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A B S T R A C T   

Ice lithography (IL) fabricates 2D and 3D patterns using electron-solid interaction principle. Herein, we report IL 
patterning of the negative tone metalorganic precursor. The precursor is condensed at 80 K. It is then patterned 
using a 5–20 keV electron beam. The pattern thickness and surface roughness increase with area dose. The line 
thickness and linewidth also increase with the growing line doses. XPS results show that tungsten is bound to 
oxygen; metallic and WC bonds are absent, which suggests the IL patterned tungsten hexacarbonyl contains 
oxidized tungsten embedded in carbon and oxygen matrix. Finally, the IL patterned tungsten hexacarbonyl was 
investigated as an etch mask for nanofabrication applications. The silicon plasma etching selectivity is 30:1, 
comparable with commercial photoresists.   

1. Introduction 

Ice lithography (IL), which uses electron-solid interaction principles, 
is an emerging direct-write technique for nano- and micro-scale fabri-
cation at high resolution on various substrates [1–4]. In 2022, Wu and 
colleagues demonstrated layer-by-layer 3D printing [4]. The IL process 
(Fig. 1a) composes the creation of organic ice resist layer by condensing 
organic precursor gas at cryogenic temperatures on the substrate under 
vacuum, followed by cross-linking using high energy focused electron 
beam (e-beam) exposure. Three fundamental constituents associated 
with ice lithography are: energetic electrons, condensing gasses inside 
the vacuum, and electron matter interactions [5,6]. Organic ice, such as 
octane [7], and nonane ice [6–8], is usually a negative resist [9], while 
water ice [10] acts as a positive resist. During the condensation process, 
the ice thin-film forms on the substrate maintained at cryogenic tem-
perature. The external source of high-energy electrons facilitates elec-
trochemical reactions. The energetic electrons cause bond scissions, 
creating small and large radicals. The larger radicals can recombine or 
react with other molecules to form large molecular networks, whereas 
the smaller radicals may vaporize or recombine with large networks [7]. 
Finally, evaporation removes excess materials without any residue. IL 
advantages are discussed in detail in the references, and we highlight 
three advantages; (i) IL enables the processing of very fragile samples 
such as suspended carbon nanotubes [2], (ii) layer-by-layer processing 
for 2.5 D lithography [4,8], (iii) IL is 4 orders of magnitude faster than 
focused electron beam induced deposition (FEBID) [8]. Faster process is 
confirmed by De Teresa and colleagues, that showed speed of 

organometallic ices cross-linking using ion-beams (cryo-FIBID) in-
creases by several orders of magnitude compared with gas-based pro-
cesses [11,12]. Since the IL process uses electron and solid interaction, it 
is 1000 times faster than the FEBID, which is based on electron-gas- 
substrate interactions [9]. Bresin et al. used Pt precursors at cryogenic 
temperatures [13]. 

Herein, we report IL using organometallic tungsten hexacarbonyl 
precursor (Fig. 1b), which is an inexpensive and well-characterized 
metalorganic precursor. We selected the tungsten hexacarbonyl pre-
cursor because it has been studied by both FEBID [14–16] and Cryo- 
FIBID [11], and we could compare different methods. Dose optimiza-
tion was performed for area- and line-patterning, followed by X-ray 
photoelectron spectroscopy (XPS) characterization of chemical compo-
nents and the demonstration of IL tungsten as a mask for silicon etching. 

2. Materials and methods 

IL is performed using a custom-made ice lithography system based on 
a Hitachi FlexSEM 1000 with a customized cryostage and gas injection 
system (GIS) [17]. Tungsten hexacarbonyl (W(CO)6, 99%) is purchased 
from Acros Organic, Thermo Fisher Scientific. At ambient conditions, 
tungsten carbonyl forms solid crystals. Following the Antonie equation, 
the vapor pressure of tungsten carbonyl follows the relation log10P =
12.094 − 4077/T for the temperature range of 301 to 308 K, whereas for 
the temperature range between 353 and 423 K, follows the relation 
log10P = 11.523 − 3872/T. Here, T and P refer to temperature in K and 
pressure in Torr [18]. A stainless-steel vial is filled with 5 mg of W(CO)6 
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precursor, and the vial is attached to the GIS. The vial is equipped with a 
12.5 W heating pad (RS pro Silicon Heater Mat) that heats up to 573 K. 
Vacuum pump is employed to remove air from the GIS system. We raised 
the precursor housing temperature to ~333 K. As a result, the tungsten 
precursor sublimes inside the GIS due to high temperature and low 
pressure. The vapor pressure of the precursor in the GIS is monitored and 
measured using the pressure gauge (piezo vacuum gauge, 902B-42,014 
from MKS Instruments) until desired vapor pressure is achieved. On- 
demand, the injection valves are actuated to allow precise control of 
the precursor gas flow into the SEM vacuum chamber through the nozzle 
attached just above the substrate. A custom-made LabVIEW program 
controls the automated gas injection system. 

Silicon (Si) substrates coated with a silicon dioxide (SiO2) layer are 
used as a substrate during the IL process. The vacuum chamber of the 
SEM is maintained at 1 × 10− 5 mbar. While in operation, the cryostage, 
connected to the liquid nitrogen (LN2) tank, cooled down to below 80 K 
along with the substrate. The cold finger, used to shield the sample from 
vacuum contaminants, is mechanically attached to the cryostage and 
thus maintained at around a temperature as cryostage. Since the silicon 
substrate is placed on the cryogenic stage. The rapid condensation of W 
(CO)6 gas takes place at temperatures well below the glass transition 
temperature (Tg), and thus produces a thin-film of amorphous ice during 
the condensation process [19]. 

To evaluate the dose-response behavior of W(CO)6, the ice lithog-
raphy system is connected to ELPHY Quantum and ELPHY Plus PC 
system from Raith GmbH. The electron beam current was measured 
using a Faraday cup connected to a picoammeter and held constant at 
800 pA while patterning. Dose tests are performed with proximity 
correction. Because our SEM does not have a beam blanker, delays in the 
pattern generator system can be visible when writing at 5 keV and low 
dose. 

Patterned micro- and nanostructures were studied using a scanning 
electron microscope (SEM, Zeiss Supra VP 40) equipped with energy 
dispersive X-ray spectroscopy (EDS) spectroscopy from Oxford. XPS 

Nexsa system (Thermo Fisher Scientific Inc.) is used, and it is equipped 
with a monochromatic Al K-alpha photon source at 1486.6 eV, and the 
spot size was set to be around 200 μm. Atomic force microscope (AFM) 
was a Dimension Icon-PT from Bruker AXS. The etching performance 
was investigated with an inductively coupled plasma (ICP) etching 
system SPTS MP0637 (SPTS Technologies, Ltd.). Parameter settings for 
the Bosch process are etch step having a duration of 3 s with SF6 gas flow 
of 40 sccm and platen power of 40 W, followed by the deposition step 
having a duration of 3.2 s with C4F8 gas flow of 50 sccm, coil power is set 
to be 1 kW during the whole process. 

3. Results and discussions 

Tungsten hexacarbonyl is condensed to a solid at 80 K (Fig. 2). 
Fig. 2a shows the dedicated silicon substrate patterned with Au elec-
trodes and cut by a diamond blade. This substrate creates good contrast 
in the SEM. The material contrast is generated by the conductive Au 
electrodes and the bright silicon dioxide charged by the imaging elec-
tron beam. The diamond blade cut provides the geometrical contrast. 
Fig. 2b shows the 100-nm-thick tungsten hexacarbonyl ice condensed 
onto the substrate. The material contrast becomes nearly invisible, and 
we still clearly see the geometrical contrast. Fig. 2b shows the tungsten 
precursor ice is amorphous. The amorphous state of such layer at low 
temperatures is stabilized by the high viscosity and the small value of the 
stationary nucleation rate of the crystal phase. The ice started to sublime 
at 253 K. 

The GIS is calibrated for the W(CO)6 precursor to relate the pressure 
drop in GIS and resist ice layer thickness formation on the substrate, as 
described in [6]. Fig. 3 presents the calibration curve of the GIS for the W 
(CO)6 precursor. Matching our previous work with other organic ices 
[6], the cross-linked W(CO)6 thickness is directly proportional to the GIS 
pressure drop. 

Following the deposition, the tungsten precursor ice layer is 
patterned using energized electronics source from SEM. The W–C bond- 

Fig. 1. (a) Schematics of the ice lithography process using tungsten hexacarbonyl. (b) IL processing of W(CO)6 ice into tungsten-containing solids at room 
temperature. 
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dissociation energy (BDE) of tungsten carbonyls is 5.289 eV [20]. The 
energized electron interacts with the solid resulting in the energy ex-
change between them and leading to the electrochemical reactions. 
Several parameters, namely, density, molecular weight, and thickness of 
the organic ice layer, along with the electron beam energy, beam 
diameter, beam current, and pixel dwell-time, are associated with ice 
lithography. The two most important parameters of the electron beam 
source are acceleration voltage and beam current. The acceleration 
voltage controls the primary electron (PE) energy of the e-beam, and the 
beam current controls the number of electrons per unit of time. The 
beam current is proportional to the square of the beam diameter (Db). 
Another important factor is the thickness of the resist layer. The thicker 
resist layer provides greater interaction volume between the resist and 
the electrons. Therefore, the exposure dose also depends on the thick-
ness of the resist film. To limit the number of variables, we keep the 
beam current and resist thickness constant. 

For the dose test, 100-nm-thick tungsten carbonyl ice is frozen onto 
the silicon substrate. An array of twenty squares having area of 5 × 5 
μm2 with an inter-square spacing of 5 μm were patterned at different 
area doses from 0.1 to 1000 mC/cm2 (Fig. 4). The electron energy is 5, 
10 and 20 keV. The area dose is defined as DA = I0AτА/A, being the 
number of electrons that are applied to a unit area. Area dose is related 

to patterning speed, where I0A is the beam current, τА is the dwell time 
per dot, and A refers to the exposed area. Following the sublimation 
process, the patterned layers’ thickness was characterized, and the 
critical area doses were determined. AFM analysis was performed to 
create the contrast curve to measure the critical dose accurately. 

Fig. 4a presents the AFM images of the cross-linked tungsten pre-
cursor patterns, and they indicate the exposure quality and estimate the 
critical dose. The patterns are very smooth at low area doses, and at 
higher area doses, the patterns become rough. At the highest dose, we 
observed partial delamination of the cross-linked patterns from the 
substrate, which gives a higher surface roughness, this is most likely 
caused by carbon monoxide dissociation and evaporation of other vol-
atile compounds. This phenomenon is different compared with other 
negative tone resists, like HSQ [21] and epoxy resist [22], AFM data 
analysis confirms that the thickness and surface roughness of the cross- 
linked square pattern increases with the increasing area dose. The area 
dose curve (Fig. 4b) shows that at 5 keV, 20 mC/cm2 is needed to fully 
cross-link a 100-nm-thick W(CO)6 ice layer. The dose is higher for 10 
and 20 keV, which agrees well with our previous studies [8]. The dose 
needed to cross-link W(CO)6 is 3 times higher than for organic ices 
without metals. The cross-linking throughput is still 3 orders of magni-
tudes larger than FEBID [8]. 

Additionally, the trend shows that the surface roughness of the cross- 
link pattern area also increases with the increasing area dose (Fig. 4c). At 
the critical dose, the RMS surface roughness is between 5 and 10 nm, 
which is higher than e.g., nonane (1 nm RMS). Lower PE energies yield 
the smoothest cross-linked films. Hence, for applications requiring 
smooth surface finishing, the exposure dose should be slightly below the 
critical dose, and low primary electron energy is preferred. The critical 
dose to cross-link W(CO)6 is 50 μC/cm2 for cryo-FIBID using Ga+ [11] 
and this is because ions are much more efficient in generating secondary 
electrons needed for chemical cross-linking. 

To further study the IL processing of tungsten hexacarbonyl, arrays 
of lines with the length of 5 μm and an inter-square spacing of 5 μm were 
patterned at different doses from 1 nC/cm to 100 μC/cm (Fig. 5). The 
primary electron energies were 5, 10, and 20 keV. The line-dose is 
defined as DL = I0LτL/ΔxL, where I0L is the beam current, τL is the dwell 
time per dot, and ΔxL = L/N. Here, L and N refer to the length and the 
number of dots in the line, respectively. 

Fig. 5a presents the AFM images of the cross-linked tungsten pre-
cursor line patterns. Similar to area-dose, the lines are very smooth at 
low line-dose, and the patterns become very rough at high line-dose. 
Adhesion of cross-linked tungsten precursor was excellent. The pat-
terns are severely damaged for the highest dose, and we observed sig-
nificant material losses. Because we used a very large cold finger to trap 

Fig. 2. (a) SEM image of silicon substrate with metal electrodes. (b) 100-nm-thick tungsten hexacarbonyl ice was condensed onto the substrate at 80 K and imaged at 
20 keV. 

Fig. 3. Calibration curve for W(CO)6 OIR thickness. The thickness of exposed 
OIR measured by AFM is proportional to the pressure drop in the GIS cell. 
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water near the sample [6,17], we did not observe significant interfer-
ence caused by water contamination [16]. Fig. 5b shows the cross-linked 
line pattern thickness increase with line-dose. For the PE energy of 5, 10 
and 20 keV, the line-dose of 6, 8, and 50 μC/cm were required to cross- 
link a 100-nm-thick tungsten precursor ice layer fully. Fig. 5c shows the 
linewidth increases with dose. For the 5 keV PE, the linewidth increases 
from 0.4 μm to 3 μm. For 20 keV, the linewidth increases from 0.1 μm to 
2.2 μm. The dose-dependent linewidth is caused by electron scattering. 

High-energy electrons scatter less than low-energy electrons while 
passing through the resist. Hence, high PE energy is preferred for high- 
resolution patterning, which aligns well with electron beam lithography. 
However, the drawback is increased surface roughness. 

XPS spectra were collected to investigate the surface composition 
and chemical states of the IL deposited tungsten-containing structures. 
The full survey scan is shown in Fig. 6a, demonstrating the presence of 
W, C, and O elements. The signals of Au are also pronounced, which is 
supposed to be due to the Au electrode uncovered by IL tungsten pat-
terns on sample surfaces. The High-resolution XPS spectrum of O 1 s is 
shown in Fig. 6b, which is consisted of two peaks. The peak at 532.8 eV 
are attributed to C–O and C––O, which agrees with the earlier studies of 

Fig. 4. Tungsten precursor ice is exposed at different electron doses and en-
ergies. (a) AFM images of 10 squares exposed at 5 keV and the area dose range 
0.1 to 40 mC/cm2. Scale bar is 10 μm. (b) Cross-linked tungsten precursor layer 
thickness with respect to area dose. The vertical dashed lines are critical doses 
for different PE energies. (c) Surface roughness vs. area dose. 

Fig. 5. IL using W(CO)6. (a) AFM images of cross-linked W(CO)6. The scale bar 
is 10 μm. (b) Remaining layer thickness and (c) line linewidth with respect to 
the line dose for different primary electron (PE) energies. The vertical dashed 
lines are critical doses for different PE energies. 
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W(CO)6 gas and electron interactions [23]. The O 1 s peak at 530.7 eV 
(Fig. 6c) is likely associated with metal oxide (in this case WO3 or WO2), 
which is in good agreement with WO3 films deposited by chemical vapor 
deposition [24]. High-resolution XPS spectrum of C 1 s demonstrates 
two peaks at 286.2 eV and 284.6 eV. The peak centered at 284.6 eV can 
be attributed to graphite-like carbon, which can originate from W(CO)6 
or possible carbon contamination on the sample surface. The presence of 
the smaller peak (at 286.2 eV) has been interpreted as a conversion of 
CO ligands to CO molecules adsorbed on W atoms [25]. Since no peak 
can be observed at 283.1–283.6 eV, there is no evidence for the for-
mation of tungsten carbide species [26], which is different compared 
with the results from FEBID [15,16]. The W 4f signals are weaker than C 
1 s and O 1 s, and the orbitals are shown in Fig. 6d. No metallic W signals 
are observed. Three W peaks are presented at 37.5 eV, 35.3 eV and 33.0 
eV, corresponding to W 4f5/2, W 4f7/2 and W 4f7/2. The relative intensity 
of the peaks at 37.5 eV and 35.3 eV suggests a more pronounced exis-
tence of WO3 compared to WO2 [27]. Rosenberg et al. studied the XPS 
spectrum of FEBID-deposited W(CO)6, when the applied electron dose 
increases up to 4.5 × 1017 e− /cm2 (corresponding to a charge dose of 42 
mC/cm2). Based on the evolution of XPS spectra, the authors suggested a 
deposition process with CO desorption followed by the decomposition of 
CO ligands, resulting in oxidized W atoms embedded in a carbonaceous 
matrix [25]. As the XPS signals in our experiments are similar to the 
FEBID results, a comparable chemical component is generated during 
the IL process. Hence, we anticipated the cross-linked W(CO)6 was an 
insulator, and indeed our electrical measurements of micro and 

nanowires confirmed the insulator properties. We were not able to 
reliably measure the W:C:O ratios, because the tungsten EDX spectrum 
was overlapping with the substrate Si EDX spectrum. To have a more 
thorough understanding of the cross-linking process, other techniques 
can be necessary, e.g., mass spectrometry [28,29] and in-situ spectro-
scopic ellipsometry [30]. 

We investigated the IL deposited W(CO)6 as an etch mask for silicon. 
The etch rates were measured for IL deposited W(CO)6 patterns on a Si 
substrate. A time multiplexed Bosch process was performed (see Mate-
rials and Methods for details), and the etch rate was 30 times slower than 
the Si etch rate. Thus, the selectivity of Si over IL deposited W(CO)6 was 
30:1, which is comparable with commercially available photoresists and 
our previous worked using nonane ice [8]. After pattern transfer into the 
silicon, the masking material must be removed without damaging the 
underlayer silicon. To remove the cross-linked tungsten hexacarbonyl, 
we used a fluorine-based plasma to etch it. Fluorine-based plasma etches 
tungsten and yields the volatile tungsten fluoride (WFx) etching prod-
ucts, and we expected an efficient etching of cross-linked tungsten 
hexacarbonyl. The coil power and platen power were set to be 1000 W 
and 200 W respectively, the processing pressure was 5 mTorr and CF4 
gas flow was 20 sccm. The anticipated fast etch rate of cross-linked 
tungsten hexacarbonyl ice structures was measured to 500 nm/min 
which is 10 times faster than the etch rate of SiO2. Buffered-hydrofluoric 
(HF) acid solution (12% HF with ammonium fluoride) could also etch 
the masking material, and the etch rate of IL tungsten hexacarbonyl was 
80 nm/min, which is comparable to SiO2 etching (90 nm/min). Cross- 

Fig. 6. XPS spectra of IL deposited tungsten ice patterns. (a) Full survey scan; (b) High resolution C 1 s spectrum; (c) High resolution O 1 s spectrum; (d) High 
resolution spectrum showing W 4f orbitals. 
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linked tungsten hexacarbonyl cannot be removed by organic solvents 
like acetone. BHF and fluorine base plasma can be used to remove cross- 
linked hexacarbonyl without severely damaging the underlying silicon 
or silicon dioxide. 

4. Conclusion 

We presented IL patterning of the negative tone metalorganic tung-
sten hexacarbonyl on a silicon substrate held at 80 K. The IL process 
allows the micro- and nanoscale patterning using the electron-solid 
interaction principle. Study confirms that the thickness and surface 
roughness of the pattern increase with increasing area dose; and simi-
larly, the line thickness and linewidth of line patterns increases with 
rising line doses. For the increasing PE acceleration voltage from 5 keV 
to 20 keV, 10 times higher area dose of 200 mC/cm2 was needed to fully 
cross-link the 100 nm tungsten ice resist layer. The critical line dose 
increases by 233% from 6 μC/cm to 20 μC/cm when increasing PE from 
5 keV to 20 keV. The linewidth decreases with the increasing PE ac-
celeration voltage. Studies showed that IL W(CO)6 patterns contained 
oxidized tungsten embedded in a carbon and oxygen matrix, which is 
very different from FEBID and cryo-FIBID studies which deposits con-
ducted electricity attributed to WC, metallic W and Ga ions. Finally, IL 
pattered tungsten is tested as an etch mask, which exhibits selectivity 
like commercially available photoresists and nonane ice resist [8]. 
Compared with FEBID, because IL has larger interaction volume be-
tween electrons and the tungsten precursors, higher production 
throughput is achieved. IL of tungsten hexacarbonyl is 3 orders of 
magnitude faster than FEBID, which agree well with our previous results 
using organic ices without metals [8]. 

We envision exciting future research in three areas; (i) IL enables 
metal containing EBL resists that potentially enable superior resist 
chemistry and lithography performance. (ii) Direct patterning by cross- 
linking of functional materials. (iii) Layer-by-layer patterning mecha-
nism makes IL feasible for sub-micrometer additive manufacturing or 3D 
printing. 
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