam blanker is not trivial in the present system design. In the next chapter
we will present and discuss a new concept of multi-beam splitting, where the
individual blanking option can be more easily integrated.
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Design of a Multi Beam
Splitting and Blanking Unit

Non enim omnis error stultitia est dicenda.
We must not say that every mistake is a foolish one.

Cicero

6.1 Introduction

Multi-Beam scanning electron microscopes (MBSEM) are developed to match
the need for high resolution and high throughput imaging and patterning. As
briefly described in Chapter 5, A. Mohammadi-Gheidari has developed a Multi-
Beam SEM that delivers 196 beams focused at the sample with an axial probe of
1.2nm with 26 p A current. The beam is split into 196 beams in the source mod-
ule and further accelerated into the Coulomb tube (CT). In this design, the orig-
inal source module is replaced with a home-made source module, which con-
sists of a Schottky source, an extractor, a suppressor, a set of three-electrodes, a



multi beam aperture array and an accelerator lens. The beams are then focused
onto the sample surface by means of an intermediate lens and an objective lens
and scanned over the sample surface thanks to the scan coils positioned in the
lower part of the electron column. If a precursor gas is let into the SEM cham-
ber, the dissociation of the gas molecules by the electron beam causes a deposi-
tion of material to occur on the sample surface that is being scanned (Electron
Beam Induced Deposition). When using the 196 MBSEM, the throughput of
this process is enhanced by a factor of 196. However, the beams are not con-
trolled individually, the structures that all beams will deposit will have the same
geometry. A way to control each beam independently is based on the use of a
multi beam blanker. A blanker consists of two vertical plates positioned paral-
lel to the beam trajectory with a voltage difference. This creates an electric field
that deflects the beam from its original trajectory. When an aperture of a suffi-
ciently large diameter is placed below the blanker, the beam can be stopped. If
such a device is built for every single beamlet, a multi-beam blanker unit (MBU)
is obtained. An MBU is designed and located in the electron optical system in
such a way that each beamlet falls in between its dedicated blanker plates and,
if a voltage difference between these plates is set, deviates from its original tra-
jectory. A single aperture placed below the MBU serves as a beam stop, before
it reaches the sample surface. This way, it is possible to select which beams are
"active" and therefore will expose the sample in a certain position.

In the present multi-beam system, the logical location for the multi beam
blanker array would be in the source module. In this case, the multi electron
beam blanker can be integrated in a unit that first splits the beams and focuses
them on the blanker plane, as demonstrated by Zhang and Van Bruggen [158]
[159]. The schematic of this unit is shown in figure 6.1. The blanker array (BA)
consists of many micro electrodes and controls the trajectory of each beamlet
created by the current limiting aperture array (CLAA), situated above the BA.
The aperture lens array (ALA) located below the BA has the function of creating
a positive lens effect that focuses the beamlets further down in the column.

However, in the source module demanding conditions, such as ultra-high
vacuum and high tension, make the implementation of the blanker difficult. In
fact, a large amount of feedthroughs (at high-voltage) would be needed to con-
trol each of the 196 deflectors. It would also lead to a highly-specialised, and
costly, source module, which, from a commercial point of view, would be less
attractive for applications.
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Figure 6.1: Schematics of the multi electron beam blanker array containing the current limiting
aperture array (CLAA), the blanker array (BA) and the micro apertures lens array (ALA). Dimen-
sions of the unit are in micrometer [154].

Because of the difficulties encountered in the past by other students, we be-
gan to wonder whether it would be possible to position the multi beam blanker
unit somewhere else in the column in order to simplify the integration of the
unit itself. The blanker unit can then be placed on a plane where all the beams
are in focus but with a sufficiently large pitch that allows the positioning of the
14x14 array of deflectors. Obviously having the multi beam blanker unit and
the splitting unit in different locations in the column would create enormous
difficulties in the alignment of the two, especially considering the rotation in
the beam trajectories introduced by magnetic lenses. A straightforward solu-
tion is then to rethink the design of the MBSEM in such way that the splitting
and the blanking plates are built within the same unit to allow an easy align-
ment procedure.

6.2 Requirements for a Multi Beam Unit

Figure 6.2 shows the schematics of a single beam scanning electron microscope
consisting of a set of condensor lenses, C1 and C2, an intermediate lens (INT)
and an objective lens. The electron beam is generated in the source module
above the C1 lens and it is focused down at the sample in a nanometre-sized
probe. The distance between the lenses is fixed, while the position of the sam-
ple can be tuned. The distance between the objective lens and the sample is
called working distance. To limit the beam current, a variable aperture plate is
placed in between the C2 lens and the intermediate lens. This plate has aper-
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tures of different sizes, varying from 20 um for high resolution imaging to 1
mm, for elemental composition analysis. The blanker plate can be positioned
below the variable aperture and is capable to switch on and off the beam by
deflecting it onto a stop aperture, typically placed in the objective lens.

As discussed earlier, the easiest option in terms of alignment is to combine
the multi-beam splitting and blanking devices into one unit. The location of
this "Multi-Beam Unit" (MBU) should be easily accessible. In fact, we aim for
flexibility and versatility, meaning that the changes to be made to a standard
microscope do not have to be permanent and have to be easy to adapt to a va-
riety of SEMs.

Single Beam

N INT

Objective lens

Sample

Figure 6.2: Optical schematics of an electron microscope in single beam mode.

From these considerations, two options follow. First, we considered to place
the Multi Beam Unit under the pole piece, right above the sample, accessi-
ble from the microscope chamber. However, in this solution the optical sys-
tem will not benefit from the strong de-magnification of the off-axis aberration
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contributions by the objective lens as final lens. The second option is to place
the Multi-Beam Unit inside the electron column via the Variable Aperture (VA)
flange. This allows an easy design of the unit as the device is at ground potential
and in relatively low vacuum, in the order or 10~ mbar. Moreover, every micro-
scope has a Variable Aperture stick to allow for different probe current, mean-
ing that this solution could in principle be applied to all microscopes. Last but
not least, it will be easy and straightforward to remove the Multi Beam Unit and
replace it with the original VA stick, allowing for flexibility. The Multi Beam Unit
consists of a Micro Lens Array (MLA), that splits the primary beam and focuses
each beamlet in the blanker plane, and a blanker array.

The requirements for the design of a new multi-beam unit can be summa-
rized as follow:

e Current per beam of =~ 50pA. The current value must be a trade off
between acceptable imaging signal from secondary electrons and low
enough current to achieve a small probe size.

» Total probe size of < 5nm. To image and to pattern structures in the sub-
10 nm range, a small probe size is required. The total probe size com-
prises also the contributions from on-axis and off-axis aberrations.

* Number of beams: minimum 25, in order to sufficiently improve the
throughput.

e The unit consists of a beam splitter and a blanker array, that are pre-
aligned in the device manufacturing process.

¢ The unit must fit the variable aperture port, which has a diameter of 1cm.
Within this space, the beam splitter and the blanker array must be placed.

From these requirements, three different types of optical geometries can
be considered, as shown in figure 6.3. For all three options, the multi beam
unit can be inserted in the optical path of the electron beam via the variable
aperture port. The unit is placed at one end of a cylindrical support, inside of
which electrical feedthroughs are envisioned. In all three cases, all the beamlets
are focused in the objective lens, as also done in the 196 multi-beam SEM [160].
The reasons for doing so can be summarized as follows:

* Minimize the contribution of the off-axis aberrations of the objective lens

¢ De-magnify the off-axis contributions of the other lenses
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e Ifthe beams are focused in the coma-free plane, the contribution of coma
from the final lens will be negligible.

a) ' b) 1 c)
Option 1 : Option 2 ' Option 3

Objective
Lens

Objective
Lens

Objective
Lens

rrf:,:,f,r,f,::,,Sample R LLLLLLLLLLL L Sample : ,,,,,,,,,,,,,,,,,,,,, Sample

Figure 6.3: Three different optical configurations of the Multi-beam unit.

In the system of figure 6.3a, referred to as option 1, the source is imaged by
the C1 and C2 lenses in a plane above the Multi beam unit, which is represented
by the grey dashed line. The primary beam is split into beamlets by means of
the Micro Lens Array (MLA) and focused in the blanker plane. All beamlets
have a common crossover in the coma-free plane of the objective lens (UHR)
and are focused in the sample plane. The system in 6.3b, referred to as option 2,
differs from that in figure 6.3a by the strength of C2 lens. In this case, the source
is imaged by the C2 lens in a plane beyond the multi-beam unit. The INT lens,
then, is tuned such that all beamlets cross over in the coma-free plane of the
UHR lens, creating a conjugate plane in between the INT and the UHR lens.
The main disadvantage of these two solutions is given by the alignment of the
MLA and the blanker plate. In fact, the apertures of the MLA and those of the
blanker are not positioned at the same pitch, as the beamlets are travelling un-
der angles away from the vertical through the multi beam unit. To overcome
this limitation, a parallel beam configuration, shown in 6.3c, referred to as op-
tion 3, is also studied. In this case, inside the multi-beam unit, a macro lens
M1, placed above the MLA, condenses the primary beam into a parallel beam.
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The MLA apertures and the blanker apertures are now at the same pitch, al-
lowing an easier alignment of the two plates. A second macro lens M2, placed
beyond the blanker plate, makes all the beams cross over in a plane above the
INT, which makes all beams cross over in the coma-free plane of the objective
lens (UHR).

The evaluation of the three options is carried out by analyzing the following
factors:

» Total probe size at the sample, given by the geometrical probe size and
the contribution of the on-axis aberrations.

e Total number of beamlets, that is given by the illuminated area of the
beam splitter plate and the aperture size.

Before studying the three options in detail, an introduction on first order optics
and on-axis aberrations is here necessary.

6.3 First order optics

In electron optical systems, the reduced brightness is a quantity that expresses
the current emitted from the tip per unit area and per solid angle. The reduced
brightness remains constant throughout the system, despite the presence of
beam current limiting apertures and lenses that may accelerate or decelerate
the electrons. The reduced brightness B, changes considerably for different
types of sources and is given by equation 6.1, where dI is the current flowing
through a surface d A within a solid angle dQ, with acceleration voltage V.

al

= 1
dAdQV 6.1

B,

For a typical Schottky source, the reduced brightness B, is equal to 5-107 ﬁ.

The total current I;,; and the angular current density J;,; can then be calcu-
lated from the reduced brightness according to equations 6.2 and 6.3.

7T 2
ItOt = Br : aimissiondgourcez VaCC (6-2)
1
Jo=—2% 6.3)
emission
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where ®¢pmission 1S the opening angle of the beam emitted by the tip, dsource
is the virtual source size, estimated to be 30 nm and V. is the acceleration
voltage. If an emission cone angle of 120mrad, for which the virtual source
size of the Schottky emitters is constant [160] [161], is considered, in case of
a 5kV beam voltage, the total emitted current I;,; is equal to approximately
2uA while the angular current density Jq is equal to 176.7uA/ sr. Effectively,
the brightness defines the angular current density that has to illuminate the
aperture in the MLA plane. This means that for a given acceleration voltage
there is only one half opening angle beta that satisfies the requirement on the
brightness to be equal to 5- 107ﬁ, as shown in figure 6.4. The angle S is
calculated from equation 6.4.

IIOI
= (6.4)
P \/Brvacc(”rMLA)2

Where 1 4 is the radius of the aperture.

C2 crossover

MLA
aperture

Figure 6.4: Condition on the illumination
of the MLA aperture for which the reduced
brightness has to be constant.

By varying the acceleration voltage and the size of the MLA aperture, beta
varies as shown in graph 6.5. This means that for a certain probe size in the C2
crossover and for a certain aperture that needs to by illuminated by the beam,
there is a certain distance between the C2 crossover and the aperture that ful-
fills equation 6.4.

6.3.1 On-axis aberrations

On-axis aberrations are effects that deteriorate the probe size in all charged
particle optics instruments. These contributions are summed up to the geo-
metrical spot size, meaning that the source, which has a non-infinite size, is
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Figure 6.5: Half opening angle beta calculated for different beam acceleration voltages in case of
an MLA aperture of 5um and 10um and for a current of 50 pA.

imaged in the image plane demagnified by a factor given by the strength of
the lens. The on-axis aberrations include the diffraction effect, which is given
by the wave properties of electrons, the spherical and chromatic aberrations,
which depend on how far the electrons are travelling from the optical axis and
on their energy spread. The FW50 (full width at 50%) geometrical spot size and
the on-axis aberrations can be calculated as follows [162]

dgeo = dsourceM (m] (6.5)
A 1.266-107°
dspn =0.18Csa’ (m] (6.7)
oU
dch = 06607(1 [m] (6.8)

The contributions to the total probe size are here calculated as the FW50
value. M is the magnification of the lens, A the wavelength of the electrons, a is
the half opening angle, V the acceleration voltage in [V], Cs and C, the spheri-
cal and chromatic aberration coefficients, 6 U the energy spread.

The total probe size is calculated by adding to the geometrical spot size dge,
the on-axis aberration contributions of diffraction dg;rr, spherical aberration
dspp and chromatic aberration d.j, as shown in equation 6.9.
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The total probe size is here calculated as the FW50 value using the Barth-
Kruit equation [163].
In case of chromatic aberrations, the coefficient C, can be approximated [162]
as:
Cc=f'(1+M)2 (6.10)

In case of spherical aberrations, the coefficient can be approximated de-
pending on the type of lens. Table 6.7 shows the estimated spherical aberration
coefficients for all the lenses in the system [162]. In case of electrostatic lenses,
such as Cl1, this is approximately equal to the ratio of the third power of its focal
length f and the diameter of the lens aperture d to the second power. For a sin-
gle electrode lens such as the MLA, the spherical aberration coefficient can be
approximated as the ratio of the squared focal length f and the diameter of the
aperture d. For magnetic lenses, such as C2, INT and UHR, the spherical aber-
ration coefficient also depends on the pole piece gap S and on the pole piece
diameter d, as shown in table 6.7 [162].

Lens Type of Lens \ Estimated C;
3
Cllens Electrostatic Cs= %
. __0.24f7
C2lens Magnetic Cs = Zroa
2
MLA Single electrode Cs= %
3
INT lens Magnetic Cs = %
3
UHR lens Magnetic Cs= % (for f>>d)

Table 6.1: Estimated equations for the spherical aberration coefficients [164] [162].

6.4 Considerations on Coulomb Interactions

Stochastic Coulomb interactions play an important role in the design of an
electron optics system characterized by high brightness as they worsen their
performance. Coulomb interactions occur when particles of the same charge
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are traveling close together on an optical path, disturbing each other. In our
case, the electrons, that are negatively charged, are repelling each other and
thus changing their path in the electron beam, resulting in a probe enlarge-
ment as well as in an energy spread.

Figure 6.6: Definition of
lengths in an electron optics
segment for the calculation
Z of the statistical Coulomb
interactions. L is the distance
between two lenses and Lj
and Ly are respectively the
image distance of the first lens
and the object distance of the
L second lens [165].

L1

Coulomb interactions are divided into two groups: trajectory displacement
and the Boersch effect, or energy spread. Both effects can be approximated
with analytical equations that refer to an optical segment as that represented
in figure 6.6 [165]. When a beam is focused in a spot, L is the distance between
two optical lenses and L, and L, are respectively the image distance of the first
lens and the object distance of the second lens. In such a schematic, another
variable S; can be defined as the ratio between L1 and L, as shown in equation
6.11. S, can vary only in the range between 0 and 1 and S, is equal to 0 for a
diverging beam and equal to 1 for a converging beam.

Ly
SC —_ f
In such a system the stochastic Coulomb interactions can be estimated with
an analytical expression, given by equation 6.12 [165]. This equation calcu-
lates the total FW50 probe size as interpolation of the FW50 probe sizes in dif-
ferent regimes, that are the Gaussian regime, the Holtzmark regime and the
pencil beam regime. An electron optical system falls into one of these regimes
according to the beam current or the beam voltage. Typically, in an electron
microscope, the regimes encountered are the Holtzmark regime or the pencil
beam regime. The FW50 probe size of these regimes are calculated according
to equations 6.13, 6.14 and 6.15 [165].

(6.11)
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Where m and e are the mass and the charge of an electron, I and V the cur-
rent and the acceleration voltage of the beam, ( the half opening angle and ¢,
the dielectric constant.

Similarly to the trajectory displacement, also the Boersch effect, or the en-
ergy spread, can be approximated with an analytical expression, shown in equa-
tion 6.16 [165]. This equation calculates the total energy spread as interpo-
lation of that resulting from the four different regimes: Gaussian, Holtzmark,
Lorentzian and pencilbeam. The contributions to the energy spread for these
regimes are expressed in equations 6.17, 6.18, 6.19 and 6.20 [165].

) ()
= + +

AErwso AEFrwso, AEFrwsoy

) ) |
AErwso, AErws0,,

AEFWSOG m1/4 11/2

=0.802 eli2el/a 374 (6.17)

(6.16)
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=0.891 (6.18)

=14l———— (6.19)
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E €pe? V2

Where r. is the minimum radius of the beam in the crossover.

Influence of stochastic Coulomb interactions

Figure 6.7 shows how the source angular current density varies with emission
angle [166], namely the half opening angle from which the electrons are emit-
ted from the tip in the source module, for different extractor voltages. If we con-
sider an extractor voltage of 5kV, which is the extractor voltage used in Schottky
sources, then we can consider a half opening angle of 30mrad as still “safe”.

T T T T T T T T T

Ze/W (100)
T=1800K

ANGULAR INTENSITY (mA/sr)

o 1 I 1 1 1 I 1 1 1

-0 -8 -6 -4 -2 0 2 4 & 8 |0
ANGLE (DEGREES)

Figure 6.7: Measured angular intensity of a Schottky electron source with a tip radius of 0.8um
for different extractor voltages, where V1>V2>V3 and V1 = 4600V [166].

161



For increasing emission angles, the total current increases with the second
power of the angle, as shown in equation 6.2. When the current increases also
the contribution of the Coulomb interactions increases, compromising the per-
formance of the system. In this section, the contributions of trajectory dis-
placement and energy spread from the source down to the variable aperture
port are analyzed, following equations 6.12 to 6.20. Figure 6.8 shows the seg-
ments used for the estimation of Coulomb interactions in the electron optical
system from the source to the variable aperture. This study aims at understand-
ing how the interaction between electrons affects the probe size and the energy
spread by varying the emission angle at the source.

Source —_

C1 -1 Figure 6.8: Schematics of up-
per part of the electron col-
umn of a scanning electron

S2 microscope, comprising the
source and the Cl1 and C2

C2 lenses. S1, S2 and S3 are the
segments into which the sys-
tem is devided for the calcula-

S3 tions of the Coulomb interac-

VA tions.

Optical
axis

Figure 6.9 shows the Coulomb interactions calculated in segment S1, i.e.
from the source to the C1 lens. In these graphs, the four regimes are high-
lighted: pencil beam, Holtzmark and Gaussian for the trajectory displacement
(TD), Lorentzian for the energy spread (or Boersch effect, BE). In orange is the
interpolation of all the regimes, calculated according to equations 6.12 and
6.16. In trajectory displacement, up to an emission angle of approximately
15mrad, the dominant regime is pencil beam, while for larger angles the Holtz-
mark prevails. In case of the energy spread, the dominant regime for larger
emission angles is the Lorentzian regime. With an emission angle of 60mrad,
the contribution to the probe size is approximately 4.3nm, but exponentially
decreases for small angles. For an opening angle of 4mrad, the total trajec-
tory displacement is less than 0.01nm. The energy spread, on the other hand,
is larger than 175meV when the opening angle is 60mrad, but decreases to
0.2meV for an emission angle of 4mrad.

Figure 6.10 shows the trajectory displacement and the Boersch effect for the
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Figure 6.9: Stochastic Coulomb interactions in segment S1: the trajectory displacement (TD)
and the Boersch effect (BE) are here shown as function of the emission angle. In case of TD,
the Gaussian (G), Pencil Beam (PB) and Holtzmark (H) regimes are presented, together with the
interpolation (int), calculated according to equation 6.12. For BE, the Gaussian, Pencil Beam,
Holtzmark, Lorentzian (L) regimes and their interpolation are shown. The interpolation is cal-
culated using equation 6.16.

segments S1, S2 and S3. The larger contribution comes from the S2 segment,
where the trajectory displacement is larger than 500nm for an emission angle
of 60mrad. All the contributions are smaller than 5nm for an emission angle of
4mrad. Similarly, the energy spread becomes acceptable for an angle smaller
than 4mrad, where the three contributions are smaller than 60meV.

Because of the Coulomb interactions being large for large emission angle
and to prevent these effects to limit the performance of the multi-beam system,
an emission angle of 4mrad is accepted. In practice, the rest of the cone can be
blocked in the source by adding an aperture before the C1 lens. If an aperture
is added at 3.75mm distance from the tip, the diameter of such an aperture is
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Figure 6.10: Stochastic Coulomb interactions in segment S1, S2 and S3: the trajectory displace-
ment (TD) and the Boersch effect (BE) are here shown as function of the emission angle.

30um In this case, the total emitted current is approximately 8.8n A.

6.5 Analysis of the three options

Figure 6.11 shows the on-axis performance of the three options calculated from
the equations for the on-axis aberrations and total probe size described in sec-
tion 6.3. In this case, the contributions to the final probe size of all lenses were
calculated considering the following assumptions:

e Acceleration voltage: 5kV
e MLA aperture: 15um
* Working distance (applicable for graph 6.11a): 3mm

e Probe current at sample: 50p A
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e Position of the MLA w.r.t. upper edge of the variable port: 3mm

¢ Distance between MLA and blanker: 4mm

The blanker is not taken into account for this initial calculation, however
the position of the blanker determines the image position of the MLA lens.
In figure 6.11a, the total probe size for different acceleration voltages is shown.
In this case, for low acceleration voltages option 3 performs better, achieving
for 1kV a total probe size of 5.2nm. At higher acceleration voltages, from 5kV/,
the difference is negligible. Also, for voltages higher than 5kV, all solutions
report an on-axis probe smaller than 5nm. In figure 6.11b, the probe size as
function of the working distance is shown. In this case, option 3 has better on-
axis performance especially for small WD. For this calculation, option 1 and 2
perform equally.

L=

a)

-
3

<3
N
©

& Option 1 "I ["¢ Option 1
¢{ Option 2 { Option 2
¢{ Option 3 { Option 3

NG
~

-
o

Probe size at sample [nm]
<>
Probe size at sample [nm]

N

-
(2]

&)
3O

N
o

® o o ¢ o

5 10 15 20 25 30 1 2 3 4 5 6 7 8 9 10
Acceleration voltage [kV] Working distance [mm]

o
=9

Figure 6.11: Total probe size as function of the beam acceleration voltage (a) and the working
distance (b) for the three options depicted in figure 6.3.

The number of apertures that the MLA can host, or the number of beamlets
that the beam can be split into, depends on the illuminated area on the MLA
plate, or the size of the beam at this location. It also depends on the aperture
size and on the pitch between apertures on the MLA. Because of the require-
ment on the beta that needs to be fulfilled, as described in equation 6.4, the il-
luminated area on the MLA depends on the size of the aperture and by increas-
ing the aperture diameter the geometrical spot size at the sample increases. To
understand how many beamlets each solution can provide, calculations have
been done with the following settings:

* MLA diameter: 10um
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* Working distance: 3mm
* Acceleration voltage: 5kV
* Distance MLA-blanker: 4mm

Figure 6.12 shows the schematics of the MLA for option 1, 2 and 3. In such
a configuration, for option 1, the total beam size at the MLA is approximately
133um in diameter. Considering that each aperture in the MLA has a diame-
ter of 10um and assuming a pitch of 15um, the total beam can be split into 49
beams. Figure 6.12 shows the top view of the MLA as well as the top view of
the blanker plate. The outer circle refers to the total beam and the white inner
one to the apertures of the MLA and the blanker. The pitch between beams
is chosen such that there is enough space for the wiring of the blanking elec-
trodes. The main disadvantage of this solution is that the MLA apertures and
the blankers are not on the same axis, apart from the central beam. This may
introduce severe issues when aligning the plates to each other. To overcome
this limitation, it is necessary to put markers outside the region of interest to
make the alignment possible. In case of option 2, the illuminated area has the
same size as option 1 and therefore a maximum of 49 apertures can be located
within the illuminated area with a pitch of 15um. As in Option 1, also for op-
tion 2 only the central apertures are on the same axis, making the alignment of
the two plates more challenging. In case of option 3, the size of the total beam
at the MLA is approximately 66um. Figure 6.12 shows the top view of the MLA
and blanker plate. In this case, all the apertures are exactly on the same vertical
axis, providing a much easier aligning procedure. However, the main limitation
of this option is the limited amount of beams delivered at the sample because
of the limited size of the illuminated area.

6.5.1 Can we increase the number of beams even further?
When compared to the present Multi Beam SEM, the disadvantages of the men-
tioned solutions is that the number of beams is less than 196 and each beam
carries more current. While the existing MBSEM delivers 196 beams, with the
three options that we are studying, the number of beams is 49 or 9. So far,
we have calculated the electron optics design of such multi beam units with-
out allowing for changes made to the electron column of commercially avail-
able SEMs. Moreover, we do accept a smaller emission angle to prevent the
Coulomb interactions to worsen the system, as described in section 6.4.

Figure 6.13a shows how the number of beams increases with the emission
angle for both option 1 and 2. By allowing more current, the number of beams
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Figure 6.12: On top, schematics of the MLA apertures for option 1, 2 and 3. For options 1 and 2,
49 apertures can fit the illuminated area, in option 3 there is space for only 9 apertures. On the
bottom, schematics of the blanker apertures overlapping the MLA plate. In case of option 1, the
pitch between apertures is larger, whereas for option 2 is smaller. In case of option 3, the pitch
between apertures on the blanker is the same as on the MLA.

increases considerably. However, this also means that the Coulomb interac-
tions and the off-axis aberrations will become more of an issue. When an emis-
sion angle of 8mrad is chosen, i.e. twice the current value, it is possible to ob-
tain 233 beams in option 1 and 2. In these cases, in fact, the radius of the illumi-
nated area on the MLA is 66um for an emission angle of 4mrad and becomes
133um at8mrad. At30mrad, the illuminated area on the MLA is 500um in di-
ameter, giving space for more than 3000 apertures of 5um at a pitch of 7.5um.
Also in the case of option 3 the number of beams increases rapidly with the
emission angle, as depicted in figure 6.13b. For an emission angle of 8mrad,
the number of beams becomes 49. In order to be comparable with our current
Multi-Beam SEM, the emission angle has to be set to 15mrad, corresponding
to 193 beams.
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Figure 6.13: Number of beams for different emission angles, in case of options 1 and 2 (a) and 3
(b).

6.5.2 Final considerations and conclusions

The analysis of three possible designs of the Multi Beam Unit was presented in
this section. The main difference is the direction in which the beams are travel-
ling in the Multi Beam Blanker Unit. In practice, only the design of the blanker
plate differs among the three solutions, having blanker apertures located at dif-
ferent pitch.

Main advantages and disadvantages of these three options are listed in ta-
ble 6.2. Options 1 and 2 offer more beams than option 3 (for the same emission
angle), but at the cost of having the apertures on the blanker plate on a dif-
ferent pitch than on the MLA. In option 1, the pitch between apertures on the
blanker is larger than on the MLA, leaving more space for the wiring connecting
to the deflectors. The main disadvantage for Option 1 may be the large off-axis
aberrations from the INT lens, where the beams are travelling far away from the
optical axis. If these aberrations turn out to be too large, it may be necessary
to add a macro lens at the bottom of the stack, below the blanker, to condense
the beamlets in a smaller beam. The main disadvantage for option 2, on the
other hand, is the limited space between the apertures in the blanker plate. To
have enough space for the wiring, the pitch on the MLA must increase, and
consequently the number of apertures will decrease. In option 3 the beam-
lets are travelling parallel in between the MLA and the blanker and therefore
the pitch between apertures in the two plates is identical. This ensures an eas-
ier alignment procedure when fabricating the MBU. Moreover, the size of the
beam at the INT lens is small and therefore the contribution to the final probe
size from off-axis aberrations is smaller than for option 1 and 2. The biggest
limitation for option 3 is the limited number of beams. Moreover, because two

168



extra macro electrodes are needed, it may be necessary to split the device into
two parts, one being placed at the variable aperture location and the second at
the standard blanker location, positioned below the variable aperture. This will
of course create extra challenges for the alignment of the system and of the two
parts between each other.

Advantages

Disadvantages

Option 1

Number of beams

More space for connecting the
blanker electrodes to the
outside world

Off-axis aberrations

Beam travelling diagonally:
difficulties in aligning the MLA
plate and the blanker plate. It
can be solved with markers
outside the ROI

A second unit might be needed
if a macro lens has to be
inserted for limiting the off axis
aberrations

Option 2

Number of beams

No space for contacts for the
blanker electrodes on the
blanker plate

Off-axis aberrations

Beam travelling diagonally:
difficulties in aligning the MLA
plate and the blanker plate. It
can be solved with markers
outside the ROI

Option 3

Small off-axis aberrations

Easy alignment of MLA plate
and blanker plate

Limited number of beams

A second unit in the blanker
aperture is necessary as the
whole stack of plates will not fit
the VA aperture.

Table 6.2: Overview of advantages and disadvantages of the three options.

We can conclude that Option 2 is less likely to be chosen, as it can deliver
the same amount of beams as Option 1 with the big limitation of not having
enough space for the wiring of the blanker electrodes. We might prefer Op-
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tion 1 because, although an extra macro lens may be needed to limit the off-
axis aberrations, it provides the largest amount of beams at the sample without
changing the extractor aperture in the source module. Regarding the number
of beams, considerably more beamlets can be obtained when choosing a larger
emission angle, at the cost of loss of resolution given by Coulomb interactions.

6.6 Optimization of the MBU final design

Source
module
1
2 Cc1
a 1
.Q 1
£
o
3 .
S Cc2
1
MBU_ /AN
r AL MLA :

------- — =N Figure 6.14: Electron optics

schematic of an SEM with the
=—>— NT developed multi beam unit in-
serted in the variable aperture
port. The red trajectory is the
central beam that is focused at
the sample. The black trajec-
tory is the path of the off-axis
beams, that have a common
crossover in the final objective
lens.

= Objective lens

Figure 6.14 shows the beam trajectories throughout the optical column of
the FEI Nova Nano Lab 650: the black rays refer to the trajectories of the outer-
most beams, while the red beam represents the central beam. The source mod-
ule consists of elements that extract the beam, limit its current and focus it into
a crossover thanks to a condenser lens C1. After that, the beam travels through
the Coulomb tube (CT), in which the so-called beam shift and tilt coils allow
the alignment of the beam into the optical axis of the following set of lenses.
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Below the Coulomb tube, a magnetic lens C2 creates a crossover, right above
the current limiting aperture, or variable aperture. The beam is then focused at
the sample by an intermediate (INT) and an objective lens. In order to scan the
beam on the sample, the scan coils placed in between the intermediate and the
objective lens deflect the beam in the X and Y directions. When the multi beam
unit is used, the MLA splits and focuses the beams in the multi blanker plane.
Furthermore, the beams are focused together in the coma free plane of the final
lens by the INT lens. As consequence, the INT also focuses the single beamlets
in a plane beyond the sample plane. The common crossover in the objective
lens is a requirement for avoiding the off-axis aberrations contributions of the
objective lens itself, in particular the coma. The strongest demagnification is
given by the objective lens, that focuses each beam onto the sample surface.
When one of the deflectors in the multi-blanker plate is switched on, the beam
will be stopped onto an aperture to be placed in the objective lens. Eventually,
the multi beam unit can also host a single beam aperture, such that it is pos-
sible to switch between single-beam and multi-beam mode by retracting the
stick, using the variable aperture positioning mechanism.

The design of the multi-beam splitting and blanking unit is limited by the
constraints that the system introduces. First, it has to fit the variable aper-
ture port, which is 10mm in size. Within such space, the MLA, the electrodes
that cause the lens effect on the MLA and the blanker plate need to be placed.
Hence the design of the unit starts from the constraint of the position of the
multi-aperture lens array, which needs to be placed roughly in the middle of
the aperture port, to allow three electrodes to be placed above the MLA and the
blanker plate to be placed below the MLA.

The optimization of the design is done by analyzing the on-axis aberrations
and the total probe size at the sample. The parameters that can be fine tuned
are the acceleration voltage, the MLA aperture diameter, the working distance,
the position of the blanker, the position of the MLA in the variable aperture port
and the sample current.

6.6.1 Optimization and fine tuning of the parameters

The optimization of the MBU design is carried out by analyzing the total probe
size at the sample and fine tuning some parameters. The parameters that can
be tuned are:
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* Acceleration voltage

e Diameter of the MLA aperture

* Working distance

¢ Position of the blanker, or the distance between the MLA and the blanker

e MLA position, or the distance between the upper edge of the variable
aperture port and the MLA plate (VA-MLA)

e Sample current

Figure 6.15 shows how the total probe size at the sample varies by fine tun-
ing the crucial parameters listed above. This analysis was performed using the
configuration shown in table 6.3. So, when the acceleration voltage is changed,
for instance, as in the top left graph of figure 6.15, all the parameters are kept
constant apart from the voltage, that is varied from 1 Vto 30 V.

Parameter ‘ Value ‘
Current per beam 50pA
VA-MLA 3mm
Acceleration voltage 5kV
MLA aperture 15um
Distance MLA - blanker | 4mm
Working distance 3mm

Table 6.3: Configuration of the MBU for which the fine tuning of the parameters is performed.

For higher acceleration voltages the probe size decreases exponentially and
at 5kV it is equal to approximately 2nm. For higher acceleration voltages, a
stronger electric field above the MLA is needed to focus the beamlet into the
blanker plane. Back-of-the-envelope calculations estimate an electric field of
10kV/mm to focus a 5kV beam in the configuration under analysis. Decreas-
ing the size of the MLA aperture contributes positively to the reduction in the
probe size, which reaches its minimum at 5um diameter. Apertures smaller
than this value are not considered because they are too challenging to be fab-
ricated. Decreasing the working distance also reduces the final probe size: a
value of 3mm is a reasonable choice to obtain a sufficiently small probe size
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Figure 6.15: Total probe size variation when tuning the key parameters: acceleration voltage,
MIA aperture diameter, working distance, blanker position, MLA location from the variable

aperture and the beam current.

and being physically able to place a sample that close to the final lens. When

the distance between the MLA and the blanker increases, the probe size at the

sample decreases. A distance of 4mm ensures that the entire module, that also
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consists of a set of macro electrodes above the MLA to create the lens effect, can
fit the variable aperture port. When the MLA is shifted away from the top side
of the variable aperture port, keeping constant the distance between the MLA
and the blanker, the probe size increases. Placing the MLA at 4mm means that
there is enough space for three macro electrodes of thickness 0.5mm and three
spacers of 0.5mm. The three macro electrodes could serve as decelerating the
beam, creating the lens effect on the MLA and to correct for the field curva-
ture. Lastly, if the sample current decreases, then the probe size at the sample
also decreases. Because the main application of this unit is patterning, a higher
beam current such as 50p A is preferable. Hence, the optimal parameters in ta-
ble 6.4 are set based on these considerations. The only degree of freedom left
in the design of the unit is the opening angle at the sample, that can be tuned
by moving the C1 and C2 crossover. This will be discussed in the next section.

Parameter ‘ Value ‘
Current per beam 50pA
VA-MLA 4mm
Acceleration voltage 5kV
MLA aperture Sum
Distance MLA - blanker | 4mm
Working distance 3mm
Blanker position 4mm

Table 6.4: Optimized settings of the MBU final design.

6.6.2 On-axis performance

With the optimized settings analyzed in paragraph 6.6.1, an analysis of the on-
axis performance of the system is performed. For each lens of the system the
on-axis aberrations are calculated and demagnified to the sample. Then, the
final probe size as the sum of all contributions is calculated. Figure 6.16 shows
the total contributions of the on-axis aberrations at the sample: the contribu-
tions of all lenses have been summed up in the following way. The geometrical
spot size is calculated by multiplying the magnification of all lenses in the sys-
tem:

Mior = Mc1-Mco- Mpypa- MinT - MyHR (6.21)
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The dgource that is considered here is that of the typical Schottky source,
namely approximately 30 nm. The diffraction spot size dg; ¢ r only depends on
the opening angle at the sample and the wavelength of the incoming electron

beam, namely the acceleration voltage.

Probe size [nm]

e ———

t T I | |
04 5 6 7 8 9 10111213 14 15
Half opening angle at the sample [mrad]

Figure 6.16: Contributions to the probe size at the sample given by the geometrical spot size,
the diffraction, the spherical and chromatic aberrations and the total probe size, calculated with

equation 6.9, for all lenses.

Figure 6.16 shows the contributions to the probe size and the total probe

size, calculated as function of the half opening angle of the central beam at the
sample. This was calculated for a FEI Nova Nano Lab 650 column, with the

parameters listed in table 6.5.

Parameter Value
Current per beam 50pA
Total probe size <5nm
Acceleration voltage 5kV
MLA aperture Sum
Distance MLA - blanker | 4mm
Working distance 3mm

Table 6.5: Parameters for which the contributions to the probe size at the sample and the total

probe size are calculated.
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Changing the half opening angle at the sample is effectively achieved by
changing the strength of the C2 lens, namely the position of the C2 crossover.
Because the distance between the MLA and the blanker plate is physically fixed,
also the image position of the MLA is fixed. This means that the half opening
angle of the beam focused in the blanker plane is fixed.

However, because of the common crossover in the final lens, a stronger C2
lens constrains the INT lens to be weaker. In fact, with a stronger C2 lens, the
C2 crossover will be closer to the C2 lens. To image the C2 crossover in the
final lens, a weaker INT lens is required. At the same time, a weaker INT lens
provides a larger beam size in the final lens, hence a bigger half opening angle
at the sample.

If the C2 lens is very strong and the image position is very close to the lens,
the INT becomes so weak that its focal length becomes larger than the distance
between the blanker and the INT lens, namely the object distance of the INT
lens, which will make the INT lens a negative lens. However, a magnetic lens
cannot be negative, hence these values cannot be considered. This is the reason
why the half opening angle at the sample has a maximum value.

In this case, for the parameters listed in table 6.5, the maximum half open-
ing angle at the sample is approximately 15mrad. On the other hand, the lower
limit of the half opening angle is given by the position of the C2 crossover when
it is set to the height of the MBU shielding. The lower the C2 crossover, the
smaller the pitch at the blanker, and hence little space is left for wiring. The
graph in figure 6.16 shows that in the range 4 to 15mrad the total probe size
decreases, with a minimum of 1.5nm at 14.59mr ad. For small opening angles,
the probe size is limited by the geometrical spot size and d; ¢, while for larger
opening angles the chromatic aberrations are dominant.

The probe size depends on the working distance. The higher the sample,
the stronger the final lens, the bigger the half opening angle and the smaller
the probe size. Figure 6.17 shows how the probe size changes when the work-
ing distance is changed. For each value of the working distance, the position of
the C2 crossover, hence the half opening angle at the sample, is varied in order
to calculate the minimum probe size achievable. In figure 6.17 also the opening
angle for which the minimum probe size is calculated is shown. By increasing
the working distance, the minimum probe size is found for increased strength
of the C2 lens, hence decreased image distance of that lens. In this case, the
size of the central beam in the final lens will increase, however the change in
working distance is larger and the total effect gives a reduction in half opening
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Figure 6.17: Total probe size and half opening angle of the central beam at the sample calculated
for different working distance. The total probe size is calculated by summing up all the on axis
aberration contributions of all lenses according to equation 6.9.

angle, hence a bigger total spot size.

Figure 6.18 shows the probe current delivered by the central beam for differ-
ent spot sizes, in case of a 5kV beam, with 3mm working distance. In this case,
the position of the C2 crossover remains constant, meaning that the strength
of the INT lens is unchanged because the INT must image the C2 crossover in
the coma-free plane of the final lens. In order to increase the current per beam,
the illuminated area on the MLA surface needs to be smaller. This is achieved
by decreasing the strength of the C1 lens, which is effectively translated into a
larger C2 image distance. The beam size in the C2 lens will be therefore smaller,
hence a smaller illuminated area at the MLA. Increasing the current this way
means increasing the probe size, as depicted in figure 6.18.
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Figure 6.18: Probe current and probe size at the sample. For the same optical geometry, the

requirement on the current per beam is changed, from 0 to 200p A, and for each case the total
probe size is calculated.

6.7 Final geometry

The analysis of the on-axis aberrations described in section 6.6.2 refers to an
optimized configuration, with the parameters listed in table 6.6.

Parameter \ Value ‘
MLA aperture Sum
Distance MLA - blanker | 4mm
Working distance 3mm

Table 6.6: Optimized parameters for which the contributions to the probe size at the sample and
the total probe size are calculated.

Figure 6.19 shows a cross-section of the Multi Beam Blanker Unit. The outer
metal case, which in reality has a circular shape, is grounded and acts as a
shield. It also prevents the stack of electrodes to get damaged accidentally. In-
ternally, a stack of three macro electrodes are placed above the MLA and the
blanker. The Dec electrode decelerates the beam, E1 provides the zero strength
lens to correct for possible field curvature, and E2 creates the lens effect on the
MILA. The MILA is positioned 4mm above the blanker.

From the optimized settings discussed in section 6.6.2 for achieving the
smallest on axis probe size at the sample, the illuminated area at the MLA is
66um. It is possible to place the 5um apertures in any desirable way, on a
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Figure 6.19: Cross-section of the Multi Beam Blanker Unit. The MBU comprises three macro
electrodes, i.e. Dec, E1 and E2, the MLA and the blanker. The stack of electrodes is protected by
a shielding case at ground potential.

Optical

concentric construction or in a hexagonal geometry. We decided to opt for a
square array of apertures to allow better stitching. Also, the distance between
apertures has to be sufficiently large such that at the blanker plate the spacing
is enough to host the wiring. In our design, the MLA has apertures of 5um in
diameter at a pitch of 7.5um. This means that at the blanker plane, the pitch
becomes 8.58um. The size of the aperture at the blanker plate is not of impor-
tance, as the beams are in that point focussed: as for this point in the design
process, apertures of 2pum are chosen to be of a reasonable dimension. Having
set the MLA aperture size and the pitch, and knowing the illuminated area at
the MLA, the total number of beamlets in which the single beam is split is an
array of 5x5, or 25 beams.

6.7.1 Off-axis performance

When dealing with multi-beam systems, off-axis aberrations are of importance
as they deeply affect the performance of the system. Off-axis aberrations are
caused by the charged-particle beams that are travelling far from the optical
axis, and the outermost beam is the one that is most affected.

Figure 6.20a shows an off-axis beam travelling through a lens, which fo-
cuses it on the image plane on the right. The off-axis beam is described by
the off-axis object position h(i, j), which is the distance between the optical
axis and the object, the half opening angle a and the position where the beam
crosses the optical axis, or also called the aperture position, Z,. Figure 6.20b
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Figure 6.20: a) An off-axis beam travelling through a lens is characterized by the height of the
object h(i, j), the half opening angle a and the position where it crosses the optical axis, namely
the aperture position, Z;. b) Definition of the height of a beam for a lens when calculating the
off-axis aberrations.

shows the outermost beam position on the MLA plate, which is the beam on
one of the corners of the 5x5 array of apertures. The off-axis aberration contri-
butions consist of astigmatism, field curvature, coma and chromatic magnifica-
tion error. These can be calculated according to equations 6.22, 6.23, 6.24 and
6.25 [45]. Once these contributions are calculated, it is possible to sum them
up as shown in equation 6.26.

das(i,j) ..
ASM_] =V2h(i, ) a\/Ci+c5 (6.22)
L@ D) _ /3, j?alDe+ Cal (6.23)

dCO(i)j) _ .o 2/
T = h(l,])a F‘21+f3 (6.24)

dem(i, J) . . AEsg
— S hiN— VCoh,+Ca, (6.25)

doff—axis(iyj) =

(6.26)
Vdas(i, )2+ dreti, )2 + deoli, j)2 + demti, j)?
dror(i ) = \[dofp-axis(i P2+ d2,_ o0 (6.27)

Where « is the half opening angle of the beam, M the magnification of the
lens shown in figure 6.20a. £ is the height of the beam on the MLA, as depicted
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infigure 6.20b. C,, ¢4, Dy, Fa, fa, Cpa and Ce, are the off-axis aberration coeffi-
cients for astigmatism, field curvature, coma and chromatic aberrations. These
coefficients are calculated by simulating the actual lenses with a finite element
simulation package EOD [167].

With the optical system designed in section 6.6, only the INT lens and UHR
lens contribute to the off-axis probe size. As a matter of fact, the object position
of the beams travelling in the C1 lens and C2 lens is on the optical axis, hence
h(i, j) = 0. The off-axis aberrations coefficients are calculated by simulating the
INT lens and the UHR lens with the EOD simulation program.

Figure 6.21 shows the off-axis contributions to the probe size of the combi-
nation of the INT lens and UHR lens and the total off-axis probe size resulting
from equation 6.26 as function of the half opening angle of the beamlet at the
sample. The outermost beam is considered, namely the beam on the corner of
the 5x5 array. The total off-axis probe size decreases significantly with the half
opening angle. The half opening angle on the object side is constant because
of the fixed geometry of the multi beam unit. However, to increase the half
opening angle at the sample, the image position of the C2 lens is decreased,
meaning closer to the lens. In order to have a system in which each beamlet
delivers 50p A of current, the C1 lens needs to be weaker: this way the illumi-
nated area at the MLA plate will be constant. The pitch between the beams will
then change at the blanker plate: as the half opening angle of the beams at the
sample increases, the pitch at the blanker decreases exponentially. Therefore,
the height of the outermost beam, namely its distance to the optical axis de-
creases, resulting in smaller off-axis aberration contributions.

Figure 6.22 shows the off-axis aberration contributions of the combination
of the INT and UHR lenses and the total off-axis probe size calculated from
equation 6.26 for different working distances. In this case, however, the pitch
between the beamlets decreases and becomes constant for a working distance
of 3.5mm, which explains why the total off-axis probe size decreases for small
working distance. However, when the working distance increases the magnifi-
cation of the virtual lens consisting of the sum effects of the INT lens and the
UHR lens increases. This explains why the field curvature increases with large
working distance and therefore the trend of the total off-axis probe size.

Figure 6.23 shows the total on-axis probe size and the total off-axis probe
size for different working distance values. The total probe size is then calcu-
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Figure 6.21: Off-axis aberration contributions to the probe size of the combination of the INT

and UHR lenses calculated at the image side, namely at the sample and total off-axis probe size
resulting from equation 6.26 for different half opening angle of the beam at the sample.
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Figure 6.22: Off-axis contributions to the probe size of the combination of the INT and UHR
lenses and total off-axis probe size resulting from equation 6.26. The trend of the total probe
side has a minimum around 3mm working distance as a consequence of a decreasing pitch at
the blanker for small values of working distance and an increasing magnification of the virtual
lens, which is obtained by combining the effect of INT and UHR.

lated as the root sum squared of the on-axis and off-axis total probe sizes. The
smaller the working distance, the smaller the total probe size. If the initial set-
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tings are considered, with which the working distance was set to 3mm, the total
off-axis size is 0.7nm, that are summed to the on-axis probe size, that is equal
to 1.5nm, resulting in a total probe size of the outermost beam of 1.6nm.
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Figure 6.23: Off-axis total probe size of the outermost beam in the 5x5 MBU, on-axis total probe
size and the total probe size as the root sum squared of the first two.

6.8 Simulations with EOD
The multi beam unit is simulated using the program EOD. The geometry of
the MBU in EOD is schematically shown in figure 6.24. The MBU consists of
two plates at each side of the unit at ground potential, the shielding in dark
blue. Three sets of electrodes with a hole of radius 300um are placed above
the beam splitting plate (MLA). The first electrode, depicted in orange in figure
6.24, decelerates the beam and is therefore called Dec. The second electrode
E1 shapes the beam to minimize the effect of field curvature for all lenses in
the column. This electrode is shown as the cyrillian plate in figure 6.24. The
last electrode E2, which is the green plate, provides the lens effect on the MLA
and its voltage is calculated via EOD in order to focus the beam in the blanker
plane. The MILA is the red plate and has a central hole of 5um in diameter. In
order to have a focus plane on the blanker plate (in z = -250.9 mm) for an object
positioned in the C2 crossover (in z = 282 mm), the voltages listed in table 6.7
need to be applied to the electrodes.

Figure 6.25 shows the beam potential in the multi beam unit. The beam en-
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Electrode | Voltage
Shielding | OV

Dec —-1.5kV
El 1kV

E2 4.846kV
MLA ov

Table 6.7: Parameters for which the contributions to the probe size at the sample and the total
probe size are calculated.
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Figure 6.24: Schematics of the MBU as set in EOD. The dark blue plates represent the shielding,
that is at ground potential. From the left, the Dec, the E1 and E2 macro electrodes, and the MLA.

ters the unit with an acceleration voltage of 5kV and is decelerated by the Dec
lens to approximately 3.5kV. The beam is further accelerated by E1 and E2 to
approximately 9.5kV. The beam is focused on the blanker plane by means of
the lens effect on the MLA aperture.

Figure 6.26 shows the ray tracing of the on-axis beam at 5kV, from the C2
crossover to beyond the MBU unit. When the beam is under the influence of
the Dec lens, it starts diverging, because Dec is a negative lens. The combined
positive lenses of E1 and E2 make the beam converging to the blanker plane.
Figure 6.27 shows the five off-axis beams traveling from the C2 crossover to be-
yond the MLA unit.
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Figure 6.25: Acceleration voltage of the beam when entering the MBU. The initial value of the
beam energy is 5kV, the beam is then decelerated by the Dec lens and subsequently accelerated
by E1 and E2, to be focused on the blanker plane.
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Figure 6.26: Electron ray tracing of a 5kV beam from the C2 crossover into the MBU. The size of
the ray-traced trajectories is adjusted to the size of the graph.

6.9 Field Curvature
The Field Curvature is an off-axis aberration that derives from the fact that the
electric or magnetic field is non uniform along the r-axis, which is the perpen-
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Figure 6.27: Electron ray tracing of the 5kV beams from the C2 crossover into the MBU. The size
of ray tracing is adjusted to the size of the graph.

dicular axis to the optical axis. This means that beams that are travelling more
off-axis will have a smaller image distance. In case of the MLA in the 5x5 multi
beam unit, the field curvature rises when the electric field given by the elec-
trode E2 is non uniform above the MLA plane. Therefore the strength of the
lenses increases with the distance of the lens to the optical axis. The lens effect
of the central aperture will be effectively weaker than the lens effect of the out-
ermost lens. The designed multi beam unit (MBU) is simulated with the elec-
tron optics simulation program EOD. The geometry of the macro electrodes,
the multi beam aperture array (MLA) and the shielding can be inserted in an
input file and the electric field can be calculated, given the potential on each
electrode, as described in section 6.8.

For the field curvature, we are mainly interested in the axial field E,, which
is the electric field component parallel to the optical axis, as function of the
perpendicular axis r, which represents the height on the MLA plate. Figure
6.28 shows the simulated z-component of the electric field as function of the
height on the MLA plate, on a plane 60um above the MLA plate itself. The z-
component of the electric field is weaker at position 0, which is the optical axis,
and increases for increasing distances. From the electric field it is possible to
approximately calculate the focal length of the MLA lens, according to equation
6.28, which is shown in figure 6.29.
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Figure 6.28: Z component of the electric field, where z is the optical axis, as function of the height
on the MILA plane, calculated on a plane 60um above the MLA plane itself. The electric field is
calculated by using the simulation program EOD.
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Figure 6.29: Focal length of the MLA calculated from the electric field in figure 6.28 using equa-
tion (6.28), for U, equal to 5kV.

In our case, we will have an array of 5x5 beams, the aperture array diameter
is 5um, with a pitch of 7.5um. The centre of the outermost aperture is then
positioned approximately 21.2um from the centre, which means that we are
interested in the axial electric field only in the range from the optical axis to
approximately 25um from the optical axis. From the focal length, equation 6.29
gives the image position of the MLA lenses, which is shown in figure 6.30.
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. 1
IMLA = ﬁ (6.29)

Sfura OMLA

Where o); 4 is the distance between C2¢oss0ver and the MLA.
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Figure 6.30: Image distance of the MLA calculated from the focal length of the MLA lens in figure
6.29, using equation (6.29). The scale of the y axis is in gm and shows the increment in the
image distance, which is approximately 1 m. The image distance at the center of the MLA plane
is 2353.2um and it decreases to 2352.2um at a height of 26 um from the center of the MLA plane.

Once the image distance of the MLA lens for different heights on the MLA
plane is known, it is possible to calculate the image position of the UHR lens,
that derives from the field curvature on the MLA plane. The image position of
the MLA is the object position of the INT lens, which allows to calculate the
image position of this lens, which is the object position of the objective lens.
Finally, the image position of the objective lens can be calculated. Figure 6.31
shows the UHR image distance difference at the sample, simply calculated with
equation 6.30. Effectively, the effect of the field curvature at the MLA is very
small at the sample, as the image difference is in the order of a few nanometers.

Oiynr = iyar(r) — iyar(0) (6.30)

Figure 6.32 shows the contribution to the probe size in nm of the field cur-
vature on the MLA plane, demagnified at the sample by the INT and UHR lenses.
The contribution can be considered very small and negligible.
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Figure 6.31: Image distance of the UHR lens affected by the field curvature on the MLA plate for
different height on the MLA plate.
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Figure 6.32: Contribution to the probe size given by the field curvature on the MLA plane, calcu-
lated at the sample, after being demagnified by the INT and UHR lenses.

Figure 6.33 shows the contribution to the probe size of the field curvature
introduced by the combined INT and UHR lenses for different height on the
MLA plane. These lenses are first simulated with the EOD program in order to
estimate the field curvature coefficients D, and C,. The contribution to the
probe size is calculated using equation 6.31, considering as height of the object
the actual height of the beams in the blanker plane. This contribution is also
rather small and negligible.
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Figure 6.33: Contribution to the probe size given by the field curvature in the combined INT and
UHR lenses. The field curvature coefficients is estimated using the simulation program EOD and
further elaborated.

drcli)) V2h(i, ))?alDg + Cql (6.31)

In conclusion, the effect of the field curvature on the total probe size is very
small. The field curvature can be fine tuned with the combination of E1 and E2
lenses. Because the effect is small and the correction non necessary, E1 can be
taken out of the design. To create the zero-strength effect, where the off-axis
beams are not deflected to avoid chromatic deflection errors, the Dec and E2
electrodes can be fine tuned.

6.10 Coulomb interactions

Using equations 6.12 to 6.20, it is possible to calculate the stochastic Coulomb
interactions of the multi beam SEM. First, the optical system needs to be di-
vided into segments, as shown in figure 6.34. The first segment S1 is the source,
while S2 comprises the optical path between C1 and C2 lenses and S3 between
C2 lens and the MLA. From beyond the MLA down to the sample, the beam is
splitinto 25 beams, that are travelling together, overlapping in most of the path.
In this part of the microscope, the above-mentioned formulas cannot be used.
In order to get an approximation of the Coulomb interactions also in this part of
the column, a pessimistic simplification of the system is done by assuming that
instead of 25 beams partially overlapping from the MLA to the sample, there is
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only one beam delivering 25 times the current delivered by one beamlet. This is
of course a pessimistic approximation, as the real current density will be lower
than what is here considered. By calculating the trajectory displacement for all
segments and for all regimes, the result is that the dominant regime is the pen-
cil beam regime, for all segments.

Figure 6.35 shows the contribution to the probe size of the trajectory dis-
placement of each lens, demagnified at the sample. This means that for each
segment the FW50 radius given by the pencil beam equation 6.15 is further
multiplied by the total magnification of the lenses below that segment. Seg-
ments S2 and S3 have a sharp change in slope. This is explained by the presence
of a beam current limiting aperture below the Coulomb tube with diameter
250 um, that cuts the beam for half opening angles at the sample smaller than
approximately 7.5mrad. If the aperture would be removed, the contributions
from S2 and S3 would exponentially decrease with the half opening angle at the
sample. For half opening angles smaller than 7.5mrad, the dominant regime
is still pencil beam and the trajectory displacement decreases because the half
opening angles of the beam after C1 and C2 lenses decreases. The biggest con-
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tribution comes from the last segment, namely that consisting of the INT and
UHR lens, because it is not demagnified by any lens before reaching the sam-

ple.
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Figure 6.35: Probe size contribution due to trajectory displacement.
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Figure 6.36: The Full-width containing 50% of the energy distribution due to the Boersch effect.

Nevertheless, the total FW50 probe contribution at the sample is smaller
than 1nm. Figure 6.36 shows the energy spread calculated for each segment.
Here we can notice that the graphs of S2 and S3 are not constant after a half
opening angle of approximately 7.5mrad, which is caused by the cut-off of the
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Figure 6.37: Trajectory displacement of the 5 segments described in figure 6.34 (right) and total
contribution calculated with the root mean square method.

current at the C2 aperture. When the beam is cut, for both S2 and S3 segments
the total allowed current increases with the half opening angle at the sample,
and, because pencil beam is the dominant regime, the energy spread goes with
the second power of the current. After 7.5mrad, the beam is not cut by the
aperture anymore and the energy spread becomes constant because the al-
lowed current then is constant. The contribution to the energy spread from
segment S4 and S5, where the dominant regime is pencil beam, is constant be-
cause the current of the beam is kept constant. Moreover, S4 and S5 are not in-
fluenced by this cut-off because the total current in the central beam is forced
to be 25 times the required current at the sample (50p A) for each half opening
angle. The energy spread caused by the Boersch effect is really small and will
not negatively influence the performance of the system.
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Figure 6.38: Energy spread of the 5 segments described in figure 6.34 (right) and total contribu-
tion calculated with the root mean square method.

The number of beams can be increased if a larger emission angle is cho-
sen, at the cost of decreased system performance due to Coulomb interactions,
as described in section 6.4. For this system, where the emission angle is kept
at 4mrad, the effects of trajectory displacement and Boersch effect are neg-
ligible. Figures 6.37 and 6.38 show the trajectory displacement (TD) and the
energy spread (BE) for the optimized system, where the half opening angle at
the sample is approximately 14mrad, calculated for different emission angles,
from 1mrad up to 60mrad. The TD contributions are de-magnified to the
sample and the total contributions shown in figures 6.37 and 6.38 are calcu-
lated with the root mean square method. The main contributors are segments
S2 and S3 for both TD and BE and for an emission angle of 20mrad the TD
becomes 2nm, while the BE is approximately 400meV.
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6.11 Blanker design

The idea behind a new design of a multi-beam SEM is to integrate a blanker
array, which allows individual blanking of every beam in the system. Because
in the present 196 multi-beam SEM the only reasonable place to position the
blanker is in the source, it was never possible to have it integrated, because of
the challenge to fit all the 197 feedthroughs (196 driving signal plus the ground)
in the nasty environment in the source module, where the beam splitting op-
tics is located, that is at high tension and high vacuum. Mainly for this reason,
a new design of beam splitting and blanking optics started. In the new concept
of a multi beam unit (MBU) the blanker plate is located 4mm below the multi
beam aperture lens array (MLA), which is placed below a stack of three macro
electrodes, as shown in figure 6.39. The size of the apertures on the MLA is 5um
and the pitch is 7.5um. The pitch at the blanker becomes 8.58um in order to
have the minimum axial probe size at the sample, for 5kV beamlets each deliv-
ering 50p A at the sample, with 3mm working distance. To achieve this, the C2
crossover needs to be located at approximately 53mm from the C2 lens, which
is translated into a half opening angle of 14.59mrad at the sample.

|
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- _ | MLA
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£ Hm
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_”_”_m_”_“_Blanker
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Figure 6.39: Schematics of the multi beam unit, consisting of a set of three macro electrodes, a
multi beam aperture lens array (MLA) and a blanker plate. The aperture size at the MLA is 5um,
while the pitch is 7.5um. At the blanker the pitch is fixed to 8.58um, because of the fixed position
of the C2 crossover, providing at the sample the minimum probe size.

In order to blank a beam, the blanker unit needs to be activated by send-
ing a signal to a deflector, which will create an electric field that will deflect the
beam. The beam can be stopped, for instance, on a beam stop aperture located
in the final objective lens. This is an easy accessible location and the aperture

195




can be easily mounted on the pole piece of any microscope. Such a geometry
is shown in figure 6.40, where the red beam represents the deflected beam that
is stopped onto the beam stop aperture. In such configuration, the deflecting
angle at the blanker needs to be sufficiently big to get the beam stopped on a
relatively large aperture, that is easy to mount and to align in the microscope.

Blanker

Beam stop
aperture

Sample

Figure 6.40: Electron optics schematic of an SEM with the developed multi beam unit inserted
in the variable aperture port. The red trajectory is one of the beamlets that gets deflected by the
blanker and stops at the aperture in the objective lens. The black trajectory is the path of the
other beams, that have a common crossover in the final objective lens.

The blankers are at a pitch of 8.58um, which is very small. In such limited
space, the two deflecting electrodes need to be positioned and their wiring as
well. Figure 6.41a shows the case in which the separation between the blank-
ing electrodes is 2um, with 2um wide electrodes: here there is only 2.58um left
for the wiring. This issue can be solved by designing multi-layer wiring, with a
sufficiently thick oxide layer in between to avoid breakdowns.
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Figure 6.41: a) 3D image of the proposed blanker array, where only the deflecting electrodes are
visible. The connecting wires can be designed one on top of the other because of the limited
inter-space. b) 3D image of the simulated blankers. Only the central beam and the two po-
sitioned diagonally from the central one will be deflected. Outside the blanker array, there is
a macro blanker for the deflection of all beams, such that effectively the micro blanker that is
switched on will bring back that beam on the sample.

So, ideally we would like to have an array of 5x5 deflectors. To avoid the con-
trol electronics of 25 deflectors, and for a proof of concept experiment, how-
ever, we decided to adopt a much easier configuration, that is more feasible
to fabricate. The blanker array will only integrate 3 deflecting pairs of elec-
trodes, one on the central beam and two on the diagonally positioned beams,
as shown in figure 6.41b. This way, the number of connecting wires will be
much less, only 4, considering the 3 driving signals and the common ground.
In order to simplify the design even more, the grounding electrodes are all con-
nected together to the same ground feedthrough. Now that the requirements
are less strict, spacing between the electrodes can be slightly bigger, 2.5um.
This will make the fabrication process much easier. Having only three blankers
means that we can switch-off only three beams, while the others are focused
on the sample. For practical reasons, a macro blanker is positioned outside the
blanker array, that will deflect all the beams and all the beams will be stopped
at the aperture. By switching on a micro blanker, it will be possible to bring
back one beam at a time on the sample, and eventually measure its probe size
and current. The macro blanker can be designed with a thin electrodes design,
that uses the electric field fringes to deflect the beams [168]. The main reason
to do so is because the height of such electrodes is then the same as that of the
electrodes in the blanker array, shortening the fabrication process.
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The blanker plate will be mounted on the bottom side of the rigid support
that holds the MLA and the three macro electrodes on the top. In order to avoid
the device to be damaged during the stacking process, the blanker plate will be
mounted upside down, meaning that the electrodes do not face the incoming
beams. Figure 6.42 shows the schematics of the blanker plate: the blanker plate
is mounted upside down and the incoming beams will only see the backside of
the plate. Figure 6.42a also shows in green the macro electrodes and in yellow
the micro electrodes, that are positioned only around three beamlets.

The macro and micro deflectors can be switched on individually. Figure
6.42b shows on the left the case in which the macro deflector is switched on,
deflecting all the beams, while on the right the case in which only one of the
micro deflectors is switched on, and therefore only that beam is deflected. The
idea is that we use the combination of the macro and micro electrodes to get
only one beam down, as shown in figure 6.42c. All the beams are here deflected
because the macro deflector is switched on, however the central beam is de-
flected back by the micro deflector, that generates effectively an electric field
with opposite sign than the macro deflector.
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Figure 6.42: a) Schematics of the geometry of the blanker plate. The electrodes are located on
the bottom side of the blanker plate. The macro electrodes are here depicted in green while the
micro deflectors are depicted in orange. b) Schematics of the blanker array when the macro
electrodes are switched on deflecting all the beams to the left and when one of the micro elec-
trode is switched on, deflecting only one beam to the right. ¢) Schematics of the blanker when
the macro electrode and one of the micro electrodes are switched on. In this case all the beams
are deflected by the macro blanker and one is pushed back on its original trajectory by its micro
blanker.
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6.11.1  Simulation of the blanker in COMSOL

The design of the blanker is simulated using the software COMSOL [169], where
the electrostatic package is used for the calculation of the electric field gener-
ated by the deflecting electrodes and the charged particle tracing is used for
the electron particle tracing. The 2D simulation package is used for the simu-
lation of the macro blanker and the central micro blanker in the configuration
shown in figure 6.43. The macro electrodes are positioned outside the array of
blankers, with a spacing in between of 150um. Each electrode is 250 wide
and 2um high. In this case, the beam is not deflected by the field in between the
plates but by the fringes of the electric field that are located below the blanker
plate. The central beam blanker consists of two electrodes, separated by 2.5um.
Each electrode is 2um high and 2um wide.
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Figure 6.43: Simulated geometry of the macro blanker in combination with the micro blanker.

First, the electric field and the particle trajectory of the central beam micro
blanker is tested, when a blanking voltage is applied to one of the electrodes.
Figure 6.44 shows the trajectory of the beam particle for different deflecting
voltages, ranging from 10V to 30V with a step of 5V. The deflection angles and
the deflection of the particle in the objective lens are calculated and are shown
in figure 6.45.

In case of the macro blanker, it is possible to either apply symmetric volt-
ages to both electrodes, for instance +50V to one electrode and —50V to the
second, or ground one electrode and apply the blanking voltage only to the sec-
ond electrode, for instance +100V. Effectively, the result should be the same.
Figures 6.46 and 6.47 show respectively the central beam particle trajectory and
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Figure 6.44: Particle trajectory of the central beam when its micro blanker is switched on with
different voltages.
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Figure 6.45: Deflection angle at the blanker and total deflection at the objective lens for different
blanking voltages V2, while V1 is zero.

its deflection angle and the deflection at the objective lens for symmetric blank-
ing voltages. The applied blanking voltages range in between +30V to +50V,
with a step of 5V. The y-axis is the same as in figure 6.44 and it is noticeable
that the deflection of the beams extends to a large spatial length.

Figure 6.48 and 6.49 show respectively the central beam trajectory and the
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Figure 6.46: Particle trajectory of the central beam when the macro blanker is switched on with
different blanking voltages.
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Figure 6.47: Deflection angle and total deflection at the objective lens of the central beam for
different blanking voltages on the macro blanker.

deflection angle at the blanker plane and the deflection at the objective lens
when an asymmetric field is applied. The blanking voltages range from 60V to
100V, with a step of 10V. Basically the two modes, namely the symmetric and
asymmetric blanking voltages, provide the same deflection angle.

Once the macro blanker and the micro blanker are evaluated individually,
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Figure 6.48: Particle trajectory of the central beam when the macro blanker is switched on with
different blanking voltages.
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Figure 6.49: Deflection angle and total deflection at the objective lens of the central beam for
different blanking voltages on the macro blanker.

it is possible to simulate the case in which both blankers are switched on si-
multaneously. Figures 6.50 and 6.51 show respectively the central beam par-
ticle trajectories when a blanking voltage of +40V and +50V is applied on the
macro deflecting electrodes for different blanking voltages applied to the micro
blanking electrodes. The effect of such simultaneous blanking is that the micro
blanker effectively cancels the deflection caused by the macro deflector for that
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particular beam, hence its deflection angle and the deflection at the objective
lens should be both zero. Figure 6.52 shows the deflection angle for both macro
electrode blanking voltages, for the considered micro blanker voltages. In case
of +40V the deflection angle is zero when 30V is applied to the micro blanker.
On the other hand, for £50V macro electrodes blanking voltage, the deflection
angle is zero for a much higher voltage, in between 35V and 40V. Having a
larger macro electrodes blanking voltage allows a larger aperture size, that is
easier to make and to install. However, in order to have a zero deflection angle
for the central beam, a large field needs to be applied at the micro deflector,
introducing possibly flashovers and other unwanted effects.
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Figure 6.50: Particle trajectory of the central beam when the macro blanker is switched on at
+40V with different micro electrode blanking voltages.

The COMSOL simulation of the micro electrodes and the macro electrodes
proves that it is possible to blank all 25 beams and un-blank one beam back.
This is done by activating both macro and micro deflectors with the correct
voltages, to allow the un-blanked beam to travel to the sample without being
stopped by the aperture in the final lens. A voltage of £50V is applied to the
macro deflectors and a voltage of approximately 25V is applied to the micro
deflectors. Because of the dimensions of the micro deflectors, the speed of the
blanker is really low. This is however outside the final purpose of this device,
that is designed for a proof of principle experiment.
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Figure 6.51: Particle trajectory of the central beam when the macro blanker is switched on at
+50V with different micro electrode blanking voltages.
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Figure 6.52: Deflection angle of the central beam when its micro blanker is switched on as well
as the macro blanker, with +40V and +50V.
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6.11.2 Analysis of the crosstalk

When one of the deflectors is switched on, the neighbouring beams will be dis-
turbed by that field and their path changes accordingly: this effect is called
crosstalk. The crosstalk can be estimated by calculating the displacement of
neighbouring beams when one of the micro deflectors is switched on. The tra-
jectory of the beams can be simulated using the program COMSOL in 3D mode.
An array of deflectors is built, as shown in figure 6.53. The array of blanker de-
flectors actually faces down, and therefore a convention on the numbering of
beams is taken as shown on the left image of figure 6.53. The central beam is
here considered to lie on the optical axis, at coordinates x = Oum and y = Oum.
The positions where the blanking electrodes are placed are:

* Beam 13, located at x =0um and y = 0um
* Beam 17,located at x = —8.58um and y = —8.58um

* Beam 21, located at x = —17.16um and y = —17.16um

The image on the right of figure 6.53 shows the numbering of the beams
on the top view of the blanker plate, where the electrodes and the wiring are
placed on the other face of the membrane. Each beam trajectory is simulated
by tracing a test particle for each beam. The test particle has energy of 5kV
and is released from the mesh border, that is 7.5um above the membrane. The
particles are traced for a total length of 15um, which is sufficient for calculating
their deflection. The membrane is set to be at ground potential, as the common
ground electrode. The blanking electrode voltages are on in case that the beam
is to be blanked. We named V; the voltage on the electrode of beam 13, V, that
of beam 17 and V3 that of beam 21.

The crosstalk is calculated according to formula 6.32.

/A2 2
o/ Axs +Ays

2 AxéN+Ay(2)N

CT=

-100% (6.32)

Where Ax; and Ay; are the displacement in x and y of the neighbouring
beam and Axon and Ayoy is the displacement of the blanked beam. The re-
sulting crosstalks of the 25 beams when beam 13, 17 and 21 are switched on
are shown respectively in figures 6.54, 6.55 and 6.56. When beam 13 is blanked,
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View from the bottom View from the top

Figure 6.53: Numbering of the beams on the blanker array, bottom view on the left and top view
on the right. The common light orange electrode is the ground electrode and the dark orange
electrodes are the blanking electrodes of beams 13, 17 and 21.

the beams that are affected the most by the voltage on the deflector and on the
wiring are beams 6, 7, 8, 11 and 12, namely the beams close to the connecting
wire and the electrode itself. Also when beam 17 is blanked, the beams close
to its blanking electrode are those that are more influenced by it and therefore
have higher crosstalk, namely beams 11, 12 and 16. When beam 21 is blanked,
only beam 16 has high crosstalk compared to other beams because of the effect
of the close-by blanking electrode.

Crosstalk [%]

y [um] 858 0
) X [pm]

Figure 6.54: Crosstalk on neighbouring beams as effect of switching on the blanker electrode of
beam 13.
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Figure 6.55: Crosstalk on neighbouring beams as effect of switching on the blanker electrode of
beam 17.
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Figure 6.56: Crosstalk on neighbouring beams as effect of switching on the blanker electrode of
beam 21.
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Figure 6.57 shows the trajectory of the neighbouring particles that have
higher crosstalk when beam 13, namely the central beam, is deflected. The
direction of the deflection of the neighbouring beams is not, however, in the
same direction as beam 13. This means that when the macro blanker deflects
back beam 13 and blanks all the other beams, the neighbouring beams with
high crosstalk will be effectively blanked.
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Figure 6.57: Beam trajectories when Beam 13 is switched on.

Figures 6.58 and 6.59 show the deflection of the neighbouring beams re-
spectively when beams 17 and 21 are blanked. As for the case of beam 13 be-
ing deflected shown in figure 6.57, also in these cases when the beam is de-
flected the neighbouring beams will be also deflected, but not in the same di-
rection. When the macro blanker is then switched on, beam 17 or 21 will be
displaced back, nullifying the effect of the micro-blanker. The neighbouring
beams, though affected by the crosstalk, will be deflected and stopped at the
beam stop aperture anyway.
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Figure 6.58: Beam trajectories when Beam 17 is switched on.
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Figure 6.59: Beam trajectories when Beam 21 is switched on.

6.12 Summary and conclusions

In this chapter, the design of a multi beam splitting and blanking unit (MBU)
is presented. The main function of the MBU is to turn a single-beam SEM
into a multi-beam SEM, where the throughput in imaging and patterning is
increased. The design of the MBU starts with setting requirements that the sys-
tem must fulfill: a beam current of 50p A, a total probe size smaller than 5nm
and at least 25 beamlets must be generated. The requirements are dictated
from the needs of patterning as well as imaging. The most suitable location
where the MBU can be inserted in the microscope’s column is via the variable
aperture port: this position is favorable because of a lower vacuum level com-
pared to that of the source and because it is at ground potential. This, however,
sets a limit in the size of the entire unit, that must fit the 1¢m port, commonly
used for the variable aperture. The unit consists of a beam splitter (or multi-
ple lens array, MLA) and a beam blanker array and depending on the direction
the beamlets are traveling, three options can be distinguished. The beams can
travel outwards and therefore the aperture pitch at the blanker is larger than
that at the MLA or towards the optical axis and hence the aperture pitch at the
blanker is smaller than the pitch at the MLA. Lastly, beams can also travel par-
allel to the optical axis, and therefore MLA and blanker array have the same
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aperture pitch. The inclination of the beams depends on the location of the
C2 crossover, while in the last case, the beams are made parallel by a macro
electrode M1. The preferred situation is that where the beam are traveling out-
wards, as it offers a larger number of beams, although the different aperture
pitch on the blanker and MLA may introduce challenges in the alignment be-
tween the two in the fabrication process. Moreover, the pitch at the blanker
being larger, there will be more space for the fabrication of the deflector elec-
trodes and the wiring.

Following this analysis is the optimization of the MBU design, where pa-
rameters like MLA aperture, distance between the MLA and the blanker and
the working distance are tuned to achieve the smallest on axis probe, found to
be approximately 1.5nm. Moreover, the analysis of the off-axis performance,
that are dominant over the on-axis aberrations, shows that at a working dis-
tance of 3mm the total off-axis contribution is minimum and is limited by the
contribution of field curvature. The smallest total probe size for the outermost
beam is 1.63nm. Following, the analysis of the field curvature in the MBU re-
veals that the effects are negligible and thus the correction for field curvature
is not needed. Stochastic Coulomb interactions occur when particle with the
same charge are traveling close together and include trajectory displacement
and energy spread, that worsen the performance of the electron optical system.
It was estimated that these contributions to the final probe size are negligible
because of the low total current density in the system.

Because of the need of having a configuration that is easier to fabricate, a
simplified design of the blanker array was studied. The blanker array consists of
three micro deflectors and two macro deflectors, which combined effects allow
all the beams apart from one to be stopped on a stop aperture placed in the final
lens. COMSOL was used to prove the functionality of this device. When a volt-
age of £50V is applied to the macro deflectors and a voltage of approximately
25V is applied to a pair of micro deflectors, all the beams can be stopped in the
final aperture, while the activated beamlet is un-blanked and reaches the sam-
ple without any displacement. Finally the crosstalk was also simulated using
the program COMSOL. By activating a blanker on the blanker array, the dis-
placement of the neighboring beam is found to be negligible and the displaced
beams will be further deflected by the macro-blanker and stopped at the aper-
ture in the final lens.
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The analysis performed in this section prove that it is possible to design a
multi beam splitting and blanking unit, that can splita 5kV beam into 25 beam-
lets, each of which carry 50p A current, with an on-axis probe size of 1.5nm.
Following this study is the mechanical design and fabrication of the first MBU

prototype.

From this chapter, the following conclusions can be drawn:

e Ttis possible to split the beam of a commercially available SEM by using
a multi beam unit that can be fit in the variable aperture port.

e The number of beamlets that can be achieved strongly depends on the
emission angle at the source. If a large emission angle is allowed, the
number of beamlets increases exponentially. However, the stochastic
Coulomb interactions, i.e. trajectory displacement and energy spread,
start to affect the performance of the system drastically. An emission an-
gle of 4mrad allows a "safe" operating condition, where the probe size of
the sample is not limited by Coulomb interactions. For large area imag-
ing, where the resolution is not a concern, a larger emission angle does
not only allow for an increase of the number of apertures on the MLA, but
also relaxes the strict requirements on the pitch at the blanker plane.

* In the MLA design described in this chapter, the inclination of the beam-
lets between the C2 and the INT lens must be constant because the MLA
and the blanker are on fixed positions. The pitch between beams at the
sample can be changed with the working distance.

e High acceleration voltages reduce the probe size at the sample, as the
contribution from both on-axis aberrations and Coulomb interactions
decrease. However, to be able to focus the beamlets from the MLA on
the blanker plane requires a very strong field that will make the system
vulnerable to electrical breakdowns.

e The field curvature introduced by the system is negligible and therefore
a lens that corrects for it is not necessary.

e The proposed simplified design of a multi beam blanker allows for an
easy-to-make prototype that is capable of delivering one beam at a time
at the sample. In this configuration, the crosstalk between neighboring
beams is negligible. This design of MBU can be used for probe size mea-
surements.
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Despite the achievements described in this chapter, some open research
questions can still be addressed:

What'’s the optimal emission angle at which the off-axis aberrations and
the stochastic Coulomb interactions are sufficiently small, while keeping
the total probe size at the sample smaller than 5nm?

If the emission angle is allowed to be slightly larger, how can the design
of the blanker be improved?

In the design of the MBU, the stack of electrodes is protected against
damages by a shield, where a 500um aperture lets the beam reach the
MLA. What is the effect on the field from the shield that is kept at ground
potential?

Is there a possibility to easily change the pitch of the beamlets at the sam-
ple, avoiding to change the working distance? Can this be done by adding
a macro-lens below the blanker without compromising the system per-
formance?

How does the shape of the apertures in the MLA contribute to the probe
size? What happens if the apertures are not perfectly round as assumed
in this chapter?
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Mechanical design and
fabrication process of the
Multi Beam Unit

I'm a pessimist because of intelligence, but an optimist because of will.

Antonio Gramsci

7.1 Introduction

As thoroughly discussed in chapter 5, the present multi-beam SEM delivers 196
focused beams at the sample, in a 1.2nm on-axis probe with 26p A current and
15kV acceleration voltage. To achieve that, the standard Schottky source mod-
ule is replaced with a multi beam source, that consists of 5 additional electrodes
and a beam splitting unit. Figure 7.1 shows the electron optics schematic of the
source module in the 196 multi beam SEM (left) and the mechanical drawing



(right). The multi beam source consists of two modules, the multi beam split-
ting unit, with two extra electrodes (E1 and E2) and the beam splitting plate (AA
or aperture array) and the accelerator lens, created by the three electrode Einzel
lens (Acc-1, Acc-2 and Acc-3). The main problem that this design has to face is
the out-gassing of the elements and to maintain the high vacuum level, typi-
cally in the order of 10" mbar. The main limitation of this microscope is the
impossibility of blanking each beam individually, which is crucial for lithogra-
phy. The most natural way to do that would be to integrate a blanker array plate
in the source module, in the conjugate plane. However, this is a very challeng-
ing task, combining many electrical feedthroughs with the high voltage source
environment. Therefore we propose a novel design of a Multi Beam SEM, where
we aim for flexibility and versatility, namely the changes to be made to a stan-
dard microscope do not have to be permanent and will have to fit easily in a
variety of SEMs.

Schottky
source
Ext.

— — -1

— — E-2

m

— ACC-2

— ACC-3

M shift/tilt
ﬂ coils

C2 lens

Figure 7.1: Electron optics schematic (left) and the mechanical design (right) of the source mod-
ule of the 196 multi beam SEM [160].

In chapter 6, the design of the Multi Beam Unit (MBU) was thoroughly dis-
cussed. As shown in figure 7.2, the beam is split not in the source module, but
around the middle of the column, and the intermediate lens and the objec-
tive lens will focus the beamlets to the sample surface. The minimum on axis
probe size at the sample of a 5kV beam that is split into an array of 5x5 beams
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is 1.5nm, carrying 50p A current. The MBU consists of three macro electrodes,
that decelerate the beam, and a micro aperture lens array (MLA) that focuses
the beams in a plane where the multi beam blanker array is placed. The MBU
is positioned in the variable aperture port, and can be easily removed to bring
the microscope back in the standard configuration. It is therefore a flexible and
versatile solution and it can be adopted by microscopes of any brand, as all mi-
croscopes have a current limiting variable aperture port.

~ ! Blanker

Objective
Lens

Figure 7.2: Electron optics schematic and the geometry of the multi beam unit, consisting of
three macro-electrodes (Dec, E1 and E2), the beam splitter (MLA) and the blanker plate.

In this chapter, the mechanical design of the support and alignment mech-
anism are discussed. The set of macro-electrodes, the MLA and the blanker
plate need to be mounted on a rigid support, that can be covered with a shield-
ing that protects the stack from accidental collisions with other metallic parts.
All the electrodes and the MLA need to be isolated from each other to prevent
breakdown or leakage current. The support needs to be mounted on a stick
that is inserted in the microscope column through a variable aperture port.
The main limitation is the size of the port, that is only 10mm in diameter.
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Within that space, the stack of electrodes, the blanker plate and the shield of
the unit need to be designed. Moreover, the alignment mechanism needs to
be designed such that the alignment of the unit with the optical axis is possi-
ble. Furthermore, the fabrication processes of the macro electrodes, the micro
aperture lens array (MLA) and the blanker are described.

7.2 Requirements on the mechanical design

The MBU consists of a set of three macro electrodes, a micro lens aperture ar-
ray (MLA) and a multi beam blanker array. Figure 7.3 shows the geometry of the
MBU unit, including the shielding case at ground potential. Because the unit is
inserted in the column of an electron microscope, it needs to be designed for a
10~mbar vacuum environment.

Shielding * '

(not at scale’

500 500 500

000t

Figure 7.3: Geometry of the MBU, consisting of the Dec, E1 and E2 electrodes, each 300um thick,
that are separated from each other by insulating spacers of 500um thickness and have an aper-
ture size of 600um in diameter. The MLA is positioned 500um below E1 and has an array of
5-by-5 apertures of 5um diameter, at a pitch of 7.5um. The blanker array is positioned 4mm
below the MLA, with apertures of 2.5um diamter and 8.58um pitch. The unit is protected by a
shielding element, that is at ground potential. All the values in this figure are in um. This is not
a faithful schematics as the aspect ratios are modified to make the drawing understandable. For
this reason, the shielding seems oval, while it is meant to be circular.

As shown in figure 7.3, the top electrode is Dec, which decelerates the elec-
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Element | Voltage

Dec —-1.5kV
El 1kV

E2 4.5kV
MLA GND
Blanker | GND

Table 7.1: Required voltages on the electrodes in the multi beam unit.

tron beam. The Dec electrode is followed by two macro electrodes, EI and E2,
that respectively compensate for the field curvature and create the lens effect
on the MLA. The distance between each macro electrode and between E2 and
the MLA is 500um, while the thickness of these electrodes is 300um, that of a
standard silicon wafer. The macro electrodes have one hole with diameter of
600um, they are separated with insulating spacers and they need to be aligned
with respect to each other. The MLA is made out of a silicon wafer, that is
thinned in the middle to form a suspended membrane, to make it possible to
etch an array of 5x5 holes with 5um diameter at a pitch of 7.5um. This stack
of macro electrodes and MLA is positioned 4mm above the blanker plate: the
spacer between the MLA and the blanker can be made out of metal, as both the
MILA and the blanker are grounded and no insulation is needed in between.
The pitch at the blanker plate is 8.58um and the distance between the blanking
electrodes is 2.5um. The blanker plate is going to be mounted upside-down to
facilitate the accommodation of the signal wiring. The device needs to be pro-
tected with a cylindrical shielding, that is also at ground potential. The voltages
that need to be applied to each element are shown in table 7.1.

First, the entire unit has to fit the variable aperture port, which has a diam-
eter of 10mm. The outer diameter of the MBU, including the shielding case,
has to be smaller than 10mm in total, considering that it needs room to be slid
in the variable aperture port. The thickness of the case is set to be 0.5mm, in
order to be sufficiently robust to protect the unit against accidental collisions
with the column body during insertion. The case has two holes with 1mm di-
ameter that allows the beam to travel through without being cut.

Strict requirements are related to the spacers in between the macro elec-
trodes. Figure 7.4 shows the ideal geometry of the insulating spacers. In be-
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tween each electrode there are two glass plates, that have a hole centred with
the optical axis, with radii of respectively r; and r». As arule of thumb, r; should
be equal to at least three times the radius of the macro electrode, therefore
r1 = 900um. Each spacer sticks out the electrode by a distance of d; and d»
and their thickness is respectively #; = 300um and t, = 200um.
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Figure 7.4: a) Ideal geometry of the insulating spacers in between each electrode in the MBU.
Each spacer consists of two insulating glass plates that have a hole of radii r; and r» and thick-
ness f2 and f». This spacer configuration is preferred in order to prevent breakdown currents
from one electrode to the other. b) Ideal geometry of the double-plate insulators below the Dec
lens. On the left, the top view of the three elements: the Dec electrode in orange, and the two
spacers. On the right, top view of the stack of electrode and spacers and cross-section along the
perpendicular to the optical axis.

Figure 7.4 shows in better detail the geometry of the spacers: the top view
of the single elements, the top view and the cross-section of the stack. The top
electrode, shown as the orange plate in figure 7.4, is the Dec electrode and the
other two plates are the insulating spacers in between Dec and E1. The size of
the hole of the lower spacer is bigger than the top spacer and its outer dimen-
sions are also larger. As shown in the top view, the electrode is smaller than
the insulating spacers and the holes in the plates are all aligned with the opti-
cal axis. Section A in figure 7.4 shows the cross-section of the electrode and the
spacers as specified in the top view. The extended electrodes effectively enlarge
the path that electrons have to travel to go from the top electrode to the bottom
one, preventing leakage currents.

Although this solution is ideal, we decided to opt for a configuration shown
in figure 7.5, that is easier to accommodate in the shielding case. The length of
the two insulating plates is smaller and does not reach the electron optical axis,
as shown on the left of figure 7.5 and from the top view of the stack.

In order to have a device capable of turning a single beam microscope into
a multi beam SEM and then easily back to single beam mode, the multi beam
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Figure 7.5: Adapted geometry of the spacers. In this case, the orange plate is the top plate in
the stack, or the Dec electrode, while the grey plates are the insulating spacers between two
electrodes. The length of the spacers is smaller compared to that of the ideal spacers: the edge
of the spacers does not reach the apertures where the electron beam is travelling.

unit should also contain a single beam aperture. Figure 7.6 shows the top view
of the MLA and of the shielding case, with the single beam (SB) and multi beam
(MB) segments highlighted. The MLA has a single beam aperture of diameter
dsp = 30um on the left of the multi beam aperture lens array. The shielding case
has two holes of 1mm diameter that allow the beam to go through. The one on
the left is placed above the single beam current limiting aperture, while the one
on the right is above the multi beam lens array. The distance between the sin-
gle beam segment and the multi beam segment is 2.5mm. A staircase like slit
machined on the top part of the shielding case serves as alignment guide when
inserting the support. It will be possible to image it in cross-over mode and in-
sert the stick in the right direction.

Top View

X

v

Shieldin
Alignment 1m 1m casg
slit :::I O O
2.5mm
SB MB

Figure 7.6: Top view of the MLA plate and of the shielding case. The MLA has a 30um single beam
current limiting aperture and next to it the multi beam lens array. The shielding has two large
holes of 1mm in diameter for the single beam (SB) segment and for the multi beam segment
(MB). The distance between the two segments is 2.5mm.
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The alignment of the stick to the electron beam is of importance when
working in multi beam mode. We need therefore to be able to move the stick
holding the lens stack along the X and Y axis, which define the plane perpen-
dicular to the optical axis, as shown in figure 7.6. The stroke in the Y axis needs
to be sufficient to align both the single beam aperture and the multi beam seg-
ment with the optical axis, covering a distance of 3.5mm.The stroke in X can be
smaller, depending on how accurately the aperture is centred with the optical
axis when inserting the stick. For a fine adjustment, it is possible to use the gun
shift and gun tilt coils that are positioned higher up in the column, thus align-
ing the beam to the multi beam unit. The rotation Ry and Rx around the X and
Y axis are also essential to correct for misalignments.

1

2

DB n'n'n' o ﬁ--.is

A -

Figure 7.7: Consequences of the misalignments on the multi beam unit. Image 1 shows the ideal
situation, where the MLA and the blanker plates are parallel and the stack is centred with the
optical axis, without any rotation. Image 2 shows the case in which the MLA and the blanker
plate are not parallel, while image 3 and image 4 report on misalignment in translation Ty and
Ty and in rotation Rx and Ry respectively.

Figure 7.7 shows the translation and rotation misalignments that might oc-
cur: image 1 shows the ideal situation, where the MLA and the blanker plates
are perpendicular to each other and perpendicular to the optical axis, that is
well centred to the central aperture, allowing the diagonal beams to go through
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the blanker plate array of holes. Image 2 in figure 7.7 shows the case when the
MLA and the blanker plates are misaligned. In this case, when the two plates
are well aligned to the optical axis with an accuracy of 1um, it is straightforward
to calculate that the maximum tilt angle of the blanker plate that still allows the
beam to go through the aperture is 30deg. Image 3 shows a translation mis-
alignment of the entire stack with respect to the optical axis. If the optical axis
is not centred with the central aperture, then some of the beams will be cut
off. This can be easily adjusted by either move the stack in X and Y or by using
the gun shift and gun tilt coils. Finally, image 4 shows the effect of a rotational
misalignment around Rx or Ry, where for a rotation larger than 0.3mrad the
central beam will be stopped. To correct for this, fine alignment will be done
with the gun tilt coils.

The MBU hosts three high voltage electrodes summarized in table 7.1 and
ideally 25 low voltages of the blanking electrodes. It is necessary to wire bond
the high voltage electrodes to a flex print PCB and from there to the outside
world via high voltage MHV connectors. For the low voltage feedthroughs, a flex
print PCB can also be used, combined with LEMO connectors. The flex print
needs to be specifically designed for holding vacuum at a pressure of 10" mbar
and such that there is no leaking current between the high voltage wires.

7.3 Mechanical design

The design of the multi beam support is shown in figures 7.8 and 7.9. It is a
robust piece, that can be made out of titanium or bronze. On the top part, as
shown in figure 7.8, the electrodes are stacked with glass spacers in between. In
the dashed box the single beam and the multi beam segments are highlighted,
as well as the alignment slit. The macro electrodes have different lengths on the
connection side such that they stick out in a stair-case like structure, to ease the
wire bonding to the flex printed PCB, that is also depicted in figure 7.8. Figure
7.9 shows the cross section, the front view and the bottom view of the support.
Two flex printed PCBs are fixed to the MBU support using a UV-curable glue:
one is fixed on the top surface of the support and will be connected to the high
voltage macro electrodes, while the second is fixed on the bottom side of the
support and will be connected to the low voltage pad on the blanker plate. They
both have a horseshoe-shape end, that embraces the electrodes stack and the
blanker plate. From the cross-section view, the stair-case like structure of the
macro electrodes, that facilitates the wire bonding, is visible. The multi beam
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and single beam segments are also highlighted here in the dashed boxes.

Flex print
Macroelectrodes

E1 E2 MLA

Figure 7.8: Top view of the designed support and highlighted in the box the single beam and
multi beam segments. The electrodes are glued together with two glass spacers in between. A
flex printed PCB is also glued on the right hand side of the support and has a horseshoe-like
shape to allow wire bonding.

Flex print
MLA /Macroelectrodes
|

1

Blanker Flex print
Blanker

Blanker
Flex print

Blanker

Figure 7.9: Cross-section, side view and bottom view of the support. The multi-beam and single-
beam segments are highlighted with the dashed boxes. The single-beam aperture is imple-
mented in the MLA plate, that is grounded. Two flex printed PCBs allow the wire bonding to
the macro electrodes and to the blanker plate, thanks to their horseshoe-like shape and to the
stair-case like structure of the macro electrodes.

Figure 7.10 shows the 3D view of the support holding the stack of electrodes
and the flex printed PCB (a) and the shielding case mounted on the support
(b). The support is further secured to the stick with two top screws and it is
protected by the shielding case. The shielding case has two apertures on the
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single beam segment and on the multi beam segment and an alignment slit at
its very edge. The stick will be inserted through the alignment mechanism and
the variable aperture port into the microscope column.

a) b)

Figure 7.10: a) 3D view of the support, with the stack of macro electrodes and glass spacers, the
flex printed PCB, mounted to the stick. b) 3D view of the shielding case mounted on the support,
covering the stack of electrodes

Figure 7.11 shows the definition of the adopted coordinate system, repre-
sented in the 3D cross-section of the MBU support and alignment mechanism
when the stick is inserted in the variable aperture column of the FEI Nova Nano
Lab SEM. In the figure, the coordinate system is defined such that the Y axis is
the axis along the stick, the X axis is the perpendicular axis laying in the hor-
izontal plane, the Z axis is the optical axis. The pivot point P is the centre of
rotation (or tilt) Ry and it is located on the port itself. The pivot point is that
point that does not move when the rotation occurs and it is positioned in the
port where the room for movements is limited.

Figure 7.11: 3D view of vertical section of the MBU and its alignment mechanism when inserted
in the column of an FEI Nova Nano Lab SEM, showing the definition of the axis X, Y and Z and
the pivot point P, around which the rotation and tilt are centered.

Figure 7.12 shows how the translation in Y is implemented. The bottom
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plate of this construction is attached to the fixed world, while the upper plates
and the body that holds the stick can be moved from right to left, in the left
image of figure 7.12, by means of a micrometer screw. The movement mech-
anism is better shown in the right image of figure 7.12, that is the result of a
stress analysis, where the colorbar refers to the amount of displacement. The
blue elements are attached to the fixed world and the red parts are those that
are displaced the most. The body that holds the stick is connected to the fixed
world by means of flexible elements, that allow the displacement of the body
itself. The force is applied by the screw and is here depicted by the gold arrow.
The maximum displacement of the body that holds the stick is approximately
+2.5mm.

Figure 7.12: Construction that provides the translation along the Y axis. On the left, the cross-
section of the mechanism shows the screw that can move the body that holds the stick, while
the bottom plate is attached to the fixed world. On the right, the result of the stress analysis
when a force is applied to the movable parts. The force is represented by the gold arrow, the blue
parts are fixed and do not move while the red parts are those that move the most. The maximum
displacement of the body holding the stick is approximately +2.5mm.

The translation along the X axis is also provided by a micrometer screw that
applies a force on the part that needs to be moved, as shown in figure 7.13. On
the left, the top view of the mechanism that provides the movement along the
X axis. On the right, the result of the stress analysis, where the colorbar repre-
sents the displacement of the mechanical parts. The force is applied laterally
by means of a screw. The movement along the X axis is bigger in the parts col-
ored in red and it is equal to approximately +0.5mm. The movable parts are
also here connected to the fixed world (in blue) by means of elastic elements.
These elastic elements are in this case 4 rods, that from the top view are parallel
to each other.
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Figure 7.13: Machanism that provides the movement along the X axis. On the left, the top view
of the mechanism and on the right the results of the stress analysis, where the colorbar refers to
the displacement. The red parts are those that are displaced the most, up to a total of +0.5mm.

The mechanism providing the rotation around the X axis is shown in fig-
ure 7.14. On the left, the side view of the mechanism, comprising the MBU
stack covered with the shielding case, the cylinder fixed to the VA port, 2 of the
4 elastic elements pointing at the pivot point P of figure 7.9, the screw for the
Y translation and the screw for the X rotation. By turning the bottom screw,
a force is applied to the movable body, that is attached to the fixed world by
means of four elastic rods pointing at the pivot point P. Effectively the transla-
tion is converted into a rotation around the X axis at the MBU location, with a
small movement in Z. On the right, the results of the stress analysis, where the
colorbar relates to the amount of displacement. The blue parts are fixed, while
the red parts are displaced to a maximum of approximately 0.7 mm.

Figure 7.14: Implementation of the rotation around the X axis. On the left, side view of the align-
ment mechanism, with the MBU covered with the shielding case, the 4 alignment rods and the
screws for the Y translation and the rotation around X. On the right, results of the stress analysis,
when a force is applied from the screw to the body. The body rotates around the pivot point P of
figure 7.9.
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The rotation around the Y axis is implemented by applying a force via a
screw to a ring plate, that will effectively rotate, and that is connected to the
fixed world by means of two elastic rods. Figure 7.15 shows the mechanics that
implements the rotation around Y. On the left, the front view of the mechanism,
showing the screw, the ring and the two elastic elements. On the right, the re-
sults of the stress analysis, where the rotation of the ring and the displacement
of the elastic rods is visible.

Figure 7.15: Part of the MBU alignment mechanism that implements the rotation around the
Y axis. On the left, the side view of the mechanism, comprising the ring that rotates under the
stress given by the screw and the two elastic elements by which it is connected to the fixed world.
On the right, the results of the stress analysis when a force in applied by the screw and translated
to arotation of the ring.

Connector micro-blankers

\ Connector Dec

Connector E1

Connector Connector E2

macro-blanker
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"N

MBU port
O-ring

Figure 7.16: Design of the connector box, that comprises the MBU port, three high voltage MHV
connectors and two low voltage feedthroughs. The O-ring and a lid provide vacuum in the small
chamber.
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The interface to the outside world is effectively the connector box, shown in
figure 7.16. The connector box is mounted on the alignment mechanism and it
has a port where the MBU stick can be slid in. The stick is fixed to the connector
box by four screws placed around the circular port. Three high voltage connec-
tors are located on the right hand side face, while two low voltage feedthrough
LEMO connectors are located on the top and on the left hand side faces of the
box. The connector box is sealed with a rectangular O-ring and closed with a
lid, that holds the vacuum.

Figure 7.17 shows the 3D view of the designed mechanism, with the MBU
unit covered with the shielding case. Some of the alignment screws are visible
in this perspective, as well as some of the elastic rods. The image on the right of
figure 7.17 shows the alignment construction when mounted on the FEI Nova
Nano Lab SEM. Because the construction is quite heavy, it is supported by a
plate on the top of the chamber.

a)

Figure 7.17: (a) 3D view of the designed alignment mechanism holding the support covered with
the shielding case on the left of the device. (b) The entire alignment mechanism mounted on the
Nova Nano Lab column.

7.4 Fabrication of the beam splitting unit

The MLA and the macro electrodes were fabricated using microfabrication tech-
niques in the Kavli-nanofacility in Delft. A set of masks was designed for the
lithography process for the fabrication of the macro electrodes and the MLA
plate. Markers were included in the masks to facilitate alignment in the stack-
ing process of the electrodes. The process steps of the MLA fabrication are
sketched in figure 7.18.
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Figure 7.18: Schematic overview of the process steps in the fabrication of the Micro Lens Array
(MLA).

1. The MLA was fabricated using a SOI wafer, i.e. Silicon on Insulator. The
wafer has a 1um oxide layer (BOX) buried below the upper 10um silicon
layer. The thickness of the handle is 300um.

2. Silicon oxide is deposited on both sides using PECVD. 1um oxide is de-
posited on the device layer and 2.5um oxide is deposited on the handle.

3. The top side of the wafer is coated with a 1.4um SPR3012 positive pho-
toresist in the EVG120.

4. The photoresist is exposed using optical lithography in the EVG420. The
resist is then developed forming the 5x5 array of holes.

5. The top silicon oxide layer is opened up in the Drytek 384 Triode RIE di-
electric etcher.

6. The photoresist is stripped away in the Tepla Plasma 300 O asher.

7. The 10um silicon device layer is opened up using a Bosch etch (SPTS
Rapier) using the silicon dioxide as hardmask. The etching process is very
selective and will stop on the buried oxide layer.
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8. The backside of the wafer is covered with a 1.4um SPR3012 positive pho-
toresist in the EVG120.

9. The resist is exposed in the EVG420 and developed in the EVG120, form-
ing the backside hole.

10. The backside silicon oxide is opened up by etching in the Drytek 384 Tri-
ode RIE dielectric etcher.

11. The photoresist is stripped away in the Tepla Plasma 300.

12. Thesilicon handle is etched using the silicon oxide as hardmask in a DRIE
etcher (Bosch etcher SPTS Rapier).

13. The buried oxide layer is removed with BHE leaving a thin Si membrane,
with a thickness equal to that of the device layer.

Figure 7.19: a) top view SEM micrograph of the MLA. b) Tilted SEM micrograph of the MLA, with
a zoomed-in image of one of the apertures, where the trenches left by the Bosch etch are visible.

The device layer of the SOI wafer, used for the fabrication of the MLA, has
a resistivity of ~ 50uQ - cm, so no full metallization was needed. The macro-
electrodes were made out of a 300um thick SOI wafer. Only one end of the
MLA electrode and the macro-electrodes was metallized with Al to enable wire
bonding to nearby contact pads. An example of the MLA is shown in figure 7.19,
while figure 7.20 shows a macro electrode.

7.5 Fabrication of the blanker array
The fabrication of the blanker plate was carried out in the TU Delft facility for
microfabrication (Else Kooi Laboratory - EKL). Both the micro electrodes and
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Figure 7.20: SEM micrograph of one of the macro electrodes, with a zoomed-in image of the
600um aperture.

the macro electrodes are patterned within the same lithography step as they
are designed to have the same height and can be made out of the same metal
layer, that consists of AlSi (1% of Si). The blanker array plate will be mounted
upside down, with the back side hole facing the incident electron beam. The
fabrication process flow is shown in figure 7.21.

Three sequential lithographic steps are performed in order to fabricate the
macro and micro electrodes (1-7), the array of 5 x 5 apertures (8-9) and the
backside hole to create the suspended membrane (10-14). The alignment be-
tween the first two lithographic steps needs to be accurate, as the aperture ar-
ray, with apertures at a pitch of 8.58um, needs to be positioned very precisely
beneath the micro electrodes. A trick to weaken the alignment accuracy de-
mands is to enlarge the size of the apertures, from the designed 2.5um, which is
also the distance between the electrodes, to 4pm. This way the aperture pattern
overlaps with the electrodes pattern, allowing a misalignment of up to 750nm
in any direction, which lays within the capabilities of the ASML wafer stepper
that was used for the exposure.

1. The substrate used to fabricate the blanker is a silicon-on-insulator (SOI)
wafer, with a device layer of 10um, a buried oxide layer (BOX) of 1um
thickness and a handle of 300um.

2. A 1um layer of SiC is deposited by PECVD: this is the insulating layer
that prevents shorts between electrodes through the device layer. Ini-
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Figure 7.21: Schematic overview of the process steps in the fabrication of the blanker array, con-
sisting of three lithographic steps for the patterning of the macro and micro electrodes (1-7), the
5x5 array of apertures (8-9) and the backside hole(10-14), forming the suspended membrane.

tially SiOx was used instead of SiC, but it turned out to be attacked too
much by the last diectric removal step.

3. A layer of 2um of AlSi (with 1% of Si) is deposited by sputtering: the
wiring, the electrodes and contact pads are made out of this layer. The
AlSi(1%) was chosen because of its immediate availability as a target in
the machine that was used, while for pure Al there would be more waiting
time. Moreover, for our purposes it would not matter to prefer one over
the other. On top of the aluminum, a 500nm layer of silicon oxide was
deposited by PECVD. This is a sacrificial layer that serves to protect the
electrodes from the Bosch etch during etching of the handle. After that, a
2um layer of silicon oxide is also deposited by PECVD on the backside of
the wafer. This layer will be the hard mask used to pattern the backside
hole.

4. The top side of the wafer is coated with 2.1um SPR3012 positive photore-
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10.

11.

12.

13.

sist. The thickness of the resist needs to be sufficient to handle the three
etching steps, that pattern the silicon oxide, the AlSi and the carbide lay-
ers.

The photoresist is exposed in the ASML wafer stepper: first the macro and
micro electrodes are exposed (300mJ/ cm?), together with the alignment
marks (250mJ/cm?), that will be used to align the other lithographic pat-
terns. The photoresist is then developed in the EVG120.

Three etching steps are performed to pattern the top three layers. The
500nm silicon oxide layer is etched in the Drytek 384 Triode RIE dielectric
etcher, the 2um AlSi and the SiC are etched in a the Trikon Omega 201 ICP
etcher.

The resist on the top side of the wafer is stripped in a Tepla Plasma 300
O, asher.

. Acoating of 2.1um SPR3012 positive photoresist is spinned on the frontside

of the wafer in the EVG120. Because of the 3.5um topography of the
metal and insulating layer etched in the previous steps, the resist will
have a non-uniform thickness. Especially in the proximity of the micro
electrodes. For this reason, the pattern is over-exposed with a dose of
500mJ/cm? to ensure that the pattern will be fully opened.

. The silicon device layer is patterned by Bosch etching in an SPTS Rapier.

This etch process is very selective and will stop on the buried silicon oxide
layer.

The resist is stripped in the Tepla Plasma 300: now the frontside of the
wafer is ready. The backside is coated with a 1.4um layer of SPR3012 re-
sist.

The backside (or silicon-handle) is exposed with the ASML wafer stepper
to form the backside hole.

The oxide layer is opened up by etching in the Drytek 384 Triode RIE
etcher and the resist is stripped in the Tepla Plasma 300 O, asher.

The backside silicon layer is patterned with the SPTS Rapier Bosch etcher
using the silicon oxide as a hardmask. The etching will stop on the buried
silicon oxide layer. As a result, the depth of the apertures is determined
by the device layer only and is therefore uniform within a micrometer.
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14. Theresidual oxides, the backside hardmask, the frontside protective layer
and the buried silicon oxide, are removed in an SPTS u-etch HF vapour
etcher. The etching residues are rinsed out in a quick dump rinser and
the wafer is spun-dry.

Figure 7.22 shows an SEM image of one of the fabricated blanker array plates:
the left-hand image a), shows the overview of the macro and micro electrodes,
together with part of the wiring to the contact pads. Image b), on the right,
shows a zoom-in of the 5x5 array of apertures and the three micro electrodes,
consisting of the common ground electrode and the three blanking electrodes.
The deformation of some of the aperture holes is caused by the non-uniform
resist thickness.

Figure 7.22: SEM micrograph of the macro and micro electrodes on the left, and a zoomed-in
image of the 5x5 array of apertures with the three blankers.

Figure 7.23 shows the SEM micrographs of one of the micro deflectors: im-
age a is a top view, while image b is rotated and tilted. Because the array of
apertures is patterned after the electrodes and the wiring, the apertures that
lay underneath the electrodes are deformed. From image b the AlSi layer and
the insulating SiC layers are clearly distinguishable.

7.6 Assembly of the stack of electrodes

The assembly of the stack of electrodes is a challenging step in the device fab-
rication. To stack and align the macro-electrodes, the MLA and the blanker
plate we used a specially developed alignment tool based on a 6-degrees of free-
dom PI-hexapod system [170]. This system has a proven alignment accuracy of
500nm [170]. The alignment tool is shown in figure 7.24 and it consists of a
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Figure 7.23: Top view SEM micrograph of one of the micro blankers on the left and the rotated
and tilted view of the same area. The apertures close to the electrodes are deformed because of
the non-uniform thickness of the applied photoresist.

6D stage that allows for translation along the x, y and z axes as well as rotation
around these axes, a mounting fork, lower and upper element chucks, a z-stage,
an optical detection system and granite mounting blocks. The alignment pro-
cedure to align two plates with alignment markers is performed as follows. The
first plate is mounted and brought to the image plane of the objective lens and
the optical image of the plate is taken and stored. The first element is then
moved up to make room for the second plate with the insulating spacers to be
positioned in the image plane of the objective lens. An image of the second
plate is taken and stored. By comparing the two stored images of the two ele-
ments, it is possible to align the two elements by moving the second one with
the 6D stage. Once the second element is in position, the first element is low-
ered and fixed with UV-curable glue.

When an actual stack is built, first the blanker is manually glued on the bot-
tom of the support after which this assembly is placed in the hexapod align-
ment tool. The MLA is then first aligned with the blanker, and after that the
macro electrodes follow. The macro electrodes are electrically insulated from
each other by glass spacers. These spacers consist of two glass plates where one
has greater lateral dimensions, forming a step in the cross-section. This step
elongates the path between two adjacent electrodes, which reduces the risk of
voltage breakdown and flashovers. All electrodes are fixed by gluing them to-
gether using UV-hardening glue. Figure 7.25 shows an SEM image of the beam
splitting optics stack. The top three electrodes are the Dec, E1 and E2 electrodes
and they are aligned with respect to the MLA plate, that is glued directly on the
support.

236



Figure 7.24: The 6D-alignment tool. a) the 6D-stage (PI F206 hexapod), b) 6D-stage mounting
fork, c¢) lower element chuck, d) upper element chuck, e) z-stage mounting fork, f) z-stage (PI
M605-1D), g) microscope objective, k) granite stage mounting blocks.

Figure 7.25: An SEM image
of the beam splitting optics
stack, consisting of 3 macro-
electrodes (on top) and the
MLA (bottom).

Figure 7.26a shows the assembled multi beam unit stack, the support, the
shielding case and the flex print. The flex print is used to provide rigid electri-
cal contacts close to the stack. The electrodes are connected to the pad on the
flex print by means of wire bonding, using 30um diameter wire. The bonding
wires are depicted in figure 7.26b, that shows an SEM micrograph of the macro
electrodes and the flex print.
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Shielding case

Flex print

Stack of electrodes

Figure 7.26: a) part of the flex print is seen next to the rear of the electrode stack. b) SEM image
of the wire bonds between the electrode stack and the contact pads of the flex print.

7.7 Summary and conclusions

In this chapter, the mechanical design and the fabrication of the multi-beam
unit are presented. The MBU consists of the beam splitter, the multi-beam
blanker and the three macroelectrodes. Between the three macroelectrodes
and the beam splitter, insulating spacers with 0.5mm thickness prevent dis-
charge between the elements at high voltage. The MBU is mounted on a rigid
support that can be inserted in the variable aperture port of the electron mi-
croscope. The support, that is covered with a ground shield, is connected to
an alignment mechanism. This mechanism allows alignment of the unitinX, Y
and Z and the correction for the rotation Rx and Ry. The stroke in X is as long as
2.5mm to be able to reach the single beam aperture on the splitter plate. The
fabrication process of the MLA and the blanker plate is discussed in sections
7.4 and 7.5 and the assembly of the device is shown in 7.6.
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Multi Beam Unit -
Experimental results

The noblest pleasure is the joy of understanding.

Leonardo da Vinci

8.1 Introduction

The schematics in figure 8.1 show the optical design of a standard SEM (left)
and an SEM with a multi beam unit (MBU) on the right. The designed multi
beam SEM splits a 5kV beam into 25 beamlets that deliver 50p A current at
the sample. In this system, the source is imaged by the C1 and C2 lenses in a
plane above the Multi Beam Unit. The primary beam is split into beamlets by
means of the MLA and focused in the blanker plane (or deflector array plane).
All beamlets have a common crossover in the coma-free plane of the objective
lens (UHR) and are focused in the sample plane. The MLA and the blanker
plate need to be designed such that they fit in the Variable Aperture port, which



has a circular shape of 1cm in diameter. Moreover, to obtain the lens effect
on the MLA and the possibility to compensate for field curvature of the outer
beams, two electrodes need to be added above the MLA plate, E1 and E2. The
top macro electrode, called Dec, effectively decelerates the electron beam, be-
fore it is split and focused by the MLA. Because standard electron detectors
cannot be used, we use a scintillator as sample, that converts the transmitted
electrons into photons. We used a YAG (yttrium aluminium garnet) screen and
we covered it with a 10nm Al layer, that provides a conductive surface that is
sufficiently thin to let as many transmitted electrons hit the YAG screen as pos-
sible. An optical set up consisting of an objective lens and a CMOS camera is
used to display the optical image, as shown in figure 8.1.

INT

Objective lens Objective lens

110 nm Al
YAG screen

Optical
objective lens

I Camera

Figure 8.1: Electron optics schematic of a single beam SEM (left) and an SEM equipped with the
multi beam unit (MBU).

To characterize this system by its optical properties, the on-axis aberrations
were evaluated in chapter 6. On-axis aberrations include diffraction, spherical
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aberration and chromatic aberrations. The smallest achievable probe size de-
livering 50p A at the sample is 1.51nm, corresponding to a half opening angle
of 14.59mrad. The pitch at the wafer is 0.4um. Off axis aberrations are also
evaluated. The contributions to the probe size are astigmatism, field curva-
ture, coma and chromatic aberrations. The minimum probe size of the outer-
most beam, obtained at 14mrad half opening angle, is approximately 1.6nm.
Also Coulomb Interactions are evaluated: the trajectory displacement remains
below 1nm, and the Boersch effect (the energy spread) stays within 10meV.
Therefore the statistical Coulomb interactions do not pose a problem.

In chapter 7, the mechanical design of the MBU is discussed. The chip
stack will contain the multi-beam splitting array as well as a conventional single
aperture, to allow for single beam operation. The entire chip stack must then
be enclosed into a grounded cylindrical shielding. The stack has to be inserted
in the electron optical column of the SEM through the 10mm VA port, and it
needs electrical feedthroughs. A mechanism is needed to align the MBU to the
electron beam, allowing movements on the plane perpendicular to the optical
axis as well as correction for the tilt and rotation.

8.2 Experimental setup

We carried out experiments to demonstrate a proof of principle of the beam
splitting of the multi beam unit.

An initial step of conditioning was necessary for the macro electrodes in
the multi beam unit to hold the high voltages. The set up shown in figure 8.2
was used for testing the high voltage and perform the conditioning of the elec-
trodes. The MBU was inserted in a vacuum chamber, for which we used an old
FEI FIB 200, equipped with a high voltage feedthrough flange. We connected
the electrodes to a high voltage tester and the electric field between each pair of
electrodes was gradually increased. No leakage current and no flashovers were
detected in between Dec and E1 and in between E1 and E2. However, it was
not possible to reach the 9kV/mm electric field necessary in between E2 and
the MLA. This might be caused by dirt and particles or by the non-ideal design
of the insulating spacers, where the electron path might be too short, allowing
flashovers to occur. The maximum electric field that could be reached in be-
tween E2 and the MLA was 4kV/mm.
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Figure 8.3 shows the schematic Vacuum chambar Fecdthrough
of the experimental set up. The flange
set up consists of an FEI Nova
Nano Lab 650 scanning electron
microscope, where the variable
aperture stick is replaced with
the multi beam unit (MBU). The
three macro electrodes (Dec, E1
and E2) are provided with the
high voltages through HV BNC Pump
connectors, that are connected
to three current limiting high Figure 8.2: Setup for the high voltage conditioning.
voltage power supplies. The elec-
tron column of the SEM is controlled via the microscope PC, where the current
running through the magnetic lens coils and the voltages on the electrostatic
lenses can be manually set. Also, it is possible to precisely control the gun shift
and gun tilt coils to align the beam on top of the multi lens array.

High voltage
SECOM PC power supplies

Camera PC

Figure 8.3: Schematics of the experimental setup. The microscope PC controls the strength of
the lenses of an FEI Nova Nano Lab SEM, where the variable aperture stick is replaced with the
MBU, that is connected to three high voltage power supplies for the macro electrode voltages.
The SEM is equipped with a SECOM door, connected to a PC to control the sample and the
optical objective lens piezo stage. A camera records the optical images that are displayed on the
screen of the camera PC.

Camera

FEI Nova Nano Lab SEM

The FEI scanning electron microscope is equipped with a SECOM plat-
form [157], that provides correlative light and electron microscopy, as shown
in figure 8.4a. It consists of a vacuum compatible optical system mounted on
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a custom made door. The optical objective lens collects the light emitted by
the sample and collimates it into a beam that is made go outside the vacuum
system by an optical path consisting of a mirror, placed below the objective
lens and an optical window. Outside the chamber, a tube lens is positioned in
front of the optical window and focuses the light beam onto the CMOS sensor
of a camera. The SECOM platform allows simultaneous light and electron mi-
croscopy of samples that are cathodoluminescent or fluorescent. In our exper-
imental set up, the sample consists of a YAG screen, which is a scintillator that
converts the transmitted electrons, generated by the interaction of the primary
beam with the sample, into photons. The YAG screen is covered with a 10nm
layer of aluminum, to provide a conductive metal layer that is thin enough to
let most of the transmitted electrons reach the YAG. Figure 8.4b shows the FEI
Nova Nano Lab 650 scanning electron microscope equipped with the SECOM
platform, where the optical objective and the sample stage connectors and the
optical window are highlighted. The MBU is mounted in place of the variable
aperture and connected to the high voltage power supplies.

Vacuum

Door plate

Optical window

:
\ 7

(@)

Figure 8.4: (a) Schematics of a SECOM platform, that allows correlative light and electron mi-
croscopy. (b) Experimental set up.
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The first part of the experiment consists in aligning the light and the elec-
tron optical systems. To achieve that, all the macro electrodes in the MBU need
to be grounded and the MLA needs to be aligned with the electron optical axis,
by controlling the gun tilt coils in crossover mode, using the same procedure
as for aligning a standard single beam aperture. In crossover mode, the in-
termediate and objective lenses are switched off and the beam is focused and
scanned on top of the aperture lens by the gun tilt coils. The image obtained
in this mode is the shadow projection of the variable apertures. We used a 10x
vacuum compatible dry objective lens and a 200mm tube lens in front of the
optical window and mounted to a Allied Vision Prosilica GE680 camera, with a
CCD sensor with resolution 640x480 pixels, with 7.4um pixel size. This is not
sufficient, of course to judge the spot size, but it is sufficient to judge the fo-
cusing capability of the chip stack. First, the light optics system needs to be
adjusted such that the sample is in the object plane of the objective lens, by
moving the objective lens up or down with the objective stage controller. Then,
in single beam mode, achieved by focusing all the beamlets in the same spot,
the beam is kept in spot mode onto the sample surface, such that the recorded
optical image shows a bright spot (corresponding to the electron beam) on a
black screen. The position of the electron beam spot needs to be at the centre
of the field of view, which is achieved by moving the sample stage of the SECOM
platform with the stage controllers. A fine focusing of the light optical system
can be done, by minimizing the size of the electron beam bright spot in the
camera image.

8.3 Initial results

The macro electrodes and the multi lens array (MLA) were fabricated in the
Kavli insittute nanofacility using microfabrication techniques. The electrodes
were stacked together using a 6D aligner, that can achieve an accuracy of 500nm.
The macro-electrodes are electrically separated from each other by double lay-
ers of glass spacers, to reduce the risk of voltage breakdown and flashover. All
electrodes were fixed by gluing them together using UV-hardening glue. Figure
8.5a shows an SEM image of the beam splitting optics stack. The electrodes are
bonded to a specially designed flexible print with 30um wires, as shown in fig-
ure 8.5b, and connected to three voltage power supplies with high voltage BNC
connectors.

The MBU stack is inserted in the variable aperture port of the FEI Nova
Nano Lab 650 SEM and mechanically aligned to the optical axis. First the MLA
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Figure 8.5: (a) An SEM image of the beam splitting optics stack, consisting of 3 macro-electrodes
(on top) and the MLA (bottom). (b) An SEM image of the wire bondings that connect the elec-
trodes to the flex print.

was imaged in crossover mode of the microscope. By changing the strength of
the lens it is possible to position the C2 image plane and thus focus the beam
spot exactly on the MLA plane, as shown in figure 8.6a. Figure 8.6b shows the
cross-over image of the MLA, that is obtained by sufficiently reducing the scan
field by decreasing the deflection range of the gun shift coils. This step is of
importance, as it allows to align the aperture array to the optical axis, mechan-
ically or by tuning the gun tilt coils. We noticed that there is some contamina-
tion visible in the central aperture, which might influence the focusing of the
central beam.

Switching to imaging mode, the intermediate and the objective lenses are
turned on, as shown in figure 8.7. The electrodes in the multi beam unit are still
grounded, therefore there is no lens effect on the MLA, meaning that the beam-
lets are not focused on the blanker plane. On the contrary, the beamlets will
continue diverging until they reach the intermediate lens, that will collimate
the beam into the objective lens, which will focus it onto the sample surface, as
depicted in figure 8.7, on the left. It is possible to collect the single beam image
of the sample with the secondary electron ETD detector or the transmission
image, when the sample is a scintillator covered with a thin metal film. If the
beam is defocused, by weakening the strength of the objective lens for instance,
as shown on the right of figure 8.7, it is possible to see the separate beams in the
optical image.
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Figure 8.6: (a) Optical schematics of the system in crossover mode. (b) Cross-over mode image
of the MLA, detected using the Everhart Thornly Detector, the standard SE-detector.
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Figure 8.7: a) Optics schematics of single beam imaging in an SEM equipped with a MBU and b)
the optics schematics of a defocused beam, showing the shadow image of the MLA.
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Figure 8.8 shows the shadow image of the MLA, when the beam is defo-
cused on the sample, according to the schematics of the left of figure 8.7. The
lens settings adopted in this case are summarized in table 8.1. The MBU elec-
trodes are grounded, such that there is no effect on the electron beam and the
MBU behaves as a standard current limiting aperture. The INT, HR and UHR
lenses are tweaked in order to defocus the beam on the sample and create the
shadow image of the MLA.

MBU Microscope
Dec | OV | C1 | 11306V
El |0V | C2 -
E2 | 0V | INT 0
HR 1.775
UHR 1

Table 8.1: Settings for the electrodes in the MBU and the lens in the microscope to create the
shadow image of the MLA.

Figure 8.8: Shadow image of the MLA for the lens settings shown in table 8.1.

To test the focusing optics of the stack, the system was configured as in fig-
ure 8.9, where the beamlets are focused on the sample surface and their in-
tensity recorded thanks to a CCD camera placed below the sample itself. The
macro electrodes Dec, E1 and E2 were connected to the high voltage power
supplies, with a limit in current set to 10 A. The voltages were increased si-
multaneously, with a step of approximately 100V to avoid big current leak-
ages through the electrodes that might damage them. Increasing the voltage
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I camera mode.

on the first two electrodes caused the array to shift on the sample surface and
eventually move out of the field of view of the optical camera. Increasing the
voltage of the electrodes also caused the pitch of the beams at the sample to
change. Eventually, the beams could be focused by first setting the voltages on
the MBU and thereafter the strength of the intermediate and objective lens (HR
and UHR). Eventually, the beams could be focused using the settings listed in
table 8.2.

Figure 8.10 shows the optical image of the focused beams on the sample
surface. It clearly shows 25 focused beams, having the smallest possible size
that could be obtained by going through focus. Still the lens settings need to
be optimized to obtain the smallest probes. In particular a thorough lens align-
ment procedure needs to be developed, to align the intermediate lens and the
objective lens such that there is no beam shift when increasing the voltages in
the MBU electrodes.
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MBU Microscope
Dec | 180V Cl | 1467V
El | —400V C2 0.516
E2 | —-1840V | INT | 3.798
HR 0.17
UHR | 1.5839

Table 8.2: Settings for the electrodes in the MBU and the lens in the microscope used to focus
the beams at the sample.

Figure 8.10: Optical image of
the 25 beams focused on a
YAG screen for the lens set-
tings listed in table 8.2.

8.4 Multi beam EBID

Electron Beam Induced Deposition (EBID) is a direct write electron beam lithog-
raphy technique, that does not require any resist coating nor post patterning
development and processing. In EBID, a gas injection system is placed in prox-
imity of the sample surface and a gas is let out from a nozzle. The gas is a com-
plex molecule that can be fragmented by the interaction of a focused electron
beam. From this interaction, the gas is dissociated into a volatile part that is
pumped out of the system and a non volatile part that sticks to the sample sur-
face, forming the deposit. EBID is a high resolution lithographic technique,
that is also inherently slow. A way to increase the throughput of EBID is to use
a multi beam scanning electron microscope (MBSEM). With the 196 MBSEM,
that is briefly discussed in chapter 5, Post et al. [44] demonstrated the pattern-
ing of dots of size down to 70nm. The new concept of multi-beam SEM that
can deliver 25 focused beams at the sample, has mainly two advantages over
the 196 MBSEM. First, it is flexible, meaning that the MBU can be taken out
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from the microscope as a standard variable aperture stick, switching back the
microscope to its original configuration. Second, it is versatile, meaning that in
principle it can be used on any microscope, no matter the brand, because every
microscope has a variable aperture port.

Figure 8.11: On the left, the 5x5 array of pillars deposited in the Nova Nano Lab 650 scanning
electron microscope, equipped with a 25 beam MBU, in a single 5 sec exposure. On the right,
zoomed-in image of one of the pillars. The diameter of the pillar is 90nm.

We used the MBU that we designed to investigate the possibility of doing
EBID in the 25 MBSEM, using the MeCpPtMej3 platinum precursor. The beams
were focused on the sample using the lens settings listed in table 8.2, for which
we obtained the optical image of the focused beams shown in figure 8.10. The
Pt-gas injection system was then inserted close to the sample surface and the
gas flow was opened. The sample was exposed to the electron beam in spot
mode for approximately 5 seconds. The image on the left of figure 8.11 shows a
single beam SEM image, made with the TLD secondary electron detector, of a
5x5 array of pillars deposited using the Pt-precursor in a single 5 sec exposure.
The pillars are visible as the white dots in the center of the black halo deposits.
The image on the right of figure 8.11 shows a zoomed-in image of one of the
pillars, with a diameter of approximately 90nm.

8.5 The blanker array
It is essential that the beams can be switched on-and-off individually. First, it
is possible to have only one beam down, by deflecting all the other 25, which
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will effectively switch the microscope into single beam mode. This way, the fo-
cusing of the beams can be done by looking at the secondary electron image,
rather than the optical image. Moreover, it is possible to use the standard door
of an electron microscope, without the need of a SECOM platform. Secondly,
if the beams can be driven individually, different shapes can be patterned with
different beams. The possibility of implementing a blanker array in the MBU is
therefore studied, as discussed in chapter 6.

Objective lens

Sample

Figure 8.12: On the left, the optics schematics of a scanning electron microscope equipped with
a MBU, that includes also the multi beam blanking plate. On the right, inside the red dashed
box, the working principle of the multi beam blanking unit is sketched. The MBU consists of
a macro electrode, that deflects all the beams, and three individual micro blankers, that can
deflect one beam at the time. In red, the blankers that are switched on, in yellow the blankers
that are switched off.

A second prototype is fabricated to include the blanking option as well,
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Single beam
aperture

Figure 8.13: SEM micrograph
of the macro electrodes
stacked on top of the support
of the MBU. Dec, E1, E2 and
the MLA are separated by
glass insulating spacers. Also,
the single beam and the multi
beam segments are visible.

however for the proof of concept a simpler version of a blanking unit was imple-
mented, as described in Chapters 6 and 7, which is shown in figure 8.12. It con-
sists of one macro blanker, that deflects all the beams, which will be stopped
onto an aperture, that can be placed in the objective lens. The blanking unit
consists also of three micro electrodes, placed along the diagonal from the cen-
tral aperture to the outermost aperture. In this case, single beam blanking is
not implemented, but in this way it will be possible to blank all the beams apart
from one, which can be focused at the sample, by using the standard secondary
electron detectors, rather then the optical transmission image, as if the micro-
scope was in single beam mode.

Figure 8.13 shows the SEM micrograph of the stack of electrodes, compris-
ing the Dec, E1 and E2 macroelectrodes and the MLA. All the elements are glued
on top of the support, with glass insulating spacers in between. In this figure,
the multi beam and the single beam segments are also highlighted. Next to the
30um single beam aperture, the alignment slit, that will help in aligning the
MBU to the optical axis, is also visible. Figure 8.14 shows a top view SEM im-
age of the stack of electrodes, and a zoomed in image of the MLA, that is visible
through the 600um aperture of the macro electrodes.

The blanker plate is mounted on the back side of the MBU support, with
the blanking electrodes facing down. Figure 8.15a shows an SEM image of the
blanker plate, showing the region with the macro deflectors and the three mi-
cro electrodes. The electrodes are made of Al-Si (1%) and are insulated from
the silicon substrate with a 1um layer of SiC. Figure 8.15b shows the connector
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Figure 8.14: Top view SEM image of the stack of electrodes glued on top of the support of the
MBU. The multi beam lens array (MLA) is visible and highlighted on the right. Next to it, the
30um single beam aperture.

side, where the micro and macro deflectors are bonded with 30um wires to the
flex printed PCB.

Figure 8.15: a) SEM micrograph of the macro and micro deflectors and b) the connection side of
the blanker plate, where the macro and micro blankers are connected to the flex printed PCB.

Figures 8.16a and 8.16b show respectively the zoomed-in top view and tilted
images of the three micro blankers, consisting of the common ground electrode
and the three deflecting electrodes. The 5x5 array has apertures of a diameter
of 4um at a pitch of 8.58um, etched away from a silicon device layer of 10um
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thickness.

Figure 8.16: a) SEM micrograph of the 5x5 array of 4um apertures and b) the three micro
blankers, consisting of the common ground electrode and the three blanking electrodes.

Figure 8.17 shows a zoomed-in SEM image of the three blankers, with the
sample tilted. The first blanking electrode on the top-left corner of the image,
might be probably connected to the ground electrode, as can be seen in the
SEM image. To avoid a short between the two electrodes, it is advised to mill
away materials in between the two electrodes with an ion beam. The second
and third micro blankers seem to be well separated. From this image it is also
possible to distinguish the 1um SiC insulating layer and the 2um aluminum
layer. The threads inside the apertures holes are characteristic of the Bosch
etching process, that was used to open up the apertures.

8.5.1 Voltage test on the blanker electrodes

A test experiment was carried out to verify that the macro electrodes and mi-
cro electrodes can hold the voltages that are necessary to deflect the beams.
Figure 8.18 and 8.19 show the SEM micrographs of the blanker array when a
voltage is applied to the electrodes E1 and E2 respectively. In the case of El,
it was possible to apply 5V, 10V, 15V and 20V on E1 without having break-
downs. The SEM images of figure 8.18 are taken with the ETD detector, that
collects the secondary electrons. When a voltage is applied to an electrode,
it changes in intensity, meaning that the number of secondary electrons that
are emitted changes. When E1 is set to 5V, also the E2 electrode changes in
contrast, meaning that the two electrodes are connected. Because there is no
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Figure 8.17: SEM micrograph of the three micro blankers. The first blanking electrode on the top
left corner seems to be connected to the common ground electrode. To avoid shorts, it is advised
to remove material by ion-milling.

Figure 8.18: SEM micrographs of the blanker array showing the E1, E2 and E3 electrodes when a
voltage is applied to the E1 electrode.

visible connection between the two wirings on the blanker plate, we suspect
that the external feedthrough was not properly connected. In case of electrode
E3, a voltage up to 10V was applied as shown in figure 8.14. In this case, no
breakdown was visible.
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Figure 8.19: SEM micrographs of the blanker array showing the E1, E2 and E3 electrodes when a
voltage is applied to the E3 electrode.

Figure 8.20: SEM micrographs of the blanker array showing the M1 and M2 electrodes and the
micro electrodes when a voltage is applied to the M1 electrode.

Figures 8.20 and 8.21 show the SEM micrograph of the macro electrodes M1
and M2 when voltages are applied to M1 and M2 respectively. In figure 8.21, a
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zoomed in image shows the micro blankers when a voltage of 50V is applied to
M2. Also in this case the electrodes can hold the voltages well.

Figure 8.21: SEM micrographs of the blanker array showing the M1 and M2 electrodes and the
micro electrodes when a voltage is applied to the M2 electrode.

8.6 Conclusions

A multi beam unit (MBU) was designed and developed. The MBU can be in-
serted in the variable aperture port of a scanning electron microscope and can
split the beam into 25 beamlets. The MBU consists of three macro electrodes
and a micro lens array (MLA), that has an array of 5 x 5 apertures of 5um di-
ameter at a pitch of 7.5um. First, the image of the MLA in crossover mode was
shown. In this case, the macro electrodes of the MBU are connected to ground.
In crossover mode, the intermediate and the objective lenses are switched off
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and the beam is focused and scanned on the MLA. Secondly, we presented the
shadow image of the MLA, obtained by effectively defocusing the beam at the
sample, when the macro electrodes on the MBU are connected to ground. Ini-
tial EBID experiments were carried out with the MBU. The beamlets were fo-
cused on the sample surface, which was a YAG screen covered with a 10nm
layer of aluminum. The minimum size of the deposited pillars was approxi-
mately 90nm. Lastly, the blanker array was tested. A simplified version of the
blanker was fabricated, where only three microdeflectors around three aper-
tures were patterned, together with 2 macrodeflectors. This simplified device
serves as initial proof of concept of the blanker unit. To test the microdeflectors
high voltages were applied to the micro-electrodes, to test for electrical insula-
tion. The experiments presented in this chapter are first preliminary proof-of-
concept studies. Unfortunately, no further tests and experiments could be per-
formed within this PhD program because of lack of time. Future improvements
and studies may include:

1. The optimization of the MBU design. This comprises the following items:

(a) The aperture in the shielding. Is the aperture sufficiently large not to
influence the electric field in the proximity of the optical axis above
the E1 electrode?

(b) Electrode E2. This electrode, as described in chapter 6, serves to
correct for field curvature. After an experimental verification of the
theoretical calculations, an evaluation on a possible removal of the
E2 electrode should be carried out. This may imply less strict re-
quirements on the geometrical design of the unit.

2. The development of a robust alignment strategy, with which the MBU
can be aligned with the lenses in the column. Providing good alignment
is essential not only for achieving the theoretical performance described
in chapter 6, but most importantly to correctly align the splitter and the
blanker plate to prevent the beamlets not to be stopped on the blanker
plate itself.

3. The development of a focusing strategy to focus the beamlets onto the
sample surface in the smallest probe possible, obtained by optimizing
the voltages on the macro-electrodes in the MBU.

4. Experiments to determine the probe size of the beamlets, using a knife
edge sample.
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. Experiments on the micro and macro-blankers. In a first prototype, the
design of the blanker array was changed to a simple one, where all the
beamlets were deflected by macro-blankers and only three apertures had
micro-deflectors to bring the beamlets back to the original path, one beam-
let at a time. The performance of such a device was studied in chapter 6
using the simulation package COMSOL and should have an experimental
proof. This device will also help in the determination of the probe size of
each beamlet, since it allows one beam at a time on the sample.

. Design and fabrication of the blanker array. The challenge in the fabri-
cation of the blanker array lies in the fact that the electrodes must be po-
sitioned close to each other and must be connected to the outside world
with leads. Each electrode has specific requirements on the geometry to
fulfill in order to deflect the beamlets with a sufficient deflecting angle.
What is the best way to design the blanker array to fulfill these require-
ments? And what is the right process to fabricate these electrodes?

. Imaging of structures with improved throughput. The MBU increases
the throughput of a standard scanning electron microscope by a factor of
25. The imaging of samples can be done in transmission mode, using a
YAG screen, for instance, as scintillator and a SECOM platform. With this
method, however, only samples with very thin sections can be imaged.
Alternatively, it is possible to implement a secondary electron imaging
system to collect SE images of bulk samples, as described by Ren [32].

. Deposition of structures by EBID with increased throughput. The MBU
not only brings the advantage of increased throughput compared to a
single beam SEM, but also the possibility of blanking each beam individ-
ually. This gives the freedom of patterning 25 different structures with
the 25 beamlets.

. Control and integration of the MB-SEM. The development of a control
program to integrate and facilitate the use of the MBU and the micro-
scope as if it was one element.
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Conclusions

While the semiconductor industry is nowadays driven by the predictions of
Moore’s low, resist-based lithographic techniques, such as photolithography,
are facing difficulties in providing sub-10nm resolution. The European project
Single Nanometer Manufacturing for beyond CMOS devices (SNM) is aimed at
achieving that, using Nanoimprint Lithography (NIL). NIL is a high through-
put and low cost lithographic technique that is suitable for the mass produc-
tion of electronic devices. Patterns are created by a mechanical deformation of
the NIL resist by imprinting a stamp with pre-patterned features. NIL stamps
can be fabricated using both Scanning Probe Lithography (SPL) or Electron
Beam Induced Deposition (EBID). Both SPL and EBID are high resolution litho-
graphic techniques that are, however, limited by low throughput. The speed
of EBID can be enhanced by employing multi beam scanning electron micro-
scopes (MBSEM), where up to 196 beams can be delivered to the sample.

This thesis is driven by the need of fabricating high resolution NIL stamps
using EBID in combination with a high throughput multi-electron beam sys-
tem.This work can be divided into three parts that are respectively focused on
EBID, NIL and MBSEM. In the first part, we present the fabrication characteri-
zation of electronic devices and on the pattern transfer of EBID structures. The



second part is focused on experiments where NIL stamps were made by elec-
tron beam induced deposition. Lastly, we show the design and fabrication of a
multi beam blanking unit (MBU), that is capable of turning a single beam SEM
into a MBSEM.

In chapter 2 we demonstrated that electron beam induced deposition is
a valid technique for the fabrication of electronic devices in the sub-10 nm
range. In order to achieve high resolution patterning, it becomes necessary
to optimize a large group of parameters, which include electron beam settings,
geometry of the set up (such as working distance and the position of the gas
nozzle), operation conditions of the SEM (such as base vacuum), the choice of
gas precursor and writing strategy. We have demonstrated that a single elec-
tron transistor operating at room temperature can be made by EBID following
a precise patterning strategy. This final device consists of extensions to the two
pre-patterned source and drain contacts and a nanodot fabricated using EBID.
The gaps are estimated to be 9.7 nm and 4.5 nm, with the dot diameter being
22.5 nm.

The pattern transfer into an underlying layer of sub-10 nm EBID patterns
can enhance the aspect ratio of these structures and it is suitable for the fab-
rication of NIL stamps. In chapter 3, we demonstrated that EBID patterns can
be transferred into an underlying silicon layer using a fluorine based etching.
With this chemistry, lines as small as 7.4 nm were transferred with a height ratio
of about 8, achieving good results in terms of surface smoothness.

The pattern transfer is suitable for the fabrication of NIL stamps, where
the thin sub-10 nm EBID structures can be transferred into an underlying UV-
transparent layer. Typically, glass substrates are used as a NIL stamp, but they
are not suitable for electron beam induced deposition because they are not
conductive. While ITO (indium-tin-oxide) was proven to have a good etching
selectivity with respect to the EBID deposits, it presents a surface roughness
that is not compatible with sub-10 nm patterning. TiN is preferred not only
because it is a conductive UV-transparent material but also because it can be
deposited by ALD, leading to atomically flat surfaces. It is finally shown that a
promising approach to fabricate NIL stamps is to pattern EBID structures on
top of a TiN layer, deposited on a silicon dioxide covered wafer.

Chapter 4 focused on the fabrication of NIL stamps, which was done in two
ways: by direct writing on the NIL stamp material or by replicating a master
containing the structures to imprint. We fabricated a master containing EBID
structures from which a replica was made and used as a NIL stamp. We mea-
sured that the width of the patterned EBID lines was larger than that of the
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imprinted ones. This could be an artifact introduced in the fabrication of the
replica, where the lateral fidelity is lost. On the other hand, the height remained
constant, from the first imprint to the last imprint, within the 1o value. In a sec-
ond stage, we decided to investigate the direct write approach. The preferred
material to coat the glass template with, to make it conducting, is molybde-
num. In this case, lines with width down to 8 nm were patterned. After the
imprint, we measured that the line width was in general maintained within the
1o value of the original measurement, but the height of the structures was con-
siderably reduced, up to a factor of about 50%.

In the first MBSEM developed in Delft, the source module was modified to
contain a multi beam splitter, capable of generating 196 beams. The control of
such a multi beam source module requires an additional FEG Source Control
Unit (FGSU), resulting in a complicated system to operate. Chapter 5 reports on
the integration of the electronic control, which was successfully implemented
by running a Labview program that allows the user to easily control the multi-
beam source module.

At the time when this work started, the 196 MBSEM did not include the
option to individually blank the beamlets. The demand of a blanking unit gave
rise to the study into a new design of a multi-beam SEM. While we soon realized
that the source module was not the preferred location for the blanking unit,
the idea of having a multi beam splitting and blanking unit (MBU) that could
be easily inserted in, and retracted from, the variable aperture port was more
attractive. Integrating a single beam aperture in the MBU as well, allows for
easily switching between single-beam mode and multi-beam mode.

Chapter 6 deals with the design of a multi beam unit with the following re-
quirements: each beamlet should carry a current of a 50 pA current in a total
probe size smaller than 5 nm and there should be at least 25 beamlets. The sys-
tem must be designed to have a common cross-over in the final lens, to min-
imize the off-axis aberration contributions of the final lens to the probe size.
Moreover, if the cross-over is positioned in the coma-free plane of the objec-
tive lens, then the contribution of coma of this lens to the probe size is negli-
gible. At the beginning of this chapter, we compared three different versions
of MBU, where the main difference is the inclination with which the beamlets
travel from the MLA to the blanker array. From this evaluation, we demon-
strated that the option that gives the best performance is that where the beams
are traveling outwards. In this situation, the number of beams is maximized, at
the cost of having a different aperture pitch on the MLA and on the blanker
plate. On the other hand, a larger pitch at the blanker translates into more
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space for the blanking electrodes and the wiring. The optimization of the MBU
design included the fine tuning of parameters such as the distance between the
MLA and the blanker, the position of the MLA from the top edge of the variable
aperture, the acceleration voltage and the beam current, the size of the MLA
apertures and the working distance. The final design was then characterized in
terms of on-axis aberrations and off-axis aberrations. The MBU can splita 5 kV
beam into 25 beamlets and focus them at the sample with 50 pA current into a
1.63 nm probe. A pessimistic simplified calculation of the stochastic Coulomb
interactions between the MLA and the sample resulted in a negligible contri-
bution to the total probe size.

Given the limited time left before the end of this work, the design of the
blanker was dramatically simplified to limit the challenges in the fabrication
step. The blanker was designed to have one macro electrode and three micro
electrodes on the center apertures and the two diagonal neighboring apertures.
In this way, all the beams can be deflected away and stopped onto an aperture
positioned in the final lens, while one is "un-blanked" by the micro-blanker
and exposes the sample. Simulations of this device prove the working principle
of this device and demonstrate that the crosstalk is negligible.

The mechanical design and the fabrication of the MBU components is pre-
sented in Chapter 7. The MBU consists of three macro electrodes, a multi lens
array (MLA) and a blanker array. The elements are assembled together and
mounted on a support connected to an alignment tool for the positioning of
the unit at the center of the optical axis of the electron optical system. The
alignment can be done in X, Y and Z and correction of the rotation around X
and Y is also allowed for with an accuracy of 0.005 mm and 3 mrad respectively.
Because a single beam aperture is placed on the splitter plate, the total stroke in
Xisaslongas 2.5 mm to be able to reach it. A process flow was developed for the
fabrication of the MLA, using a SOI (silicon on insulator) wafer, where the 5 pum
apertures were fabricated using a Bosch etch. A good process was also found to
fabricate the blanker arrays in silicon, were the electrodes are patterned using
a wafer stepper.

Initial proof-of-concept experiments were carried out to demonstrate the
main functionality of the MBU. Using a first prototype that did not include the
blanker array, a shadow image of the MLA was obtained by using the micro-
scope in single beam mode, with the macro electrodes in the MBU connected
to ground and defocusing the beam. As a sample, we used a YAG screen coated
with aluminum. The YAG screen is a scintillator that converts electrons into
photons, that are then collected by an objective lens and detected by a CCD
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camera of a SECOM platform. Focusing the beam is not trivial and initial at-
tempts show that pillars of 90 nm width could be patterned by EBID.

Despite the initial promising results, we foresee many improvements to the
current design of MBU. First of all, we did not consider the influence of the
shielding on the beam at ground potential and to what extent the beam is dis-
turbed by it. Then, a robust alignment procedure must be developed in order to
align the MBU to the electron optical axis as well as a focusing strategy to find
the best focus settings. Initial voltage tests on the blanker unit demonstrate the
functionality of this device, which can in the future be used to determine for
instance the probe size of one beam at a time.

We believe that the development of a versatile multi-beam add-on for SEM
will attract great attention in the future and can find its application also in the
field of biology research as well as in the semiconductor industry. The devel-
opment of multi-beam SEM will speed up not only lithography, but also the
imaging of large structures at high resolution, provided a good electron detec-
tion system is available.
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