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Multi- and Gray-Scale Thermal Lithography of Silk Fibroin as
Water-Developable Resist for Micro and Nanofabrication

Mohammadreza Rostami, Aleksandra Markovi¢, Ya Wang, Joffrey Pernollet,
Xiaosheng Zhang, Xia Liu,* and Juergen Brugger

Silk fibroin (SF) is a natural material with polymorphic structures that
determine its water solubility and biodegradability, which can be altered by
exposing it to heat. Here, a hybrid thermal lithography method combining
scalable microscale laser-based patterning with nanoscale patterning based
on thermal scanning probe lithography is developed. The latter enables in
addition grayscale patterns to be made. The resolution limit of the writing in
silk fibroin is studied by using a nanoscale heat source from a scanned
nanoprobe. The heat thereby induces local water solubility change in the film,
which can subsequently be developed in deionized water. Nanopatterns and
grayscale patterns down to 50 nm lateral resolution are successfully written in
the silk fibroin that behaves like a positive tone resist. The resulting patterned
silk fibroin is then applied as a mask for dry etching of SiO, to form a hard
mask for further nano-processing. A very high selectivity of 42:1 between SiO,
and silk fibroin is obtained allowing for high-aspect ratio structure to be
fabricated. The fabricated nanostructures have very low line edge roughness
of 5 + 2 nm. The results demonstrate the potential of silk fibroin as a
water-soluble resist for hybrid thermal lithography and precise

micro/nanofabrication.

1. Introduction

SF has attracted great interest as a biocompatible resist!"?! in
the past years due to its remarkable mechanical strength, high
optical transparency (>95% in the visible range) and tunable

biodegradability.*-! Silk is a natural ma-
terial produced by certain spiders such as
Nephilia clavipes or worms such as the do-
mestic silkworm Bombyx mori. Silk from
Bombyx mori is composed of fibroin sur-
rounded by a hydrophilic protein sericin,
which, for technical applications, is typically
removed during a degumming process.®!
SF can stabilize via inter-chain hydrogen
bond interactions to form a-helix struc-
tures and f-sheet secondary structures. Its
polymorphic property lets SF appear in at
least two dissimilar structures, i) the so-
called silk I (type II B-turn) and ii) the so-
called silk II (antiparallel p-sheet).”8] SF
prepared from aqueous solution and sub-
sequently dried in air on a substrate is
composed mainly of a random coil/a-helix
conformation, which is the amorphous
phase and is water-soluble.’] A phase
change from the amorphous phase to crys-
talline phase that becomes water-insoluble
can be induced by treatment with or-
ganic solvents such as ethanol or methanol
to promote the formation of beta-sheet
crystallites, a process also termed as annealing. The crystallites
act as cross-linkers between fibroin strands and prevent the ma-
terial from being dissolved in water.['%]

SF can be effectively functionalized through appropriate dop-
ing, allowing for preservation of activities of the entrapped
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dopants, which has great potential in bio-electronics and biosens-
ing applications. SF has attracted considerable attention in var-
ious research areas, including optical diffraction gratings,!!!2]
organic transistors,[1>1* volatile memristors for neuromorphic
computing,'! biosensors,!'*1¢ and photonic devices.'”] Struc-
turing of SF is required to obtain desired shapes and func-
tionalities of these devices. Micrometer sized SF patterns have
been fabricated by soft-lithography-based molding,!?! rapid ther-
mal nanoimprinting,!'”18 laser ablation,'*?*] templating,!*!
UV photolithography,22%1 and multiphoton lithography.[2%3I
Nanoscale patterning of SF by electron beam lithography and
photolithography is based either on the decomposition of the pro-
tein, such as by phototendering,®! electron irradiation,?%3233]
the formation of chemical crosslinks through the addition of a
photoinitiator®! or functionalization of the protein.['] In ad-
dition, f-sheet crystallites can be molten by fast scanning chip
calorimetry using a very high heating rate up to 2000 K s~! with
little thermal degradation of the SF.35-37] However, this melting
transition does not materialize kinetically at low heating rates,
since thermal decomposition and mass loss occur at a tempera-
ture lower than the melting temperature of f-pleated sheet crys-
tallites. Therefore, the application of this SF resist in hybrid ther-
mal lithography for microscale, nanoscale and grayscale fabrica-
tions is unexplored because up to date no known patterning tech-
nique is capable of exposing SF at the sub-micrometer scale to the
required heat with the necessary very high heating and cooling
rates.

Advanced direct-write laser (DWL) lithography and the re-
cently developed thermal scanning probe lithography (t-SPL) ex-
hibit unique capabilities to locally expose a thin film to high tem-
perature with ultra-high heating (and cooling) rates (x10® Ks71).
Indeed, combining DWL with t-SPL in a single lithography tool
has enabled novel mix and match lithography. One of the distinct
advantages is its multi-scale capability, where the laser is used to
directly expose (and ablate) the polymer limited by the diffrac-
tion of the optical system and wavelength, and where the adja-
cent t-SPL probe exposes the same polymer to heat with ~10 nm
resolution.®®*! In t-SPL patterns are formed by consecutive in-
dentation with the heated probe for a period of 1-20 ps per indent
which can be subsequently imaged by the same, cooled-down
probe in a closed loop. In this article, we demonstrate that the SF
shows excellent characteristics as positive tone resists for ther-
mal micro and nano lithography by combining both DWL and
t-SPL for multi-scale and grayscale patterning. In addition, the
patterned SF film shows outstanding performance when applied
as a hard mask for dry etching of sub-50 nm structures with a
very high selectivity of 42:1 between SiO, and SF.

2. Results and Discussion

Preparing the SF film follows a procedure reported elsewhere.[*]
Patterning of the annealed SF films is performed using a
commercial laser- and probe-based micro- and nanopattern-
ing system (NanoFrazor Explore, Heidelberg Instruments Nano)
equipped with both a t-SPL and an integrated DWL having a
405 nm wavelength laser source as shown in Figure 1. Figure 1a
shows the working principle of the micro-/nano-patterning on
the SF resist using the hybrid thermal lithography with subse-
quent development in DI water. First, the laser source is used to
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write micropatterns with an area of 25 x 15 um by either thermal
ablation with high laser power or thermal-induced effect with low
laser power. Figure 1b shows the topography image taken with
the t-SPL probe in the reading mode of the micropattern made
by means of laser ablation from DWL (laser power of 219 mW,
exposure time of 50 ps per indent). The initial SF film is 100 nm
thick, and the depth of the direct laser written pattern is 70 nm
as shown in the topography image. This indicates that the bot-
tom SF layer of 30 nm thick is remained by the laser ablation.
Please note that at this point of time, we have not yet performed
a DI water development step (Figure 1b bottom). Next, the heated
probe is used for patterning the SF film at nanoscale due to the
local thermal-induced phase change. Subsequently, we perform
a DI water development step at room temperature for 30 s and
blow dry the sample with a N, gun. Figure 1d shows an AFM mi-
croscope image of three patterning results that are in proximity
next to each other, after DI water development: i) the laser writ-
ten micropattern, ii) the t-SPL written nanopattern and iii) the
grayscale pattern. These results clearly show the unique potential
in combination of DWL and t-SPL for excellent overlay between
micropatterns and nanopatterns, written by different techniques.
Additionally, the cross-sectional SEM images of the SF structures
patterned by DWL and t-SPL show sharp edges with low surface
roughness in Figure S1 (Supporting Information). The high ac-
curacy comes from the intrinsic capability of integrated probe
alignment to a pre-existing (or as previously created in our case)
surface topography. Therefore, the SF resist can be used for hy-
brid thermal lithography with a very wide range of pattern dimen-
sions and high alignment accuracy. The DWL is typically used
for large size, micrometer patterns, whereas the t-SPL is used for
high-resolution nanometer patterns near the larger structures,
thus also saving overall writing time. The depth of the t-SPL writ-
ten nanopattern after DI water development was measured to be
30 nm and the depth of the grayscale pattern is in the range of 30—
50 nm as shown in Figure le f. The grayscale pattern is achieved
by adjusting the indentation depth and/or writing temperature.
A wide range of grayscale patterns can be achieved having a linear
gradient from 30 to 200 nm over an 18 X 5 um region as shown
in Figure S2 (Supporting Information).

The dependence of DWL patterning under varying laser power
is investigated and the results are shown in Figure 2. As shown
in Figure 2a, on the one hand, after laser exposure with a high
laser power of 219 mW and a pulse duration of 50 ps, a ~#75 nm
thick layer of the resist is directly ablated from the substrate
(Figure 2b). On the other hand, by using a low laser power of less
than 150 mW the SF is barely exposed to heat and consequently
undergoes a phase change, but the energy is not sufficient to ab-
late the film and no significant topography (<10 nm) change can
be measured. The threshold laser power for directly patterning
the resist decreases with longer exposure time as shown in detail
in Section S3 (Supporting Information). We also notice that af-
ter water development the depth of the written pattern increases
by ~5 nanometers (Figure 2b). This is ascribed to the fact that
the non-ablated remaining silk has been exposed to laser energy
and is thereby converted from f to @ phase and consequently be-
comes water soluble in the subsequent DI water development
step. Therefore, the patterning of SF using DWL depends on two
mechanisms: i) direct laser ablation and ii) solubility change of
remaining SF layer.
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Figure 1. Hybrid thermal lithography with silk fibroin as a positive resist. a) Process flow of the lithography enabling large-area micropatterns written
by DWL and nanopatterns and grayscale patterns written by t-SPL. After patterning, the thermally modified resist (as drawn in light blue in step ii—v) is
dissolved by development in DI water. b) Topography image of micropatterns created by DWL (before water development) and the corresponding profile
measured by the t-SPL probe. The thickness of the resist is 100 nm and the pattern depth is ~70 nm. c) Corresponding 3D topography image of panel
b. d) AFM image of the nanopattern and the grayscale pattern by t-SPL overlaying with the pattern in panel b which shows resolution down to 150 nm
and alignment accuracy in the order of 100 nm. The profile below corresponds to the cross-section of the nano pattern and grayscale pattern. The depth
of the nanopattern is 30 nm. The depth of the grayscale pattern is in the range of 30-50 nm. e,f) 3D view of the topography images of the selected areas
in panel d.

Adv. Sci. 2023, 2303518 2303518 (3 0f9) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWILLOD BAIEa.D 3|t [dde au Aq peusenob a8 S9piLe YO ‘SN JO S3|nJ o Ak 3UUO AB|1MW UO (SUOIPUOD-PpUR-SLUBI 0D A8 | Im° Afe1q 1 jeut|uo//SdnL) SUONIPUOD PuUe SWwe 1 8y} 88S *[7202/T0/TZ] Uo Afeiqiauliuo A1 ‘8oueI 8URIyd0D AQ 8TSE0EZ0Z SAPR/Z00T 0T/I0p/W0D A8 | im Aeiq Ul |uo//Sdny wo.y pepeojumod ‘0 ‘v¥8E86TZ


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED ADVANCEDR

SCIENCE NEWS

www.advancedsciencenews.com www.advancedscience.com

a Laser Patterning c t-SPL Patterning
219 mW-> ; —'—
150 mW—»
(nm) (nm)
0 0
100 mW—» -
5 um -50 2 um -40
¥ ———— 100 ik — 80
After Laser Patterning After H,O Development After t-SPL After H,O Development
b Ana NN - 204
04 ®mpanryy P 'f”v’ WS ) LA RANG .
— [ bt T _ After t-SPL patterning )
€ E 0y e
5 100 mW 5 i r
& 150 mwW £ -20
3 901 3 u
g 8 40, |
—— After laser patterning 60 After development
-100 4 219 mW After development B
T T T T T -80 T T
0 5 10 15 20 0 4 8

Position (um) Position (um)

Figure 2. Analysis of the pattern mechanisms of the SF resist by the hybrid thermal lithography. a) Topography images of line patterns written by DWL
with different laser powers before and after subsequent development in DI water. The line patterns written with a laser power of 100 and 150 mW
become only clearly visible after the DI water development. b) Corresponding profiles show that the pattern depths vary with the laser power and the
corresponding depth increases after the development. c) Topography images of patterns created by t-SPL where a 6 X 6 um square is exposed to the hot
tip with a heater temperature of 800 °C, heat pulses of 20 us and after the development in DI water for 30 s. d) Corresponding profiles show that the

t-SPL thermal effect cannot ablate the SF film but local phase change using the hot tip renders the exposed resist water soluble.

Next, we systematically study the patterning of the SF film by t-
SPL. To this end, we apply a heater temperature T, of 800 °C (The
actual tip temperature is ~1/3 of the heater temperature).[3%41:42]
We apply heat pulses of 20 us which result in shallow SF surface
indentations of < 10 nm as seen in the left image of Figure 2c
which are caused by the tip indentation and thermal-induced
effect on the SF (i.e., residual water evaporation).[! After de-
veloping the patterned SF film in DI water for 30 s, the ther-
mally exposed part is dissolved as shown in the topography con-
trast where a depth of 70 nm is now measured in the profile
(right image in Figure 2c). The corresponding profiles plotted in
Figure 2d show a significant difference in the pattern depths be-
tween the t-SPL patterning and the development. Furthermore,
the pattern depth increases with higher T, up to 120 nm, as dis-
cussed in detail in the Section S4 (Supporting Information).

Another characteristic of silk fibroin is that it can be reversibly
switched back and forth between the two phases by applying
annealing ( = crystallization) and heating ( = amorphization)
steps. We are exploring this property by the following experiment,
shown in Figure 3. First, we use t-SPL (T, = 700 °C) to write a
square area of 8 X 8 ym in a spin-coated SF film that we previ-
ously annealed in methanol. Second, an annealing step is per-
formed in pure methanol for 10 min to form g-sheet-phase SF
in the thermally written area, thereby decreasing the thickness
of the patterned square by 25 nm (Figure 3c,f). This is due to the
dissociation of a thin surface layer of the thermally treated SF dur-
ing immersion in methanol (Figure 3e,f). Third, the t-SPLis used
again to write a new nanopattern (EPFL logo) (Figure 3d) inside
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the previously annealed/written/annealed square pattern which
results in a marginal change of topography (Figure 3f). It is noted
that the depths of the square pattern, excluding the areas heated
by the 2nd t-SPL in the step (ii) and the step (iv) are similar as
shown in Figure 3f. It means that the 1st patterned square is not
dissolved in water in the step (iv), indicating that certain phase
change from water-soluble and water-insoluble phases occurs
in MeOH annealing, as illustrated in details in Supplementary
Figure S5 (Supporting Information). And finally, the structure
is developed in DI water which reveals the deeper nanopattern
inside the shallow micropattern. In other words, the patterned
area indeed becomes water insoluble again after the second an-
nealing treatment. This successful re-patterning shows that the
SF resist can be repeatably changed between water-soluble and
water-insoluble phases, if the phase transition is sufficiently gen-
tle (not too high temperature and not too long exposure time that
would damage the polymer), and thus it can be patterned again
after reannealing.

We repeated this experiment for various heater temperatures
between 650 and 775 °C as shown in Figure 3g to investigate the
temperature dependence of the amorphization. Up to 650 °C,
neither a visible pattern is created, nor material dissolves in
methanol or water. At 675 °C, the pattern becomes visible after t-
SPL but only a very thin layer of SF is dissolved during methanol
annealing. After immersion in DI water the heat exposed mate-
rial is dissolved resulting in a 45 nm deep pattern. While increas-
ing the probe temperature, the pattern depth after development
increases up to 110 nm, which is attributed to the increased tem-
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Figure 3. Repeatable reversibility of phase change in the silk fibroin. a) Illustration of repeatability of reversible phase change of silk fibroin. b—e) Pat-
terning a square on the annealed silk fibroin resist, annealing the patterned area in methanol, patterning the EPFL logo on the annealed square, and
development in water, respectively. f) Surface profiles of 1st patterned SF, annealed patterned SF, 2nd patterned SF, and developed SF as indicated by
the line in panels b, ¢, d, and e, respectively. g) The pattern depth is plotted as a function of the heater temperature after t-SPL, methanol immersion
for 10 min and after water development for 30 s. The inset is the images of surface topography of the silk fibroin film after t-SPL pattern, after methanol
annealing and after water development. The color contrast of the pattern square shows the variation of the depth.

perature around the tip. Above 725 °C, the depth after methanol  surements to the f-pleated sheet content assessed by Fourier self-
immersion does not show further change as function of the probe  deconvolution of the FTIR spectrum in the amide I region (1580—
temperature. 1710 cm™!). The spectrum of the annealing SF sample exhibits
We suppose that the solubility change observed during low  a peak ~1620 cm™! which is attributed to vibrational bands of g-
power laser exposure (<150 mW) originates from the melting of ~ sheet structures. After the laser exposure, the intensity of g-sheet
p-sheet crystallites into SF’s amorphous structure.*®) The change ~ bands decreases and the intensity of the random coil (R) band
in f-sheet to a-helix/random coil structures is a well-known char-  increases, which can be associated with the melting of f sheets
acteristic for the solubility of silk fibroin.['**] A quantitative study ~ and transition into amorphous phase.*>*¢! From these measure-
of the composition in silk fibroin is performed by Fourier trans-  ments it can be concluded that a phase change has been induced
form infrared spectroscopy (FTIR). To obtain a sufficiently large  due to the laser heating, which is in agreement with the experi-
sample area for the FTIR analysis, a 450 X 350 um? sized area  ment results in Figure 2a.
was exposed with the DWL at a power of 150 mW and exposure To transfer patterns written in SF resist into other materials
time of 50 ps per indent. Figure 4 shows deconvoluted FTIR spec-  such as SiO,, we demonstrate a fluorine chemistry-based dry
tra of the amide I band before and after laser patterning of the  etching process of the resist as shown in Figure 5a. The nanopat-
SF thin film. We compare the results of the heat capacity mea-  terns were prepared by the t-SPL as discussed above. Then dry
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Figure 4. FTIR analysis of composition of the silk fibroin resist before and after laser patterning. a) FTIR analysis of the annealed silk fibroin before laser
exposure. b) After laser exposure, the peaks ~1620 cm~" are reduced on account of random coil peaks ~1650 cm~". The region highlighted in light
red is where the main change in composition occurs under the laser patterning. The bold curves represent the deduced absorbance band. The dotted
curves represent the contributions to the amide | region (1580~1710 cm™') and marked as random coil (R), f-sheets (B), a-helices (A), turns (T), and

side chains (SC).

etching using mixed gases of He/H,/C,F,; was applied to a) re-
move the residual SF layer uniformly while retaining the pat-
tern contrast, and b) to etch the SiO, underneath where it was
not protected by the SF film. Among the mixed gases, C,F; gas
is dissociated into plasma state by coupling RF power to it. By
the bombarding ions, the long chains of the SF are broken into
volatile parts. Subsequently, the bombarding ions also make the
exposed SiO, to break bonds. C,Fg in a plasma can generate
many reactive species such as F atoms, radicals and ions, which
are highly reactive and spontaneously attack SiO, to produce
volatile SiF, and CO/CO,. Hydrogen gas is a radical scavenger
to increase polymer formation and selectivity and reduce a bit
etchant concentration.[**°] Helium gas, as inert gas, is added to
stabilize the plasma, dilute the chemical environment and en-
hance heat transfer from the sample.[*’! Additionally, helium ad-
dition causes inertion bombardment of the surface, which assists
in enhanced anisotropic etching. Finally, the patterned sample
was treated with Piranha cleaning to strip remaining SF resist
residues. Figure 5b shows the topography image of the SF re-
sist pattern after development in DI water. Here two-line arrays
having a width of 50 nm are patterned in the SF resist with the
depth of 30 nm. Figure 5c shows the result of dry etching using
the patterned resist as a hard mask. The nanopattern written by
the t-SPL in the SF resist is transferred into the SiO, layer by dry
etching (Figure 5d). Figure 5e shows the trenches and the square
that have been successfully transferred with an amplification of
~3. The line edge roughness (35)“®! decreases from the initial SF
to the etched structure in SiO, to a value of ~5 + 2 nm. The de-
tails of the SiO, line nanostructure are imaged by SEM as shown
in Figure 5g-i and Figure S8 (Supporting Information) of Sup-
plementary Information. The line structures are 40 nm wide and
114 nm high.

To increase the selectivity between SF and SiO,, we performed
studies where we varied the RF bias power. We found that de-
creasing the RF bias power reduces the etching rate of SF, while
not significantly altering the one of SiO,. The details of the new

Adv. Sci. 2023, 2303518

different recipes are shown in Table 1 and Figure S7 (Supporting
Information). We can vary the etching rate of SF using differ-
ent dry etching chemistries to control the depth of the obtained
patterns. At the RF bias power of 100 W, the etching rate of the
SF is 4 nm min~! and the etch selectivity between SiO, and SF
is as high as a remarkable value of 42:1. If the RF bias power
decreases further, a higher selectivity can be obtained. However,
it reaches a regime where the etching rate of SF drops drasti-
cally if the power is too low. It is also found that the etching
rate of the SF is comparable to other commercial photoresists
but is as low as ~10% of the current standard resist for t-SPL,
polyphthalaldehyde (PPA)!*! (details in Table S1, Supporting In-
formation). Thus, we have shown a proof-of-principle, that silk
fibroin in combination with thermal scanning probe lithography
is a very capable resist for pattern writing and high-aspect ratio
transfer. Further optimization of the transfer parameters is still
needed, such as residual layer etching. Sequential metal oxide
vapor infiltration®® of silk fibroin can further increase the etch
selectivity between the substrate and the resistor.

3. Conclusion

We demonstrate a novel method to perform lithography using
silk fibroin as a positive tone resist, which exploits its polymor-
phic nature and solubility change under appropriate heating and
solvent based annealing. The hybrid thermal lithography by DWL
and t-SPL shows the mix-and-match advantages of micropattern-
ing by coarse writing and nanopatterning by fine writing with
high alignment capability. Thanks to the very fast heating and
cooling rates accessible by t-SPL, nanopattern and grayscale pat-
tern on the silk fibroin resist with a resolution down to 50 nm are
possible. Further, the patterned resist is suitable as a hard mask
for pattern transfer to other materials. 40 nm-wide line struc-
tures in SiO, are achieved using a dry etching step in fluorine
chemistry yielding a high etch selectivity of 42:1 (SiO,: silk fi-
broin) with an excellent line edge roughness as low as 5 + 2 nm.

2303518 (6 O‘F9) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. Dry etching of SiO, using patterned SF resist as hard mask. a) Process flow of He/H,/C,F5 dry etching of SiO, with a SF resist. b) Surface
topography of a t-SPL pattern in the resist after development. The initial thickness of the resist is 100 nm. c) Surface topography after He/H,/C,Fq
dry etching for 40 s. d) Surface topography after stripping the SF away by immersion in a Piranha solution for 10 min. ) Surface profiles of patterned
SF, etched SF and SiO, as indicated by the line in panels b, ¢, and d. f) Line edge roughness (3¢) of line pattern after development, dry etching, and
stripping. g) SEM image of the etched pattern in SiO, observed at a tilt angle of 52°. h) SEM image of the cross-section of the etched SiO, prepared by

FIB/SEM. i) Magnification of a line structure with false colors.

Table 1. Details of different recipes used for dry etching.

Recipe name Chemistry flow rate [sccm] Bias power SiO, etching SF etching rate Selectivity
W] rate [nm min~] [nm min~1] SiO,: SF

SiO, PR 5:1 He/H,/C,Fg (175/30/10) 300 215 134 + 27 2:1

Si0, PR 3:1 He/H,/C,Fg (175/18/15) 300 345 3124+ 17 11

SiO, PR 3:1 soft He/C,Fg (175/15) 150 295 258.7 % 1.9 111

SiO, PR 28:1 soft He/H,/C,Fg (175/30/10) 100 166 40+04 42:1
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With the advantages of charged-particle-free t-SPL method, this
hybrid thermal lithography using bio-friendly silk fibroin as re-
sist and development in water is promising for high-resolution
green nanomanufacturing using more sustainable materials and
processing systems.

4. Experimental Section

Preparation of SF Resist: A 9.2 wt.% aqueous solution of SF was pre-
pared from Bombyx mori silk cocoons using a standard procedure.[*?] The
concentration was reduced to 1.8-3.1wt.% for preparation of thinner films
as detailed in Figure S6 (Supporting Information). SF was spin-coated on
silicon chips with a 200 nm-thick SiO, layer, which was treated with oxy-
gen plasma at 100 W and 0.4 mbar for 1 min to improve surface wetting.
The SF films were soft-baked on a hot plate at 90 °C for 1 min to evap-
orate residual water. Subsequently, the samples were immersed in pure
methanol (Fisher Chemical) for 4 min or in water vapor for 50 h to pro-
mote the formation of water-insoluble f-pleated sheet crystallites.[?’]

Hybrid Thermal Lithography Using SF: Micro/nanopatterning and
grayscale patterning SF resistors were performed using a commercial t-
SPL integrated with direct write laser (NanoFrazor Explore, Heidelberg In-
struments Nano, Switzerland). The cantilever was made of n-doped sili-
con. The spring constant of the tip was ~0.9 N m~'. The apex diameter
is 15 + 5 nm. The distance between indents (pixel size) was 20 nm. The
indentation tip-sample voltage is in the range of 4.5-9.5 V. Patterning was
performed at a heater temperature of 650-960 °C.

Pattern Transfer by Dry Etching: The SF patterns were directly trans-
ferred to 200 nm-thick SiO, layers simply by means of one-step dry etch-
ing (SPTS APS Dielectric Etcher) with fluorine chemistry. For etching, the
chips were affixed onto a 4-inch silicon wafer by quick stick glue (temporary
mounting wax). The substrate was kept at 10 °C to avoid overheating of the
substrate. A composition of 175/30/10 sccm He/H,/C4Fg at a chamber
pressure of 4 mTorr was used. Different parameters were investigated. The
SF resist remaining on the protected regions was cleaned by O, plasma
for 1 min at 100 W and then immersed in Piranha solution for 10 min.

Material characterizations: Topography images were taken either di-
rectly with the NanoFrazor or with a Bruker FastScan AFM (ScanAsyst-
Fluid + Probes). The SiO, nanostructure sample was sputtered with a
12 nm thick chromium layer and 30 nm thick platinum layer for SEM ob-
servation. The lamella of the SiO, nanostructure was cut by focused ion-
beam (FIB) milling (FEI Nova 600 NanoLab) and imaged by scanning elec-
tron microscopy (SEM) in the same tool. Fourier transform infrared (FTIR)
spectra of annealed and thermally modified SF films were performed in
attenuated total reflection (ATR) mode (Nicolet 6700, ThermoFisher Sci-
entific). The thickness of the resist was measured by both mechanical pro-
filometer (Bruker Dektak XT, surface profiler) and optical spectroscopic
reflectometer (FilMetrics F54, Automated Thickness Mapping Systems).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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