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Abstract— The low-energy electron detectors preseatl in this
work have near theoretical electron signal gain atow energies
measured down to 200 eV and high-speed response digethe
following technological steps: (i) chemical vapor eposition
(CVD) of boron layers (PureB layers) proven to forman ideal
nm-deep pPn junction with the outstanding sensitivity to
low-energy electrons [1], and (ii) defect-free, utd-low doped,
40 pm thick n™ epitaxial layer which facilitates capacitance valug
as low as 3 pF/mrA The fabricated detectors have been placed in
SEMs and the resulting high-resolution images, robstness to the
electron irradiation, and high scanning speeds makethem
promising candidates for the future solid-state bakscattered-
electron (BSE) detectors.

Index Terms— Pure boron depositions, electron detection, low-
energy electrons, backscattered electrons, high &fiency
detection, SEM detectors

|. INTRODUCTION

Low-voltage Scanning Electron Microscopy (SEM) i
becoming the preferred tool for nanometer-scalpaogon in
the semiconductor industry. It provides an atonoiales
resolution of a specimen surface due to short rasfgthe
electrons in matter, and suppression of effecth asacharging
of insulating materials, heating, and damage of dhmple.
However, the detection of sub-keV electron beanmmatels
special detector strategies that can detect lovefpation
radiations. Several demonstrations of such radiadietectors
are given in [1-3] comprising the photodiodes baseda
recently developed boron layer technology (Purefdrielogy)

for creating nm-deepp junctions that have been proven tc

give exceptionally high responsivity for low-peraion-depth
radiation such as deep/extreme ultra-violet lidbtJ{//EUV)
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and low energy electrons. PureB photodiodes aré us#his
paper as building blocks for electron detectord thidl be
tested in flexible configurations to obtain optieiz
topographical and/or compositional contrast imaging
Additionally, the effect of electron beam irradati on the
PureB pn-junction is evaluated.

The imaging speed of the detector is determinedaby
detector bandwidth (RC constant) where the donmigati
parameter is the junction capacitance of a photteidiigh
resistivity substrates that provide sufficientlywlaloping to
obtain the low capacitance values result in highagitic
resistances. Therefore, ultra-low doped epitaxéglets are
grown on n-type 2-%2cm Si (100) substrates. In this way, the
resistance values are predetermined by the waliectis and
the capacitance value is tuned with the epi-lagi@mkhess. In
the present work, up to 40m-thick high-quality defect-free
epi-layers are grown in a commercial Si/SiGe
chemical-vapor-deposition (CVD) epitaxial reactorstem.
For achieving the light doping levels of <i@m? that are

S

dictated by the strict capacitance specificatiahg, growth
conditions and the starting doping level will besciébed.

The placement of the detector in an SEM systemires|a
through-wafer aperture etched close to the inneratiosles of
the detector, as shown in Fig. 1. After the bulk-
micromachining, the detectors are finally placed SEM
systems and high resolution images are acquired.
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Fig. 1. Conceptual drawing of a SEM system showlirgglocation of the
annular BSE detector.



Il. B-LAYER PHOTODIODES

A p'n junction is formed by CVD of a diborane,{) at
700 °C in an epitaxial reactor. The boron adsorbsilicon in
an amorphous phase (PureB), part of which readtssilicon
surface (Fig. 2a). The limited diffusion of dopaats700 °C
and high gas source flow rate provide ultrashalland
highly-doped junctions (Fig. 2b). In order to captdthe nm-
deep-penetrating sub-keV electrons in silicon, ghgunction
has to be as shallow as possible. The minimum reisk that
guarantees a uniform boron deposition is aroundn2nhere
the ideal I-V characteristics and the small overtrafer
spread of the dark current indicate a reliable @ssd4]. To
measure the sensitivity of the as-deposited laybie
photodiode has been subjected to the electron loé@nSEM
system. The reference value is measured in a Raraoa
mounted with the photodiode and the resulting ragtween
the photodiode currengland the Faraday cup currepiives
the electron signal gain of the diode. As seenin & they
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Fig. 3. Measured electron signal gain for a DIMESafer photodiode,

commecially available BSE detector and a low VoltagegthiContras
Detector (vCD).

step at 200 °C, the current has restored to thialinalue. It
can therefore be concluded that dark current degiad is
related to perimeter oxide-related effects that banreadily
recovered with the baking step, or in time. In adeace with
these results, also no optical degradation wasreddealuring

have superior performance as compared to comn’igrcia‘lmy of the optical testing

available BSE detectors and “low Voltage high Casitr
Detectors” (vCDs), as reported in [3]. At the lotvesasured
energy of 500 eV for the commercial BSE detectarerthan
a factor 5 improvement in sensitivity is obtaineihwthe

PureB diodes. Further measurement down to 200 eMad a
record-high electron gain of 33 is achieved.

The electrical stability of the PureB photodiodsstésted
during the electron irradiation. The values of tlegk current
are recorded before and after the electron exposuseries of
exposures were performed with variable exposureggnspot
size, and exposed region on the detector. Theaseref dark
current, i.e. dark current degradation has beeerobd only
in cases when the diode edge is exposed. The expothe
edge means that the electron beam is exposinguteBBRayer
as well as the perimeter of the diode where Pu@Bdys with
the insulating oxide and metallization layers. Therease in
dark current could be explained by the commonlyeoled
effect that irradiation can disrupt hydrogen-borttiat are
intentionally formed during alloying to reduce
oxide/silicon interface trap density. It is welldwn that these
H-bonds can be restored by thermal annealing evesra low
temperatures. As shown in Fig. 4, after performimgbake

the
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With the ultrashallow junction responsivity bengfiand the
degradation robustness, the described PureB lakaxe
several other advantages that are vital for thal faetector
performance. First, the PureB layer is a diffusi@rrier for
pure aluminum. Namely, pure Al is commonly avoidi&d
combination with silicon due to the “spiking” naguof the
contact. In this case however nm-thin PureB layevents the
spiking and allows the pure Al to be deposited aiyeon the
photosensitive surface [5]. This solves a problefm ao
conventional Al/Si (1%) alloy that would leave Sepipitates
on surface when metallization layer is selectiwatighed from
the PureB layer. As described in [4], the smalfestallization
residues on the responsive surface will degradestii@ency
performance. Second, diluted HF (0.55%) is higldiestive
to the boron layers, but it etches pure Al. Thewfahe
process is simplified and carried out without thehestop
layers in forming metal contacts or a surface mtite layers.
It also enables patterning of the metal contacgs,@mnductive
grid to reduce the series resistance of a photediod
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Fig. 2. (a) High-resolution TEM image and (b) SIM&file (O,* primary ior
beam at 1 keV) of an as-depositedlaier formed on a (100) Si surface
700 °C after 10 min 2Hg exposure(1).
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Fig. 4. The |-V characteristics of a photodiodedoefand after a 16%n
electronirradiation at 25 keV when exposed at the edgéefievice with th
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C thermal annealing step (below).



I1l.  SEGMENTATION AND LOW CAPACITANCE

Modern solid-state detectors demand flexible multi-

segmentation (pixelization) of the photosensitivueface with

closely-packed segments, example of which is shaviig. 5.

This implies that the depletion region of every déiothat
builds the detector has to be vertically wide téaobthe low
capacitance and series resistance, but lateraiifelil in order
for neighboring detector segments (adjacent diods)
function independently if application demands. Gakition is

to fabricate detectors on high resistivity, higtatiy, thick

epitaxial layers, grown on low-to-medium
substrates, thus providing wide depletion, latesalation, and
low series resistance through the substrate.

Fig. 5. (a) The electron dattor consists of eight segments that can be
two modes by combining the sign of segments into the |
CBS - Concentric-Back-Scattered and (c) ABS — Aag@lack-Scatter mode

Here the well-controlled lightly doped epitaxial-layer is
grown by auto-doping from the beforehand grown B860-
thick As doped epi layer. The final thickness af tpi-layer is
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Fig. 6. C-V doping profiles of a 4@m-thick i~ epitaxial layeishowing th

doping density and the corresponding voltages.
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Fig. 7. Capacitance-voltage measurements of B-lgpatodiodes for
epitaxial layer thicknesses ofi4n, 10pum, 20pm, and 4Qum.

contributes to the total series resistance if uteteg.

set to 40um. The growth of the As doping-source layer y/arious epi-layer thicknesses were fabricated alé ave,

defines the As surface doping prior to the epitlagrewth and
the background doping level of the chamber, whicdkes it
decisive for the final doping of the lightly-dopegi. In this
work we tested the As seed layers with'®18nd 16" cm®
doping levels. It can be seen in Fig. 6 that whHen1G’ cm?®
starting doping is applied, it will result in thevel higher final
doping incorporated in the 40wn-thick epi-layer when
compared to the case of’#@m?* starting level. Higher doping
values will negatively reflect to the capacitanaues, thus
10" cm? starting level is favored for the detector fabfiima.
The C-V doping profile of a 4Qm-thick epi-layer with the
10"cm?® seed layer places the doping level in the targstibd
10" cm® range. The full depletion of the layer is thencresd
already around 5 V. This is vital to reduce the agdic
resistance influence from the low-doped epi-laggiion that
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as seen in Fig. 7, capacitances as low as 3 pf/amn
obtained for a 4Qum thick layer at 3 V reverse bias. For the
layer thicknesses of 4, 10, and @@ the capacitance values
are respectively 15.4, 12, and 8.3 pF/imm

The 40um-thick epi-layer is used as a substrate for the
PureB detector. The detector diodes are kept ifiCapart,
divided by the fichannel stop layer that help limit the lateral
depletion spread, as shown in Fig. 8. The detamiosists of
8 diodes as shown in Fig. 5, that can be furthenldoed in
different configurations. As a demonstration, theBSC
configuration mode of the PureB detector showeRlign 5b is
used to image an uncoated pollen sample at 50 &/ 9.
The sharpest signals of the two inner concentnicles are
combined in the inset to give the optimal imagetiast.
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Fig. 8. Schematic cross-section of two neighbosegments of a PureB-layer detector with a throwgfer hole as aperture for the electron beam
depletion of the typically 40 um deep epitaxial layer is indicated. Segments are isdléethe fi-channel-stop and the undepletéd layer.
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Fig. 9. Imaging of uncoated pollen sample at 5\dlag energy for (a) each segment in CBS mode lanth¢ optimal combination of

segments. The insets indicate the operating segmen

IV. GRID PROCESSING FOR.OW RESISTANCE

The p anode ando-B layers together have a sheet
resistance of ~ 10k To nevertheless obtain a low series
resistance on large diode segments, an Al grichisemed
directly on the diode surface. This is possibleabse the
Al makes good ohmic contact to the PureB layer iaiedn
be selectively removed by etching in HF, as mesmiibm
the previous sections. In this way the metal traickshe
segments, an Al perimeter contact to the diode,taadyrid
can be formed in one and the same Al layer as shiown
Fig 10. With 1 um grid dimensions that frame sqsavé
200x200 prh as illustrated in Fig. 10, a less than 2% Al
coverage of the front-window is feasible and themefdoes
not degrade the detection efficiency performanas, iy
considerably lowers the diode resistance. For eli@mspch
grid lowers the series resistance from 28@o 20Q for a
44 mnt large diode.

V.CONCLUSIONS

The new silicon-photodiode electron-detector tetbmy
demonstrates an impressive enhancement of
performance of SEM systems. In terms of electrgmadi
gain, PureB detectors outperform the state-of-art
backscattered-electron detectors by a factor 508t &V.

the

Fig. 10. Example foa conductive grid of Al on the photosensitivefaae
of the detector.

Furthermore, the overall electron signal gain ib-kaV
range exhibits unprecedented performance as cochgare
both research and commercial detectors [3]. Thedation
technology is highly reliable and enables flexible
configurations including segmented, closely-packed
photodiodes and through-wafer apertures. The deteatre
fabricated on a thick well-controlled lightly-dopegitaxial
layer, with which capacitance values as low as 8npf
were realized. High scanning speeds are additipnall
secured by patterning an Al grid on the photosimesit
surface to also keep the series resistance lov@-segment
back-scattered electron detector was fabricated thied
measurement results demonstrate the versatilitythcf
detector technology in obtaining optimal imagesneter
landing energies as low as 50 eV.
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