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Electron-beam patterning of vapor-deposited solid anisole
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ABSTRACT: The emerging ice lithography (IL) nanofabrication technology differs from
conventional electron-beam lithography (EBL) by working at cryogenic temperatures and using
vapor-deposited organic molecules, such as solid water and alkanes, as e-beam resists. In this
paper, we investigate systematically e-beam patterning of frozen anisole and assess its
performance as an e-beam resist in IL. Dose curves reveal that anisole has a very low contrast of
~1, with a very weak dependence on primary beam energy in the investigated range of 5-20 keV.
The minimum line width of 60 nm is attainable at 20 keV, limited by stage vibration in our
apparatus. Notably, various solid states of anisole have been observed and we can control the
deposited anisole from crystalline to amorphous state by decreasing the deposition temperature.
The critical temperature for forming an amorphous film is 130 K in the vacuum of the
microscope chamber. Smooth patterns with surface roughness of ~0.7 nm are achieved in as-
deposited amorphous solid anisole. As a proof of principle of 3D fabrication, we finally fabricate

nanoscale patterns on exotic silicon micropillars with high aspect ratio using this resist.
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1. INTRODUCTION

The flexible nanoscale positioning and writing afforded by scanning electron microscopy has
prompted the development of a variety of electron-beam-based patterning methods.!-'?> The most
striking example is electron-beam lithography (EBL), which has been widely implemented for
patterning micro/nano-structures with advantages of high resolution and reliability.!3-?° In EBL,
an electron-sensitive resist is spin- or spray-coated on a flat substrate, then exposed by a focused
e-beam and developed in a solvent for the creation of nanoscale patterns. These patterns
subsequently act as stencils, which will be filled with required materials by deposition or

transferred into the underlying material by etching.

Traditional EBL nanofabrication is limited to patterning on planar substrates and often involves
various chemicals in lithographic steps. To extend EBL processing to irregular surfaces (e.g.
curved surfaces or structured substrates), efforts have been devoted on alternative methods for
coating resists, such as thermal evaporation coating,>'??> spin coating using low viscosity
resists,?324 and float coating.?® For instance, the polystyrene (PS) resist can be applied by thermal
evaporation, which allows EBL on an atomic force microscope (AFM) cantilever or optical
fibers.2!2 Another strategy is to transfer the EBL resist with nanopatterns prepared on a planar
substrate to other receiver substrates. For example, a suspended poly (methyl methacrylate)
(PMMA) mask can be obtained after detaching from its original substrate in a solvent, and then
transferred to the surface of fibers or convex lens.2 Like other traditional EBL resists, both PS
and PMMA need elaborate procedures for further processing, especially during chemical
development. Recently, natural materials, such as silk?’ and egg white?®, have been demonstrated

as EBL resists that can be developed in water. Although this new kind of resists enables a green
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process flow, the restriction that EBL fabrication is limited to flat substrates still exists, since

spin-coating is adopted to form the silk or egg white film.

Ice lithography (IL) is an emerging e-beam-based lithography technique.?*3? The process is eco-
friendly and streamlined, starting with vapor-deposited ice on a cryo-cooled sample and ending
with removal of the unexposed ice by heating up the sample. Compared to traditional EBL,
significant advantages have been achieved in IL using ice resists that allow effective coating on
3D objects and simple development without liquid chemicals, leading to nanofabrication on
delicate and fragile substrates.?! Currently, the research on IL is still in its infancy, and only a
few condensed materials have been explored, such as water ice as a positive-tone resist’>33 and
solid alkanes as negative-tone resists.>*3°> Anisole condensed at cryogenic temperature also
demonstrated resist-like capabilities, which can be used to fabricate line patterns and
multilayered structures®*. However, how to control the state of solid anisole and its performance
for IL applications have not been studied systematically. In this work, we investigate the
contrast, sensitivity and resolution of frozen anisole as an e-beam resist at various primary beam
energies. Other lithographic properties including dense-line patterns, temperature- and time-
dependent patterning are also studied. As a proof of principle of 3D fabrication, we fabricate

nanoscale patterns on exotic silicon micropillars with high aspect ratio using this resist.

2. Experimental details

Anisole was purchased from MicroChem and used without further purification. It usually acts as
a thinner to dilute PMMA resists. Pristine silicon wafers (with few nanometers of native oxide)

served as substrates for condensing anisole vapor. Aluminum alignment marks with thickness of

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

300 nm were prepared on silicon by UV lithography. The wafers were then cleaved into 10 mm

by 10 mm pieces for further processing.

The IL instrumentation and its operation have been described in detail previously.3® In brief, this
apparatus consists of an EBL system, a gas injection system (GIS), a cryostage cooled by liquid
nitrogen and a load-lock pumped by a turbo pump in series with a dry backing pump. The EBL
system is based on LEO (Zeiss) 1550 which is a high-performance scanning electron microscope
(SEM) with a thermal field-emission filament, and a Raith Elphy Quantum pattern generator was
equipped to define the written pattern structures. The typical pressure of SEM chamber is 2x107°
mbar during cooling sample. Liquid anisole is stored in a glass vial and anisole molecules are
introduced into the SEM chamber for deposition by a fine leak valve in GIS. The relative
deposition rate is monitored by a Pirani gauge. The cryostage temperature is controlled

independently with an internal heater.

Samples were cooled down to 130 K and amorphous solid anisole was vapor deposited onto cold
silicon substrates (see Fig. 1a). After e-beam exposure, the samples were moved into the load-
lock and warmed up to room temperature. During this thermal development, unexposed solid
anisole sublimated in vacuum. The samples were then removed from the vacuum for further

evaluation.

Preliminary characterization of pattern qualities was performed with a Nikon Eclipse L200N
optical microscope under bright field illumination. Fine-line patterns and pattern drift were
measured by a Zeiss Supra 60 VP SEM. Thickness and roughness measurements were performed

by a Bruker Dimension Icon AFM in peak force tapping mode. Since it is difficult to measure the
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initial property of as-deposited solid anisole in situ, the thickness and roughness mentioned

below refers to those characterized on exposed resist patterns.

&, | e
vapor deposition ~ e-beamexposure  thermal development
(T=130K) ™. (T=130K) (T =300K)

Figure 1. Process flow in the IL instrument. (a) Vapor-deposited amorphous solid anisole on
silicon at 130 K. (b) A focused e-beam exposed solid anisole for patterning. (c) Unexposed solid
anisole sublimated in vacuum and designed patterns remained on substrate. The background

image shows interior view of our modified SEM.

3. RESULTS AND DISCUSSION

3.1. Contrast and sensitivity of solid anisole

An amorphous solid anisole film was prepared as described above. Arrays of 4 x 4 pm? squares
spaced 4 um apart were patterned in a single write field (550 x 550 um?) with accelerating
voltages of 5, 10, and 20 kV, respectively. Optical microscopic images (see Figs. 2a-c) were used
to identify the approximate onset dose and saturation dose for solid anisole resist (by observing
when patterned material emerged and when color of patterns no longer changed). The squares
patterned with doses below the saturation dose allow the calculations of contrast and sensitivity

by measuring the thickness of partially exposed patterns. The red shift of structural color
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indicated an increasing pattern thickness when a higher exposure dose is applied. For 20 keV, the
patterned squares at high doses are slightly broadened (see first row in Fig. 2¢) owing to

proximity effect.

The contrast and sensitivity are important quality characteristics for e-beam resists. Generally, a
resist with high contrast enables close packing of patterned features, while with low contrast
allows flexible thickness control of partially exposed resists, which is beneficial for gray-scale
lithography.?” For a resist with higher sensitivity, less amount of incident electrons are required
for the exposure process, resulting in a higher writing speed and thus a larger throughput. Here,
the fully exposed squares are 209 nm thick at 5 keV and 10 keV and we take it as a baseline for
contrast and sensitivity calculations. At 20 keV, those squares get a little thicker, probably due to
bubbles caused by gas release in the resist film. A trend line is drawn between the points lie at
normalized thickness of 20% and 80%, and its slope is used to calculate the contrast vy, defined as
v = 0.6/ [log1o (Dgo) - logio (D20)].>® We can also obtain Dg and Dg by extrapolating the line to 0
and 100%, that is intercepting the dose-axis at Dy and providing a normalized thickness value of
1 at Ds. Dg represents the sensitivity of a resist. For varying primary beam energies, the contrast
values are nearly one (1.02 at 5 keV, 1.08 at 10 keV and 20 keV), indicating that solid anisole
has a very low contrast comparable to the standard SU-8 e-beam resist (0.7-1.7).3° Consistent
with reports for traditional EBL resists and nonane ice, the Dg of solid anisole decreases when
reducing the beam energy, as shown in Fig. 2d, implying the resist is more sensitive to electrons
with lower energies. Sensitivity also reflects process time for a resist. At 20 keV, the time

required for full exposure of solid anisole resist is almost 4 times that of 5 keV.
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beam exposure was measured by AFM.

3.2. Line patterning with solid anisole
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Figure 2. (a-c) Optical microscopic images of patterned square arrays on silicon. Each 4 x 4 pm?
square represents a different e-beam dose as stated below, increasing from bottom left to top
right. The square got thick with increasing dose resulting in a red shift of its color. (d) Dose

curves for varying primary beam energies in solid anisole resist. The resist thickness after e-

To test the resolution of solid anisole at large accelerating voltages, line patterns were created
with varying doses and pitches. Amorphous solid anisole was prepared under the same

conditions as in the contrast and sensitivity study, except with a thinner (50 nm) layer, and line
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doses (uC/cm) were employed for patterning, instead of area doses (mC/cm?). Figure 3a presents
patterned single pixel lines with tens of micron length and doses increased from 0.1 pC/cm
(bottom) to 1.0 uC/cm (up) at 20 keV. Lines were spaced 1 um apart to reduce proximity effect.
As shown in magnified SEM images, the patterned line was barely visible at 0.1 uC/cm and a
dot-line appeared at 0.2 pC/cm. We noted connections between isolated dots in the patterned line
with a dose of 0.3 puC/cm, and continuous lines were obtained with doses above 0.4 puC/cm,

indicating the critical line dose should be between 0.3 uC/cm and 0.4 uC/cm.

Furthermore, we patterned lines spaced from 100 nm to 600 nm with dose of 0.35 uC/cm in Fig.
3b. Two adjacent lines started to merge when the space was 100 nm, while they were clearly
distinguished if the space was 200 nm or more. High-resolution lines were finally produced with
line widths of 61 nm in Fig. 2c, consistent with previously reported in anisole ice.>* The lines
were spaced 155 nm apart, and the middle one was extended to check that close packing has little
effect on the minimum resolution. It is worth noting that stage vibration exists in most of SEM
systems, which often leads to fluctuated edges of nanostructures in high magnification images.

This has been the main limitation on lithography resolution in our instrument.3
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Figure 3. (a) SEM images of single pixel lines defined by a 20 keV e-beam in a 50 nm thick
solid anisole resist on silicon. The e-beam patterning dose increased evenly from 0.1 puC/cm
(bottom, line barely visible) to 1.0 uC/cm (up). Magnified images show patterned lines become
continuous for dose above 0.4 pC/cm. Scale bars are 1 um. (b) SEM image of patterned lines
spaced from 100 nm (bottom, lines overlapped) to 600 nm (up). The patterning dose is 0.35
uC/cm. (¢) SEM image of dense lines with a pitch of 155 nm. The line width was measured by
SEM image contrast. The middle line was extended to check that close packing of lines has little

effect on the minimum resolution. Scale bar is 500 nm.

3.3. Temperature- and time-dependent patterning

In ice lithography, vapor deposition of solid resist is the first and an essential step, during which
different types of ice can form under various conditions. A common example is water ice, the

eighteenth solid phase of which has just been discovered.*® However, a uniform amorphous form

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

of the ice resist is usually preferred for lithography, because crystalline structures may affect
propagation of electrons and thus induce pattern distortions. In practice, a larger roughness is

observed on pattern surfaces when using negative-tone crystalline ice resists.

By decreasing the deposition temperature, we were able to manipulate vapor-deposited solid
anisole from crystalline to amorphous form. In situ cryogenic SEM images were used to monitor
the change of surface morphology on solid anisole in vacuum (see Fig. 4). We kept the same
pressure drops in GIS to ensure a similar amount of anisole molecules introduced for each
deposition. At a high deposition temperature, i.e. 150 K, a granular solid anisole film was formed
and the root-mean-square (RMS) surface roughness inside a 4 x 4 pum? square region was
measured as 10.4 nm. A striated solid anisole with smaller grains appeared at 140 K, with a
reduced surface roughness of 9.51 nm. When lowering cryostage temperature to 135 K, we
deposited a solid anisole film containing both crystalline and amorphous features, indicating that
we were approaching the critical temperature for formation of amorphous anisole. As shown in
Fig. 4c, the amorphous anisole surface had a RMS roughness of 1.27 nm, which was much
smoother than the crystalline as expected. Finally, a flat anisole film with thickness of 107 nm
and roughness less than 1 nm was achieved (Fig. 4d), implying the temperature for amorphous
formation was 130 K or below. Moreover, after slowly annealing this film from 130 K to 160 K

(about 50 minutes), we developed another form of solid anisole with an island nanostructure.
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29 Figure 4. (a-d) In situ cryogenic SEM images (before patterning) of solid anisole at different
31 vapor deposition temperatures. Insets are room-temperature AFM images of patterned 4 x 4 pum?
squares (5 keV, 8 mC/cm?). The root-mean-square (RMS) roughness values were calculated
36 from the AFM images within a 3um by 3pum area. An island film was observed when annealed to

38 160 K. All scale bars are 1 um.

In order to investigate the stability of amorphous anisole, we performed patterning with different
44 time delays in Fig. 5. A 5 x 5 square array was designed in the pattern layout, where 4 x 4 pum?
46 squares were evenly arranged with a distance of 10 um. The squares at central “red cross” area
48 (see false-colored SEM image in Fig. 5a) were patterned immediately after vapor deposition at
125 K, acting as base coordinates for the measurement of pattern drift. Then other squares were

53 patterned in a sequential order with different time delays, which are marked in Fig. 5a.
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Figure 5b presents an increasing surface roughness of patterned squares over time. Initially, a
smooth surface with about 1 nm roughness could be achieved if patterning finished in 20
minutes. When increasing time delay, the surface of solid anisole became grained although the
cyrostage temperature maintained at 125K. The surface roughness increased to 3 nm when
patterning was postponed to 1 hour later. The trend continues and the surface roughness
stabilized at around 8 nm with a time delay of 2 hours. The deterioration in quality of solid
anisole was also evidenced by plan view images in Fig. 5a, suggesting that the amorphous
anisole was not stable and tends to be crystallized over time. To avoid rough surfaces of patterns,

patterning should be finished as soon as possible after vapor deposition.

Additionally, we noted a time-dependent pattern drift that was assumed to be induced by the
aforementioned stage vibration. We characterized this drift by measuring the offset between each
dark square and the nearest red square in Fig. 5a. It is obvious that the offset along y-axis was
much larger than along x-axis in our apparatus, especially after a time delay of 20 minutes. Write
field alignment therefore should be conducted several times during a long-time patterning.
Moreover, we could compensate for the offsets in the pattern layout according to Fig. 5c, which
provides a software solution for pattern drift. From instrumentation side, a laser-interferometer
controlled stage will be beneficial, which has been widely utilized in dedicated e-beam writers,

such as Raith eLINE lithography system.
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16
17
18 Figure 5. (a) SEM image of patterned 4 x 4 um? square array in a 160 nm thick solid anisole film
19
;‘1) with time delays. The “red cross” area was patterned immediately after vapor deposition at 125
22 .- . . .
23 K. The number indicates a time delay between patterning start of each square and patterning end
24
25 of the “red cross”. The dose was 8 mC/cm? at 5 keV and each square patterning lasted for only
26
27 22 seconds. Scale bar is 10 um. (b) Surface roughness (measured by AFM) and (c) pattern drift
28
gg (measured by SEM) with varying time delays.
31
32 ,
33 3.4. Patterning on 3D structures
34
35
36 The advantage of ice lithography is to fabricate nanostructures on irregular samples with non-flat
37
gg surfaces, exemplified by patterning on AFM probes, carbon nanotubes and a single nanowire. In
40 . . .
41 this paper, we demonstrate another example of 3D nanofabrication by e-beam patterning on
42
43 thumb-shaped silicon micropillars with solid anisole. These 3D silicon structures (see Fig. 6a)
44
22 were fabricated by multi-angled plasma etching processes with fluorine-based etching gases,*!4
47 . . . .
48 where upper part and lower part of the pillars were tilted in different angles compared to the
49
50 normal direction of sample surfaces. The top area of each silicon pillar is 2 x 2 pm?, and the
51
52 height of the pillar is around 20 um. Traditional EBL can hardly be performed on such kind of
53
gg structures, as it is difficult to apply a uniform resist on top of the pillars by spin coating. With IL,
56
57
58
59
60 ACS Paragon Plus Environment
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amorphous solid anisole would easily cover the silicon pillars, and then a focused e-beam could
write freely in the specific regions. A top view of silicon pillars with the pattern “DTU
NANOLAB” and magnified titled view of characters “DTU” are shown in Figs. 6b and c,

respectively. The e-beam dose was 8 mC/cm? at 5 keV.

Figure 6. (a) SEM image (30° tilt) of thumb-shaped silicon micropillars. A 100 nm thick solid
anisole layer was deposited on the top of micropillars and patterns were formed within the red
rectangle area. (b) Magnified top view of the exposed pattern “DTU NANOLAB”. Scale bars are

10 um. (c) False-colored SEM image of patterns. Scale bar is 5 pm.

4. CONCLUSIONS

As a stimulating e-beam-based lithography technique, ice lithography enables a streamlined
fabrication process and greatly extends the ability of EBL to fabricate 3D structures. In this
paper, we have systematically investigated e-beam patterning of solid anisole and assessed its
performance as an e-beam resist in IL. Our experimental results show that solid anisole holds a
very low contrast of ~1 in the primary beam energy range 5-20 keV, which is quite favorable for

gray-scale lithography. Severe instrumental shortcomings, both in terms of optics and
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instabilities, limit the pattern resolution (line width) of 60 nm at 20 keV primary beam energy;
finer lines are predictable in a more advanced system, such as recently reported linewidth of 4.5
nm on frozen octane in a transmission electron microscope.’> The temperature is shown to be
critical for the formation of solid anisole. At 130 K or below, amorphous solid can be vapor
deposited. Patterns with surface roughness of ~0.7 nm are created in amorphous anisole, which
is an order of magnitude smaller than in crystalline anisole. However, amorphous solid anisole
cannot persist for a long time in vacuum, thus patterning should be finished as soon as possible
after deposition, and recommended patterning duration is less than 1 hour, which may be
prolonged under a lower cooling temperature. Pattern drift also appears during a long-time
exposure, which can be compensated in pattern layout according to the time-dependent offset.
Further reductions in pattern drift should be achievable once advanced hardware is employed.
Currently, we have started to develop a new IL instrument at DTU Nanolab based on Raith

eLINE lithography system.
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