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ARTICLE INFO ABSTRACT

Keywords: The potential of Electron Beam Induced Deposition (EBID) to become a reliable and reproducible direct-write
Electron beam induced deposition nanopatterning technique has been investigated. A key requirement is that patterns of sub-20 nm dimension can
EBID be reproducibly fabricated and measured. EBID was used for the controlled fabrication of sub-20 nm dense lines
Reproducibility

Nano-lithography
Scanning electron microscope

on bulk silicon. To study the reproducibility of the fabrication process, a method for the quantitative mea-
surement of line widths was developed. The line width of sub-20 nm EBID lines has been determined to be
reproducible to within 1 nm. The parameters of importance and the challenges in achieving reproducibility, for

performing EBID in standard SEM's, are discussed.

1. Introduction

An important requirement for a lithography technique is that fab-
ricated patterns are reproducible. To judge the reproducibility, me-
trology is used to measure specific properties such as line width and line
edge roughness of patterns consisting of dense lines and spaces. In the
semiconductor industry, where resist based lithography is being used,
reproducibility is key and metrology techniques such as scatterometry
and critical dimension scanning electron microscopy (CD-SEM) are
widely used. However, when patterns of sub-10nm dimension are
needed other lithography techniques may become relevant, perhaps as
a complementary technique to standard resist-based lithography. To
become successful such novel techniques have to be reproducible and
reliable metrology techniques have to be available. In this work we
address Electron Beam Induced Deposition (EBID) [1-3] and its po-
tential as a reproducible novel lithography technique. EBID is a resist-
free nanopatterning technique that is very attractive for high resolution
applications due to its ability to fabricate sub-10 nm patterns. EBID is
usually carried out in a Scanning Electron Microscope (SEM) by
focussing the primary electron beam onto the substrate in the presence
of adsorbed precursor gas molecules which have been let in through a
nozzle close to the sample surface. The electrons interact with the
substrate, generating high energy backscattered and low energy
(< 50 eV) secondary electrons, all of which interact with the molecules
causing them to dissociate. The non-volatile dissociation fragment
forms a deposit on the substrate, and in this manner patterning can be
carried out by simply scanning the beam along a predefined path. A
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major advantage of EBID is the high resolution achievable by the use of
a focussed electron beam, which has been demonstrated in numerous
reports, from sub-5nm dots [4,5] to few nanometre wires [6]. Sub-
10 nm gaps have been fabricated in devices [7-10] using EBID directly,
as a mask, or in combination with a metallic layer to enable specific
functionality. Due to the versatility of EBID, it has been used for several
applications such as the fabrication of electrodes, etch masks, nanorods,
3-dimensional, plasmonic and even superconducting nanostructures
[11,12]. Another great advantage is in the inherent ease of use and
flexibility. A variety of materials can be deposited by the use of ap-
propriate precursors [2] and being an inherently 3D technique, it also
enables the growth of structures in height. It requires no resist or
sample preparation. In addition, there are few restrictions on the sub-
strate to be patterned, accommodating in principle everything from flat
wafers to spherical and uneven surfaces. Extensive reviews of EBID and
EBIE can be found in [2,13-15]. These properties make EBID poten-
tially very attractive for high resolution lithography.

So far, there have been no studies on the reproducibility of EBID,
nor can this be deduced from a survey of EBID experiments in literature.
This stems mainly from a lack of understanding of the patterning re-
gime in these experiments. The study of reproducibility requires
knowledge, or at least maintenance, of patterning conditions and
parameters. This is often difficult to achieve due to factors like pre-
cursor diffusion and local gas flux, which are hard to control. As de-
scribed in [16] this problem can be overcome by patterning in the
electron current limited regime where variations in precursor-related
parameters are less significant and the reproducibility, by extension,
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would be expected to be higher. This work demonstrates lithography by
EBID in the electron current limited regime. The deposition is con-
trolled by controlling the beam parameters and the sensitivity of de-
posit dimensions to the remaining parameters is measured. This in-
cludes, among others, fluctuations in beam current and temperature,
drift, vibrations, varying chamber contamination levels, surface in-
homogeneities and accuracy of beam positioning.

The next important issue in the determination of reproducibility is
the metrology of dense EBID lines. This has hardly been discussed in
literature. Cross sections of EBID lines are typically not rectangular
shapes but rather Gaussian shapes, requiring new methods to obtain
reliable line edge positions and line widths. Most often in EBID, de-
posits on bulk substrates are imaged using Secondary Electron (SE)
detection and/or Atomic Force Microscopy (AFM), from which the di-
mensions are determined simply by inspection. This is obviously not a
robust technique and cannot be used for comparing images, especially
at the sub-20 nm scale. Moreover, the interpretation of the SE contrast
of EBID lines is not straightforward due to effects like enhanced SE
emission from the sloped sidewalls [17,18] In conclusion it is safe to say
that there is almost no data available on the reproducibility of high
resolution dense EBID lines, the first report being as recent as 2014
[16]. Here we present the first systematic study of the reproducibility of
sub-20 nm dense EBID lines, fabricated under regular circumstances in
a standard electron microscope.

2. Methods

A Thermo Fisher Nova Nano Lab 650 Dual Beam system was used
for EBID, and patterning was carried out using an in-house Labview
program which positioned the beam as per coordinates defined in a
stream file. Patterning was performed within an area of approximately
1 mm? of the silicon substrate. Multiple data sets were acquired over an
interval of about a year. When a stage move of 100 ym or more was
performed between repetitions of the pattern, the beam focus was
verified before resuming patterning. This was performed by focusing on
markers adjacent to the patterning field comprising nanosized grains of
gold-palladium. A part of the layout of a chip is shown in the left image
in Fig. 1. The circles visible are fields of silicon covered with native
oxide, meant for patterning. The labels A2, A3, etc. are also made of
silicon. The rest of the chip is covered with a layer of gold-palladium
(about 30 nm thick), so that the edges of the fields (indicated by the red
square in the left image) as shown in the high magnification image on
the right act as markers for focussing the beam. The patterning field
itself was not scanned prior to the fabrication of the lines, in order to
avoid contamination.

Lines were patterned in the horizontal as well as vertical direction,
mainly to see the effect of possible drift or bias with respect to the
nozzle or detectors. They were patterned in both serial and parallel
mode with serpentine writing strategy. The SEM chamber was vented
and pumped down a few times in between, each time to a base pressure
in the range 2 x 10~ ®mbar to 5 X 10~ ° mbar, so the effect of varying

Silicon with native oxide
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contamination levels, if present, could be noted. The sample was always
mounted at eucentric height and placed in the same orientation with
respect to the door of the SEM. The Gas Injection System (GIS) tem-
perature was maintained at 45°C, and the gas load was
1.2 X 10~ >mbar. The nozzle of the GIS was aligned at the very be-
ginning to be 150 um above the sample at eucentric height and 75 pm
away from the centre of the field of view, and no special efforts were
made to maintain this alignment over time. Patterning was begun
45 min after the GIS temperature had reached the set value. After an
hour or so of patterning, the GIS valve was closed, the needle retracted
and the heater switched off for an hour, before repeating the inlet
procedure for the next set of deposits. On one occasion, the chamber
was cleaned using an oxygen plasma overnight prior to patterning the
next morning. On the others, no special efforts were made to clean the
system. It should be noted that during this period, the SEM was also
used for other (unrelated) EBID work, involving use of the same pre-
cursor and a variety of samples. The idea of this scheme was to take into
account the sensitivity of the process to real-life patterning circum-
stances where the GIS, for example, is not always realigned prior to
patterning, nor is the contamination level of the chamber necessarily
the same during all experiments. The sample was stored in a clean
wafer box before being loaded into the SEM. It was not subjected to any
cleaning procedure.

All sets of lines were imaged on a Thermo Fisher Verios 460 SEM in
Ultra High Resolution (UHR) mode simultaneously with the two in-
column backscattered electron (BSE) detectors: In Column Detector
(ICD) and Mirror Detector (MD). In this mode, the sample is immersed
in a magnetic field, resulting in a smaller spot size and therefore higher
resolution. BSE's having different emission angles and energies are fo-
cussed differently, resulting in different signal intensities at the ICD and
MD. The imaging conditions were: working distance of 4 mm, beam
energy of 5keV, beam current of 50 pA and resolution of 1536 by 1024
pixels. The pixel dwell time and the detector settings are parameters
that could be quite critical in obtaining a good image. A higher dwell
time could improve the image quality by increasing the signal to noise
ratio, but it could also lead to increased sample contamination by EBID,
thereby worsening it. The detector contrast and brightness, which can
be varied independently on a scale of 0 to 100, determine the grayscale
values in the image, and to enable proper information capture and
comparison between images, a protocol must be devised to set the right
values. The imaging strategy and the influence of these parameters on
the measurement of line width were investigated systematically and
optimised for use in this work.

The edge detection technique used was an improved version of the
technique described in [16]. The integrated intensity profile of the set
of EBID lines was plotted and any background slope present in it was
subtracted. The plot was smoothed and a function was fitted. Due to the
different base levels adjacent to different EBID lines, a normalised
double Gaussian function, vertically shifted and matched at the centre
was used. The fit was performed by allowing all the parameters to vary.
Then this function was fitted to each scan line of each EBID line

Fig. 1. Layout of the chip used for patterning. Left: The circles
are fields of silicon covered with native oxide, meant for
patterning. The labels A2, A3, etc. are also made of silicon.
The rest of the chip is covered with a layer of gold-palladium
(about 30 nm thick), so that the edges of the fields (indicated
by the red square in the left image) can be used for focussing
the beam. Right: High magnification image of the region in-
dicated by the red square, showing the nanoscale grains of
gold-palladium that were used for focusing the electron beam.
(For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this ar-
ticle.)
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Fig. 2. An example case, showing the edges of the EBID lines (in red and green)
plotted on an ICD image of 10 nm wide dense lines of Set - 1a (Conversion: 1
pixel = 1.1 nm). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 1

Two sets of dense EBID lines patterned for the study of reproducibility. Set-1a
and Set-2a were patterned with defined line widths 10 nm and 15 nm respec-
tively, at a centre-to-centre spacing of 100 nm, and repeated after one year (Set-
1b and Set-2b).

Set la 1b 2a 2b

Defined width
Line spacing

10 nm
100 nm

10 nm 15nm
100 nm 100 nm

15nm
100 nm

allowing only lateral translation of the double Gaussian function. The
centre position was thus determined for each scan line and a straight
line fit through these points was used to determine the centre of the
EBID line. Next, with the centre positions fixed, the same function was
fitted to each scan line, this time allowing the width of the double
Gaussian function to vary. The edge positions, defined as the 1o dis-
tance from the centre on either side, were determined from this fit, as
well as the line width (LW) defined as the distance between the left and
right edge. An example is shown in Fig. 2 where the edges of the lines
are indicated in red and green.
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Table 2
Mean line widths of each line in a typical image of
Set-1a, determined using edge detection.

Line Mean line width
Line 1 14.2nm
Line 2 14.3nm
Line 3 14.5nm
Line 4 14.2nm
Line 5 14.3nm
Line 6 14.0nm
Line 7 14.2nm
Line 8 14.0nm
Line 9 14.2nm
Line 10 14.1 nm

Table 3

Mean line widths of the lines of Set-1a imaged using the ICD and MD.
Set Mean (LW-Set) Std
Set — 1a: 10 nm horizontal lines (ICD images) 15.7 nm 0.3nm
Set — 1a: 10 nm vertical lines (ICD images) 14.2nm 0.9nm
Set — 1a: 10 nm horizontal lines (MD images) 15.2nm 0.3nm
Set — 1a: 10 nm vertical lines (MD images) 13.9nm 1.0nm

3. Results and discussion

Two sets of high resolution dense EBID lines (Set-1a and Set-2a)
were patterned with defined widths of 10 nm and 15 nm respectively,
with a centre to centre spacing of 100 nm, as described in Table 1. Each
set, comprising 10 vertical and 10 horizontal lines, was repeated several
times (minimum 5 and maximum 20) over approximately 1 mm? of the
sample. The patterning was performed on a silicon chip with a layer of
natural oxide by EBID from the organometallic precursor MeCpPtMes.
The lines were patterned with a dose of 400 C/m? using a 20 keV, 40 pA
beam. The estimated spot size at these settings is 1.6 nm. A patterning
pitch of 1 nm (along the length and width of the line) and pixel dwell
time of 1ps were used. The patterning strategy for each line was

Fig. 3. Typical images of the dense lines of Set-1a (a) ICD images of 10 nm wide horizontal lines (b) ICD images of 10 nm wide vertical lines (¢c) MD images of 10 nm

wide horizontal lines (d) MD images of 10 nm wide vertical lines.
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Fig. 4. Plots showing the reproducibility of LW in Set 1a for (a) ICD images of 10 nm

horizontal lines (d) MD images of 10 nm vertical lines.

Table 4
Mean line widths of the horizontal and vertical lines of Set — 1b, Set — 2a and Set
- 2b measured from ICD and MD images.

Set Mean (LW-Set) Std

Set - 1b: 10 nm horizontal lines (ICD images) 21.5nm 1.6 nm
Set - 1b: 10 nm vertical lines (ICD images) 16.8 nm 0.6 nm
Set — 2a: 15 nm horizontal lines (ICD images) 23.5nm < 0.1nm
Set — 2a: 15nm vertical lines (ICD images) 19.8 nm 0.1 nm
Set — 2a: 15 nm horizontal lines (MD images) 23.2nm 0.1 nm
Set — 2a: 15 nm vertical lines (MD images) 18.9nm 0.1 nm
Set - 2b: 15 nm horizontal lines (ICD images) 27.6 nm 3.1 nm
Set - 2b: 15 nm vertical lines (ICD images) 20.0 nm 0.6 nm

serpentine and the desired dose was delivered in 10 passes. The pat-
terning was repeated after one year (Set-1b and Set-2b respectively) on
the same system with the same beam parameters. These parameters
were chosen to ensure patterning in the electron current limited regime
[16], and this was further verified by the patterning of test structures to
ascertain the absence of diffusion-induced proximity effects. The re-
producibility is therefore also expected to be higher in this regime.
Homogeneous deposits were obtained, which were then repeated as
described in the Methods section, for the measurement of reproduci-
bility.

We aim to characterize the lines as is performed in resist-based li-
thography, i.e., by the measurement of line width (LW). The lines were
imaged simultaneously with the two different in-column backscattered
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electron detectors: MD and ICD, in the UHR mode in a Thermo Fisher
Verios 460 SEM. Typical images of Set-1a are shown in Fig. 3.

The line widths were measured using the edge detection technique
described in the Methods section, and the mean width of each line was
determined as shown in Table 2. This analysis was performed for every
image, and yielded the mean resultant width of lines defined 10 nm and
15 nm wide.

The mean line width = mean (LW-Set), defined as the average over
1o values of line width from the MD and ICD images of the set, is shown
in Table 3 and the results of this analysis performed over all the images
of Set -1a is shown in Fig. 4 as the scatter in LW over the set. The scatter
in the line width observed in the above plots gives a measure of the
reproducibility of high resolution patterning by EBID. The error bars in
the reproducibility plots of the different sets are the standard deviation
in 10 LW within an image, i.e., over 10 lines.

The mean line widths of Set — 1b, Set — 2a and Set — 2b were de-
termined similarly and the values are shown in Table 4. Imaging was
performed with both the backscattered detectors wherever possible, but
due to sustained problems with the MD in the latter half of the ex-
periments, only ICD images could be acquired for Set — 1b and Set - 2b.

Since the patterning and imaging conditions for lines within an
image and within a set were the same, the variation in LW across a set is
an indication of the sensitivity of EBID to ambient conditions and the
statistics of the process. We define reproducibility as the standard de-
viation of LW over the set: Reproducibility = std.(LW-Set). The width of
a new line patterned under identical conditions can therefore be pre-
dicted to be: LW-New = mean (LW-Set) *+ std.(LW-Set). The data
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Fig. 5. Plot comparing the line profiles of horizontal and vertical lines from ICD images. The dotted lines at the position of the peak intensity show the asymmetry in

the case of the former.
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Fig. 6. Plot of the standard deviation of the left and right edges for the (a) horizontal and (b) vertical lines of Set-1b (from ICD images), averaged per line, clearly
showing that the edges are correlated, likely as a result of the presence of vibrations in both directions.

Table 5
Reproducibility of EBID lines of each set.
Set Type Reproducibility
la Vertical 0.9nm
1b Vertical 0.6 nm
2a Vertical 0.1nm
2b Vertical 0.6 nm
la Horizontal 0.3nm
1b Horizontal 1.6 nm
2a Horizontal < 0.1nm
2b Horizontal 3.1nm

LW =

16.4 nm (1o by edge detection)
49.2 nm (30 by edge detection) _

500 nm

WD [— L Re—

4.3 mm | 119 769 x Si_Au_Chip3

Fig. 7. An SE image of dense EBID lines that appear 12nm wide upon mea-
surement by eye. Edge detection reveals the 1o value of LW to be 16.4 nm and
the 30 value to be 49.2 nm, attesting to the necessity of accurate metrology in
high resolution EBID.

above show a spread in LW for 10 nm and the 15 nm lines over time and
there appears to be a significant difference between horizontal and
vertical lines. The width of vertical lines is on average lower than that
of identically defined horizontal lines. Since the order of patterning
within a field was: 10 nm horizontal lines, 10 nm vertical lines, 15 nm
horizontal lines, and finally 15 nm vertical lines, this could not be at-
tributed to loss of beam focus. But it could possibly be explained by drift
or vibrations. The patterning time per line was in the range of 10 ms,
from which we can deduce that if the broadening came about due to
drift, it must be about 1000 nm/s, which is unrealistically high (a ty-
pical value for the system is 0.2 nm/s). It might be due to vibrations
that have a larger amplitude in one direction. It must be noted that the
same observation holds for lines patterned a year later on this micro-
scope (Thermo Fisher Nova Nano Lab 650). Also, no significant dif-
ference in LW of horizontal and vertical lines was observed while pat-
terning on the Verios 460 SEM. So it is most likely due to stage
vibrations in the system. If that is the case, the vibrations must have
occurred during patterning because the Verios 460 SEM was used for
imaging of all the sets. The horizontal lines are also seen to have a
highly asymmetric profile compared to the vertical lines of the same set
from inspection of the integrated SEM profiles. For the example case
from Set-1b presented in Fig. 5, the mean position of the left edge is

9.1 nm from the centre and that of the right edge is 13.0 nm, for the
horizontal lines. For the vertical lines, the numbers are 9.2nm and
9.9 nm respectively, much lower in comparison. This also supports the
idea that there were effects interfering with the patterning.

In another test, several sets of lines were selected from the experi-
ments and the plot of the standard deviation of the left and right edges
shown in Fig. 6 shows that the edges are correlated. This is true in the
case of both horizontal and vertical lines, and suggests the presence of
vibrations in both directions, which could have been present during
patterning or imaging or both.

The reproducibility of the EBID lines of each set is shown in Table 5.
The reproducibility of vertical lines is within 1 nm and that of hor-
izontal lines is within 3nm. These values are very low, which is pro-
mising for high resolution patterning. It should be kept in mind, how-
ever, that reproducibility of a set has been defined as the scatter in LW
within the set of lines patterned, and it is not, for example, a physical
quantity like the line edge roughness. The inherent reproducibility of
high resolution EBID patterning can therefore be as good as 1 nm. The
lower reproducibility observed in the patterning of horizontal lines may
be due to the stage vibrations that also led to the asymmetric line
profiles observed.

The reliability of patterning over time emerges from a comparison
of Set 1 (1a and 1b) and Set 2 (2a and 2b) which were patterned with a
gap of approximately one year. In this time, although changes such as
refilling and realigning the GIS and major repair work including re-
placement of the pole piece and remounting of the stage had taken
place, it is reassuring to see that the maintenance of identical beam
parameters during patterning is sufficient to ensure reproducibility in
the process. A comparison of the mean LW of vertical lines of Set-1a and
Set-1b as well as Set-2a and-2b shows differences of less than 1 nm.

The LW determined from simultaneously acquired ICD and MD
images is the same to within approximately 1 nm. Although the LW
from the MD images is consistently lower, this difference falls within
the error of the measurement and is not significant. For the study of
reproducibility, either detector can be used to image the lines.

4. Conclusions

Sub-20 nm dense EBID lines have been fabricated in the SEM using
the standard platinum precursor MeCpPtMes. The line width has been
measured for several sets of lines of different defined widths, using a
newly developed edge detection technique, providing quantitative 2D
characterisation of dense EBID lines.

Most often in literature, the dimensions of EBID deposits are mea-
sured merely by eye, meaning that the dimensions in the SEM image are
measured using the scale bar provided by the imaging software and by
user definition of the two points between which to measure. This is
entirely insufficient for high resolution patterns. The lines shown in
Fig. 7, for example, appear to be about 12 nm wide when measured by
eye. But an accurate measurement performed by edge fitting reveals the
1o value of LW to be 16.4 nm. The error in the measurement by eye is
about 4nm; in other words, the measured value is about 37% higher
than it appears to be by visual inspection, which is quite significant. The
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30 value, therefore, containing almost the entire extent of the line, is
49.2 nm. Moreover, for electrical measurements where it is important
to know the extent of the deposited material that is conducting, the 30
value is perhaps more relevant, in which case the error is huge. Me-
trology of EBID lines is therefore crucial at high resolution. In fact, even
for large deposits, depending on the application, it may be unwise to
report numbers by eye as that amounts to ignoring the shallow deposit
present in the tails of the pattern.

The reproducibility of sub-20 nm dense EBID lines patterned in the
electron current limited regime has been measured and found to be very
high. The line width is reproducible to within 1nm. Varying con-
tamination levels, gradual GIS misalignment (over a year), small var-
iations in gas load, fluctuations in temperature, variations in diffusion
rates and surface roughness of the silicon sample have been found to
not affect the deposited line width by more than 1nm. This is re-
assuring because it means that these parameters, which are difficult to
measure, do not in fact need to be monitored if standard working
conditions are maintained.

Some sample orientations with respect to the stage seem to result in
broader and more diffuse deposits, possibly due to vibrations. If it is not
possible to take steps to reduce the vibrations in the system, it is im-
portant to take this directional dependence into account prior to pat-
terning. Failure to do so would lead to loss of resolution and reprodu-
cibility.
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