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Due to the perfection of the nanofabrication in nanotechnology and nanoscience, ice lithography (IL) by

patterning ice thin-films with a focused electron beam, as a significant derivative technology of electron

beam lithography (EBL), is attracting growing attention, evoked by its advantages over traditional EBL with

respects of in situ-fabrication, high efficiency, high accuracy, limited proximity effect, three-dimensional

(3D) profiling capability, etc. However, theoretical modeling of ice lithography for replicated profiles on

the ice resist (amorphous solid water, ASW) has rarely been reported so far. As the result, the development

of ice lithography still stays at the experimental stage. The shortage of modeling methods limits our

insight into the ice lithography capability, as well as theoretical anticipations for future developments of

this emerging technique. In this work, an e-beam induced etching ice model based on the Monte Carlo

algorithm for point/line spread functions is established to calculate the replicated profiles of the resist by

ice lithography. To testify the fidelity of the modeling method, systematic simulations of the ice lithogra-

phy property under the processing parameters of the resist thickness, electron accelerating voltage and

actual patterns are performed. Theoretical comparisons between the IL on ASW and the conventional EBL

on polymethyl methacrylate (PMMA) show superior properties of IL over EBL in terms of the minimum

feature size, the highest aspect ratio, 3D nanostructure/devices, etc. The success in developing a model-

ing method for ice lithography, as reported in this paper, offers a powerful tool in characterizing ice litho-

graphy up to the theoretical level and down to molecular scales.

1. Introduction

Over the past few decades, electron beam lithography (EBL) as
one of the powerful pattern generation techniques with high
resolution, high alignment accuracy and high flexibility has
achieved incredible successes in boosting the advances
of pioneering science and cutting-edge technology in
nanophotonics,1–4 nanoelectronics,5–7 nanobionics8 and
bioscience,9–12 etc. However, the conventional EBL process on
resists such as polymethyl methacrylate (PMMA) suffers from a
number of daunting issues, such as the proximity effect, dense
pattern collapse caused by surface tension in the developers,

low success yield of lift-off, toxicity of the chemicals used, etc.
Because of this, nanoscale patterning for profiles with high
aspect ratio, for example, is still extremely difficult. To break
through the technical bottleneck, in recent years, e-beam litho-
graphy on water ice, i.e. amorphous solid water (ASW,
H2O),

13,14 or organic ice such as anisole,15 alcohols16 and
alkanes,17 nicknamed as ice lithography (IL) in general, has
come to light. To carry out IL, the ice resists sprayed from a
gas injecting system are condensed into the ice film on cryo-
genic samples. Various micro–nano patterns on either flat or
non-flat surfaces through interactions of the electron beam
with ice17–20 are first replicated without the necessity of a tra-
ditional developing procedure, directly followed by metalliza-
tion in the same vacuum system. In the end, micro–nano
structures/devices are fabricated when the samples are
warmed up to room temperature. Compared with EBL, nano-
fabrication by IL possesses a number of unique advantages.
First, it is a one-stop fabrication process in a vacuum without
the need of multistep processes such as development and lift-
off.14 Second, it is ecofriendly without the involvement of
chemicals throughout the process.18 Third, the ice resist ASW
contains much lighter elements, such as H and O elements,
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such that much narrower point spread functions should be
expected in IL, giving rise to less proximity effect as well as
smaller minimum feature size than that with PMMA in EBL.
Fourth, water ice ASW elimination in IL is almost linear with
the electron exposure dose,21 showing very low contrast of the
ice resist, which is beneficial for three-dimensional (3D) profil-
ing applications. Last but not least, attributed to the very low
sensitivity of ice resists, IL is capable of high-precision in situ
alignment19 such that IL-nanofabrication can be carried out
on unusual substrates such as optical fibers,18 the probe tips
of an atomic force microscope,20 micro-cantilevers,20 the grids
of transmission electron microscopy,20 suspended single-
walled carbon nanotubes,19,20 etc. All of these advantages
enable IL-nanofabrication to be an important supplement for
traditional micro–nano-patterning technology.

Despite the significant developments achieved so far in IL-
nanofabrication, the theoretical study of ice lithography on
ASW has not yet been addressed owing to the lack of model
regarding the fundamental principle of ice lithography, to the
best of our knowledge. The shortage of modeling methods
limits the in-depth understanding of ice lithography and the
theoretical prediction for future developments of this emer-
ging technology. So far, it has been reported that three effects
may be involved in electron irradiation on ASW: local heating,
sputtering or knock-on and ionization.22–25 The lithographic
properties of ASW as a special e-beam resist have also been
experimentally characterized by an in-house developed IL
system based on a scanning electron microscope, including
sensitivity, contrast, high-resolution linewidth, high-aspect-
ratio nanostructures and dense lines.14,21 All the experimental
achievements mentioned above have laid a solid foundation
for the development of a theoretical modeling method.

In this work, a numerical simulation approach for calculat-
ing the e-beam exposure induced spatial charge distributions
in ASW was developed for the first time, based on the Monte
Carlo algorithm for the point spread functions. To simulate
the lithographic profiles in ASW, which are represented by iso-
energetic contours in resists, an e-beam induced etching ice
model in the interactions between the kinetic electrons and
the H2O molecules was proposed. To test the fidelity of the
modeling method, systematic simulations of ice lithography
properties with the processing parameters of the resist thick-
ness, the electron accelerating voltage and the patterns are
performed.

Based on this approach, theoretical comparisons between
the IL on ASW and the conventional EBL on PMMA have been
conducted. The applications of the established modeling
approach in computing a big variety of nanoscale profiles were
demonstrated, including the electron loss energy density dis-
tribution of single pixel line exposure, the absorbing electron
energy ability distribution (AEA) of 100 nm wide line
exposures, X-ray Fresnel zone plates and 3D kinoform lenses,
showing superior properties of IL over EBL in terms of the
minimum feature size, the highest aspect ratio, 3D nano-
structures/devices, etc. The success in developing the modeling
method for ice lithography enabled us to characterize ice litho-

graphy up to the theoretical level and down to molecular
scales for the first time and has filled the theoretical study gap
in ice lithography as a whole, which will hopefully provide the
IL-nanofabrication field with important guidance.

2. Simulations of ice lithography on
ASW
2.1. Establishing the simulation approach

In general, the purpose of theoretical modeling of lithography
is to quantitatively predict the profiles to be replicated in
resists under certain lithographic conditions. Since the first
commercialization of EBL in 1965, theoretical computing of
EBL has been continuously developed and has reached a
mature level. Typical examples of commercialized simulators
for theoretical calculations of lithographic profiles include
BEAMER for calculations of the exposure intensity distribution
onto designed patterns, TRACER for calculations of spatial
charge distributions in resists and LAB for simulating the
development process of the exposed resists, supplied by
GenISys Ltd. Almost all of the commercialized e-beam resists
are included in the database nowadays, except for those in IL
such as amorphous water ice and its counterparts. Also, the
trajectories of primary electrons and energy distributions de-
posited in the resists are relevant to the e-beam energy, sub-
strate materials, resist thickness and resist materials, such as
the molecular structure, density and mean excitation energy.26

This paper reports our progress in extending the application of
the existing simulation method to ice lithography on ASW,
enabling us to study the ice lithography properties in theore-
tical depth. Firstly, the resist parameters need to be imported
into the TRACER database to define the properties of a new
resist, including mass density, excitation energy and stoichio-
metry. Secondly, the simulation parameters of the physical
model need to be set according to the actual process con-
ditions in the TRACER software, such as the resist materials
and thickness, substrate materials and thickness, e-beam
energy, and number of electrons. Previous studies have
reported that the energy loss of electron inelastic scattering
can be calculated by the modified Bethe stopping power based
on the continuous slowing down approximation method.27

Based on the related Monte Carlo algorithm, the TRACER soft-
ware can also calculate the electron trajectories and the elec-
tron loss energy density distributions (Ea) of single pixel lines
with different resist thicknesses. Finally, the absorbing elec-
tron energy ability of the resist molecules (AEA, which is a
qualitative and dimensionless value and has the same
meaning as the electron loss energy density) can be achieved
by the convolution of the exposure layout with the Ea (point/
line spread function files) in the software, which can be con-
sidered as another form of Ea or the theoretical lithography
profiles.

In this work, numerical calculations of ice lithography pat-
terned profiles were carried out based on the established simu-
lation approach, for the first time, using the existing BEAMER,
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TRACER and LAB software, delivered by GenISys Ltd. Fig. 1(a)
presents the simulated trajectories by TRACER of 106 electrons
with an ideal beam spot (i.e. the diameter is zero) at 100 kV
accelerating voltage (AV = 100 kV) in 480 nm thick ASW on a Si
substrate, in which the required simulation parameters (mass
density: 0.93 g cm−3, excitation energy: 75 eV, stoichiometry:
H2O) of ASW were adopted from the literature.28,29 Fig. 1(b)
shows the energy distribution absorbed in ASW in space for
the single pixel line exposure and the black lines represent the
iso-energetic curves (Ea), i.e. the contours with constant energy
density deposited in ASW. There is a decreasing gradient of
the deposited energy density from the surface into the resist as
usual. In conventional EBL, it is widely understood that the
iso-energetic contours define the potential profiles of the

resist after development, depending on the sensitivity of the
resist in EBL.

In ice lithography without the traditional developing
process in developers, the proposed e-beam induced etching
ice model is used to figure out the lithographic profiles. In
this model, the kinetic energy of the focused e-beam is trans-
ferred to the ice through electron scattering with ASW mole-
cules. The H2O molecules are then ionized and sublimated
directly to the vacuum after gaining sufficient energy from
primary electrons, thereby becoming gaseous or volatile pro-
ducts. That is, ice lithography involves focused e-beam
irradiation, energy transfer through electron scattering into
ASW and a dry developing process. The threshold energy
density essential to de-ice the ASW, which is on one of the iso-

Fig. 1 The calculation results by our simulation approach for ice lithography. (a) The simulated trajectories of electrons in 480 nm thick ASW/Si
with 106 incident electrons under the tension of 100 kV and (b) the electron loss energy density distribution (Ea) of single pixel line exposure.

Fig. 2 Numerical simulation results of the electron loss energy density distributions (Ea) of the single pixel line exposure in (a) 290 nm thick ASW at
10 kV accelerating voltage and in (b) 4 μm thick ASW at 100 kV accelerating voltage, respectively, on Si substrate.
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Fig. 3 The numerical simulation results of the electron loss energy density distributions (Ea) of the single pixel line exposure in (a) 380 nm ASW at
100 kV tension, (b) 380 nm PMMA at 100 kV tension, (c) 380 nm ASW at 10 kV tension and (d) 380 nm PMMA at 10 kV tension on Si substrate.

Fig. 4 The numerical calculation result of absorbing electron energy ability (AEA) in ice lithography. (a) Schematic of the convolution of the calcu-
lated electron loss energy density distributions Ea with the exposed pattern. (b) The cross section of the AEA on a 100 nm wide line in 380 nm thick
ASW at 10 kV tension on Si substrate.
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energetic contours in Fig. 1(b), should be the ASW sensitivity.
Any iso-energetic contours beyond the critical energy shall
already be “de-iced”, forming the ice lithography patterns as
shown in the blue dotted line area in Fig. 1(b). This model can
be described by the formula,

PLithography ¼ Ea
Total �

X

n¼1

Ea
nðEa

1 , Ea
2 , . . . , Ea

nÞ ð1Þ

where Ean is the resist-molecule absorbed iso-energetic curve,
and Ea1 is the critical resist-molecule absorbed energy, which
corresponds to the minimum exposure intensity required to
pattern the ASW layer. EaTotal is the total electron energy inside
the ice resist. PLithography is the theoretically calculated profile,
i.e. the area enclosed by iso-energetic contours with the
threshold energy. Based on this model, like in conventional

EBL, the calculated contours in Fig. 1(b) should be the poten-
tial profiles of ice lithography, decided by the threshold energy
density and the sensitivity.

2.2. Comparisons of the lithography performances between
IL and EBL

Using TRACER, the spatial distribution of the electron loss
energy through single pixel line exposure in 290 nm thick ASW
coated on Si was first calculated by using 106 electrons in an
ideal beam spot with 0 nm diameter at 10 kV, as presented in
Fig. 2(a). The black color line corresponding to the iso-ener-
getic contour at Ea1 = 2.0 × 105 eV μm−3 shows the best feature
as a trench. The aspect ratio of the patterned profile is about
6.5 : 1, in good agreement with the experimental results.21 For
comparison, the ultimate aspect ratio of the trench by ice

Fig. 5 Theoretical calculation results of the Fresnel zone plate profiles. (a) Schematic of the Fresnel zone plates. (b) The exposure pattern of a
100 nm resolution zone plate with a mechanically buttressed structure to prevent collapse. (c) Comparison of the AEA distributions in PMMA and in
ASW at the resist depth of 2.125 μm. The total thickness is 4 μm. (d) The cross-section view of theoretically calculated profiles of the zone plate repli-
cated in PMMA and in ASW when AEA is 0.38, under the same tension of 100 kV.
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lithography at 100 kV was explored by simulating the repli-
cated trench in 4 μm thick ASW using the single pixel line
pattern. Fig. 2(b) shows that the iso-energetic contour at Ea1 =
1.0 × 103 eV μm−3 should correspond to the most vertical
profile, in which the ultimate aspect ratio of the exposure
profile reaches 18 : 1. Obviously, higher acceleration energies
give rise to higher aspect ratios as expected. Furthermore, the
minimum line width in 380 nm thick ASW at 100 kV was
explored, as shown in Fig. 3(a). The resolution and the aspect
ratio of the ice lithography on ASW can reach 6 nm and 60 : 1
at Ea1 = 1.0 × 106 eV μm−3, respectively.

E-beam lithography on ASW and on PMMA was theoretically
compared as well. Fig. 3 presents the spatial distributions of
deposited energy in both ASW and PMMA with the same thick-
ness of 380 nm by an ideal e-beam spot with 0 nm diameter at
100 kV and 10 kV accelerating voltage, respectively. For the iso-
energetic contours with the same deposited energy, the trench

width in ASW is narrower than in PMMA. The minimum
trench width in ASW is 15% narrower than in PMMA at 100 kV
(Fig. 3a and b). Comparing the iso-energetic curves between
the ASW (Fig. 3c) and the PMMA (Fig. 3d) at 10 kV, all the
trenches in ASW have narrower trench-widths and larger
trench-depths than in PMMA for the same deposited energy
Ea. The main reason lies in the lighter atoms (H and O) in
ASW (H2O) than those in PMMA ((C5O2H8)n). A higher density
of larger atomic number atoms in resists leads to broader
forward scattering, causing wider point spread functions as
expected.

Fig. 4(a) schematically describes the convolution of the cal-
culated point/line spread functions as described above, with
the actual patterns, by using BEAMER software. For patterning
the line of 100 nm in width and 100 μm in length by the
e-beam of 10 nm in diameter at 10 kV accelerating voltage, the
absorbing electron energy ability by the resist (AEA) for the

Fig. 6 Theoretical modeling results of the kinoform lens profile by ice lithography. (a) Schematic of the kinoform lens after the metallization
process. (b) Schematic of exposure dose pattern of the kinoform lens. (c) The normalized contrast curves21 for 190 nm thick ASW and 190 nm thick
PMMA at 10 kV. (d) Comparison of the normalized AEA distributions of the kinoform zones in 190 nm thick ASW and in 190 nm thick PMMA. The
base dose used for ASW is 0.8 C cm−2 and that for PMMA is 65 μC cm−2 under the same tension of 10 kV.
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cross-section of the pattern line is presented in Fig. 4(b),
where the resist thickness is 380 nm on a Si substrate. When
AEA is in the high range from 0.35 to 0.45, the simulated
aspect ratio of ASW is larger than that of PMMA. When AEA is
in the low range from 0.1 to 0.15, the simulated minimum
line-width of ASW is narrower than that of PMMA for the same
reason as stated above.

2.3. The simulations of X-ray zone plate profiles

The calculated point/line spread functions in ice lithography
have demonstrated superior performances over electron beam
lithography thanks to the narrower forward scattering in ASW
than in PMMA, arising from the relatively low atomic numbers
of H2O. The first benefit from the narrow point/line spread
functions in IL is that the proximity effect, which limits the
patterning resolution and the aspect ratio, is very much elimi-
nated. Such an advantage becomes more significant when a
high tension of 100 kV is applied in IL technology.

On the other hand, electron beam lithography, which
seriously suffers from the proximity effect, is limited when
replicating dense patterns like short-pitched gratings with
ultra-high resolution well below 100 nm. A good example is
when replicating Fresnel zone plates as diffractive lenses in
X-ray optics,30,31 which need both high resolutions and high
aspect ratios. In this paper, the patterning performance by IL
was simulated and compared with EBL, trying to demonstrate
the advantages of ice lithography.

Fig. 5(a) schematically illustrates the Fresnel zone plates
with variable periods in the nanoscale and high aspect ratio
for high resolution and high efficiency focusing/imaging.
Fig. 5(b) shows the exposure pattern of a 100 nm zone plate
without the proximity effect correction (PEC) to ensure that
both IL-ASW and EBL-PMMA have the same exposure con-
ditions in the simulation in this work. Based on the e-beam
induced etching ice model, the AEA distributions in both
PMMA and ASW are calculated by BEAMER with a 10 nm
e-beam at 100 kV at the depth of 2.125 μm in the 4 μm thick
resist, as presented in Fig. 5(c). The AEA of ASW has better-
defined rectangular shapes than that of PMMA, meaning that
the proximity effect in ASW is weaker than that in PMMA, and
higher-resolution Fresnel zone plates may be achieved.
Fig. 5(d) compares the cross-sectional profiles of a 100 nm
zone plate in PMMA and in ASW, when AEA is 0.38. The
results show that the aspect ratio of the inner rings and the
outer rings by the IL-ASW can be increased by about 9% and
5%, respectively, compared with PMMA.

The low contrast of ASW is another advantage of applying
ice lithography for 3D patterning of kinoform zone plate
lenses with triangular profiles. Fig. 6(a) schematically illus-
trates the kinoform zone plate lens with a triangular structure,
whose replication requires greyscale lithography. To achieve
the kinoform shape of each zone, the exposure dose in each
zone is divided into nine heights and each one is assigned by
a certain amount of dose, as shown in Fig. 6(b). The contrasts
[Fig. 6(c)] of both ASW21 and PMMA21 were imported into LAB
software first when the resist thickness is 190 nm at 10 kV. The

contrast γ15,21 of ASW is about 1.9, which is almost half of that
of PMMA (4.3), indicating that ASW should be more adequate
for 3D patterning than PMMA. In this simulation, the exposure
base dose (sensitivity) of ASW and PMMA is set to 0.8 C cm−2

and 65 μC cm−2, respectively, according to Fig. 6(c). The nor-
malized AEA distribution in the outer rings for the kinoform
lens pattern was simulated by LAB with a 10 nm e-beam at 10
kV, as presented in Fig. 6(d). It is suggested that the zone slope
in ASW is lower than that in PMMA, and ASW can optimize
the AEA slope k of the outer ring by 48% compared with
PMMA, indicating that ASW should have better quality in 3D
patterning than PMMA.

3. Conclusions

This paper tackled the theoretical modeling of ice lithography
by calculating the replicated profiles in ASW, using commer-
cial software, BEAMER/TRACER/LAB, based on the Monte
Carlo algorithm. The e-beam induced etching ice model has
been proposed to explain the dry developing in ice lithography
as a de-icing process in which H2O sublimation from the ASW
takes place under the e-beam irradiation. With this assump-
tion, the lithography profiles in the resist, ASW, can be deter-
mined by the iso-energetic curves or the AEA distributions, fol-
lowing the same procedure as applied in the conventional elec-
tron beam lithography. Calculations of point/line spread func-
tions of the electron loss energy density distribution in ASW
first show superior properties of ice lithography over electron
beam lithography in regard to the minimum linewidth and the
ultimate aspect ratio, owing to less proximity effect in the
former. The modeling of replicated profiles on both Fresnel
zone plates and kinoform lenses also shows that ice lithogra-
phy should give rise to better structural quality than electron
beam lithography. Considering that ice lithography does not
involve a wet developing process, the profile collapse due to
the surface tension in the developer should never be a
problem. Therefore, ice lithography as an emerging technology
should find broad applications in 2D/3D patterning of nano-
devices. The progress achieved in this work should be impor-
tant in guiding IL development toward the manufacture of
high-quality and high-complexity nanophotonics or electronic
devices.
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