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Atomic force microscopy observation of surface
morphologies and measurements of local contact
potential differences of amorphous solid water
samples deposited at 15 and 100 K†

Takuto Tomaru, Hiroshi Hidaka, * Akira Kouchi and Naoki Watanabe

We use an ultra-high vacuum cryogenic atomic force microscope to investigate the surface morphology

of amorphous solid water (ASW) prepared by oblique deposition of water vapor onto Si(111)7 � 7

substrates at temperatures of 15 and 100 K. Height–height correlation function analysis of topographic

images suggests that ASW at 15 K has a columnar structure and that the typical diameter of the column

is 5–10 nm. At 100 K, the typical diameter is 10–30 nm, although columnar features are less prominent.

The surface roughness (i.e., deviation of the height) is greater at 15 K than at 100 K, indicating that the

surface at 100 K exhibits a relatively flat morphology. This result implies that transient diffusion of depos-

ited water molecules affects the surface morphology at 100 K. In addition, measurements of the local

contact potential difference between the tip and the ASW surface suggest that the magnitude of the

negative surface potential at the microscopic scale, which is attributed to spontaneous polarisation, can-

not simply be scaled by the thickness of ASW as predicted in previous experiments with Kelvin probes.

Introduction

Icy dust grains, which are mineral nanoparticles covered with
an amorphous ice mantle primarily composed of H2O, have
been found in interstellar molecular clouds. These icy dust
particles play a critical role in chemical evolution in space
because the icy dust surface facilitates various molecular
syntheses through processes such as adsorption, diffusion,
reaction and desorption of atoms and molecules.1,2 In addition,
the icy grains play an important role in mass evolution by the
formation of planetesimals3,4 through the collisional growth
between icy dust particles. These amorphous-ice-related phe-
nomena have been studied experimentally using vapor-
deposited amorphous ice (i.e. amorphous solid water (ASW))
as a mimic of an amorphous ice mantle because it is difficult to
prepare a more realistic amorphous ice mantle, which should
be formed by chemical reactions of oxygen and hydrogen on a
silicate surface.5,6 To accurately evaluate the experimental
results for these phenomena, knowledge of the morphology
of vapor-deposited ASW becomes critical. Therefore, many
studies on the morphology of vapor-deposited ASW have been
conducted both theoretically and experimentally.

Numerical simulations using a ballistic model with hard
spheres have been widely used to investigate thin-film structures
obtained through molecular beam deposition.7–9 However, the
morphology of amorphous thin films obtained from these models
might not be realistic because the physicochemical properties of
water molecules and ice were not taken into account in the
associated studies. Recently, more sophisticated simulations of
ASW have been conducted using kinetic Monte Carlo10 and
molecular dynamics calculations.11 Clements et al.12 used a kinetic
Monte Carlo model to examine how the ASW morphology is
affected by various deposition parameters such as the deposition
temperature, rate of deposition and deposition angle to the
substrate. They treated the surface diffusion kinetics with the rate
of hopping between surface adsorption sites. They claimed their
model was valid because it reproduced the temperature depen-
dence of ASW densities obtained in experiments.13 However,
because the density does not necessarily have a one-to-one corre-
spondence with the morphology, whether the simulated morphol-
ogy truly reflects the characteristics of actual ASW remains unclear.
Thus, to refine simulation models more realistically, comparisons
with experimentally obtained morphological data are critical.

Previous experimental studies on ASW have been focused
mainly on physical properties such as density13–16 and surface
area.17–20 Stevenson et al.19 demonstrated that the surface area
of ASW varies dramatically with the deposition angle and the
substrate temperature. Their results indicate that the formation
conditions strongly influence the morphology of ASW.
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Scanning probe microscopy (SPM) is one of the valid meth-
ods for imaging surface morphology, and it has been applied to
ASW in a few instances. Because ASW has very low electrical
conductivity, scanning tunnelling microscopy (STM) observa-
tions have been limited to very thin ASW samples of 1–2
molecular layers.21,22 Although STM observations of few-
nanometre-thick ASW have been attempted,23 a high bias
voltage was required, raising concerns about the influence of
the electric field on the observed morphology. By contrast,
atomic force microscopy (AFM) is more suitable than STM for
observing the surface morphology of thick ASW because it does
not require samples to be electrically conductive. Nevertheless,
the only reported AFM study on thick ASW films is that of
Donev et al.,24 who investigated 14 nm-thick ASW films formed
on an Au(111) substrate at temperatures ranging from 80 to
108 K. However, the surface morphology of the ASW films was
not clearly observed because of the low resolution of the
observations. In addition, the ASW samples in their study were
prepared at temperatures greater than 80 K. No observations of
ASW deposited at lower temperatures comparable to interstel-
lar conditions have been reported. A systematic study of ASW
deposited at low and high temperatures is highly desirable.

In addition to the morphology of ASW, the local electric field
on the surface of interstellar icy dust plays a role in physicochem-
ical processes that occur on the ASW surface. For example, the
ortho-to-para conversion of hydrogen molecules on ice25 might
originate from the strong electric field on ice, and the ortho-to-para
ratio of the hydrogen molecules strongly affects chemical evolution
in space.26 ASW deposited below 130 K is known to be sponta-
neously polarised, showing a negative potential at the vacuum–ice
interface with respect to the substrate. This polarisation phenom-
enon has been observed not only in ASW thin films but also in
several molecular thin films formed at low temperatures using
molecules that have a permanent dipole moment.27 The phenom-
enon in ASW thin films has mainly been studied using the Kelvin
probe method28,29 and is known to depend on the formation
conditions such as thickness, deposition angle and substrate
temperature. These previously reported results suggest that the
polarisation phenomenon of ASW thin films might be correlated
with the morphology of ASW. That is, the negative surface
potential is expected to differ at the nanoscale at each site on
the surface irregularities. However, in previous related studies, the
negative surface potential was obtained as an average over the
entire ASW surface because Kelvin probe measurements lack high
spatial resolution. Thus, the nanoscale distribution of the local
surface potential on ASW remains unclear. Considering the local
surface potential distribution in conjunction with the surface
topographic data will contribute to exploring the polarisation
mechanisms of ASW thin films.

In the present study, we used ultra-high vacuum low-
temperature AFM to visualise the surface morphology and the
local surface potential distribution depending on the formation
conditions of ASW. The deposition temperature was selected as
the key parameter for the formation conditions, and the
experiments were conducted at two temperatures, 15 and 100 K,
at which significant changes in the morphology are expected.

Experimental
Experimental setup

This study employed an ultra-high vacuum low-temperature
STM/AFM system (Infinity, Scienta Omicron). The preparation
and observations of ASW samples were both conducted in the
ultra-high vacuum chamber. The base pressure was typically
B10�9 Pa. This apparatus used a liquid helium-free cooling
system with a pulse tube cryocooler (RP-062BS, Sumitomo
Heavy Industries) to maintain the scanning probe microscope
head at B10 K for an extended period.

The pulse tube cryocooler is a type of helium refrigerator
designed without any moving parts inside the cold head. This
design, aimed at minimizing vibrational noise, allows the usage
of helium refrigerators in SPM systems. A custom-made gas intro-
duction system consisting of a water-vapor reservoir, a variable leak
valve (ZLVM-940R, VG), a microcapillary plate (J5022-01, Hama-
matsu) and an XYZ stage for collimating water vapor was added.

Although a tungsten probe was attached to the standard
qPlus sensor, which is the force sensor using a tuning fork-type
quartz crystal developed by Giessibl,30 in this system, a qPlus
sensor with a sharper tip was made by gluing the tip part of a
commercially available cantilever to carry out high-resolution
observations of the surface morphology of ASW. Two types of
cantilevers were used depending on the purpose of the observa-
tions. For the surface topography observations of ASW, a
carbon tip (MSS-FM2, nanotools) with a curvature radius of
B1 nm was used. For measurements of the local contact
potential difference, a PtSi tip (PtSi-NCH, Nanosensors) with a
radius of curvature of o25 nm was used because of the require-
ment of electrical conductivity. To ensure sufficient conductivity
between the tip and the electrode printed on a quartz tuning fork
for monitoring the tunnelling current, the tip and the electrode
were connected to each other using silver epoxy (EPO-TEK H20E,
Epoxy Technology). The typical resonance frequency, spring
constant and Q-factor values for the custom-made qPlus sensor
were 26.5 kHz, 1800 N m�1 and 1 � 105, respectively. All AFM
observations were conducted using a frequency-modulation
mode with a constant oscillation amplitude.

Preparation of ASW samples

We used a Si(111)7 � 7 substrate prepared by heating it at
B1200 1C under vacuum conditions of less than 9 � 10�8 Pa.
The formation of a clean 7 � 7 structure by surface reconstruc-
tion was confirmed by STM with atomic resolution. Water was
purified under vacuum via freeze–thaw cycles. ASW samples
were produced on the cold Si(111)7 � 7 surface by oblique
deposition of water vapor through a microcapillary plate with
an incident angle of 601 to the substrate (Fig. 1).

During deposition, the qPlus sensor was fully retracted to
exclude the effect of the qPlus sensor on the morphology of the
ASW sample. A ceramic heater and a silicon diode sensor
(DT-670-SD, Lake Shore) placed near the substrate enabled us
to control the substrate temperature. In the present study, the
deposition temperature was set to 15 or 100 K, and the duration
of the deposition was 30 min. However, for the deposition at
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15 K, the substrate temperature gradually increased and
reached 23 K within the initial 15 min because of the radiation
from the room temperature through a 5-mm aperture on the
outer thermal shield. After the vapor deposition, the aperture
was immediately closed, resulting in rapid cooling of the
substrate to 15 K. We did not observe any temperature change
during the deposition at 100 K.

The thickness of the ASW samples was measured using the
following method: (1) the ASW samples were deposited onto the
15-K Si(111)7 � 7 surface for a duration between 5 and 10 min; (2)
a part of the ASW sample was sputtered by a strong tunnelling
current using STM to form a square hole to provide access to the Si
substrate (Fig. 2a); (3) by measuring the hole depth using AFM, we
obtained the relationship between the duration of the deposition
and the depth of the hole (i.e., the ASW thickness) (Fig. 2b). We
found that the thickness of ASW produced by deposition for 30
min at a rate of 0.5 nm min�1 was approximately 13.5 nm.

Measurement of the local contact potential difference

The force working at distance r between the tip and the sample
surface is composed of several factors, as described by the
following equation:

F(r) = Frep(r) + Fchem(r) + FvdW(r) + Fel(r) (1)

where Frep(r), Fchem(r), FvdW(r) and Fel(r) represent the repulsive
force, chemical force, van der Waals force and electrostatic
force, respectively. The electrostatic force Fel(r) depends on the
capacitance gradient qC/qr of the tip–sample system and the
sample bias voltage VBias

31 and is calculated as follows:

FelðrÞ ¼ �
1

2

@C

@r
VBias þ VCPDð Þ2 (2)

where VCPD represents the contact potential difference between
the sample and the tip. In the measurements with a constant
frequency shift, variations in the applied VBias at a measurement
point on the sample surface lead to changes in the tip–sample
distance because the change in Fel needs to be compensated by
adjusting the tip–sample distance with other force components.
Therefore, the tip–sample distance reaches minimum values at
VBias = �VCPD because Fel has a minimum value at the same VBias.
Fig. 3 shows the VBias dependence of the tip position, z, at the
frequency shift Df = �0.2 Hz on the single measurement point of
ASW samples at 15 K. The tip position clearly has a minimum,
where the value of VBias indicates the local contact potential
difference VLCPD. To visualise the variations of the local contact
potential difference depending on the nanoscale structure of the
ASW surface, we measured VLCPD at 400 points within a 200 nm�
200 nm area with Df = �0.2 Hz. Notably, the values of VLCPD do
not directly indicate the local surface potential of ASW with
respect to the Si substrate. However, the variations of VLCPD

indicate the local variations of the surface potential of ASW.

Results and discussion
Temperature dependence of the surface morphology of ASW

Typical topographic images of the ASW sample surface formed
at 15 and 100 K are presented two-dimensionally in Fig. 4(a)
and (b), respectively, and three-dimensionally in Fig. 4(c) and

Fig. 1 Schematic of the inside of the observation chamber. The SPM head
is surrounded by the inner 10 K and the outer 100 K thermal shields. Water
vapor at room temperature is deposited after passing through a 5 mm-
diameter aperture on the outer shield with an incident angle of 601 to the
substrate.

Fig. 2 (a) AFM image of a square hole made by strong tunnelling current
using a scanning tunnelling microscope. (b) The relationship between hole
depth and deposition time at 15 K. The red line represents the result of data
fitting using a linear function.

Fig. 3 VBias dependence of z-positions of the tip at a single measurement
point on ASW at 15 K while maintaining a constant frequency shift of Df =
�0.2 Hz. Lower z values indicate that the tip positions are closer to the
ASW surface. The fitting function (red curve) was a quadratic function. The
bias voltage at the vertex of the quadric function indicates a negative VLCPD

at the measurement point.
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(d), respectively. The images cover an area of 300 nm � 300 nm.
The arrows in the figures indicate the direction of water-vapor
incidence. The surface morphologies at the respective tempera-
tures differ substantially, revealing that the surface morphology
at 15 K is finer and sharper than that at 100 K. From the height
profiles in Fig. 4(e) and (f), the typical lateral scales of surface
irregularities at 15 and 100 K are approximately 5–10 and 10–
30 nm, respectively. STM topographic surface morphology
images have been previously reported for 6 nm-thick ASW on
Pt(111) at 100 K,23 and noncontact AFM (NC-AFM) surface
morphology images have been reported for 14 nm-thick ASW
on Au(111) at 108 K.24 The estimated lateral scale of surface
irregularities in 6 and 14 nm-thick ASW samples is 5–10 and
25–40 nm, respectively. The latter scale observed using NC-AFM
is similar to the result obtained in the present work, likely
because of the similarities in the experimental conditions (e.g.,
thickness and vapor deposition method) used in the studies.
However, the scale observed using STM is measurably smaller
than the present result, which might be attributable to the
difference in its thickness. Unfortunately, because details of the
sample preparation method were not reported in the previous

STM study, the differences between the present and the pre-
viously reported results are difficult to explain. No previous
studies have reported visualisation of the surface morphology
of ASW below 100 K. Therefore, a comparison of the topo-
graphic images obtained in the present study at these two
temperatures holds significant value.

To further evaluate the difference between the surface mor-
phology at 15 and 100 K quantitatively, we performed data analysis
using the height–height correlation function (HHCF)32,33 defined
as the mean square of height difference between two measure-
ment points separated by the displacement vector ~t as follows:

H(~t) = h[z(-r) � z(-r � ~t)]2i (3)

where -
r indicates a position vector of any specific measurement

point. We applied this HHCF analysis to the x and y directions
in the AFM image, separately. Thus, H(tx) and H(ty) were
calculated using the following equation:

H txð Þ ¼
1

NðM �mÞ
XN
l¼1

XM�m
n¼1

z xnþm; ylð Þ � z xn; ylð Þð Þ2 (4)

H ty
� �

¼ 1

NðM �mÞ
XN
l¼1

XM�m
n¼1

z xl ; ynþmð Þ � z xl ; ynð Þð Þ2 (5)

where m = tx/Dx or ty/Dy and z(x, y) refers to the height data at
the (x, y) data point in the x–y coordinate system of the image;
tx or y refers to the distance between two given points at x or y,
and Dx or Dy is the sampling interval of 0.75 nm because the
topographic image consists of 400 sampling lines within
300 nm. The Gwyddion software application34 was used for
this analysis, and only the correction of plane levelling was
applied to the raw measurement data before the analysis. The
obtained curves for H(tx) and H(ty) were fitted by the following
Gaussian function, and the root-mean-square deviation of the
height s, the correlation length x and the Hurst parameter h
were determined:

H txor y
� �

¼ 2s2 1� exp � t
x

� �2h
( )" #

: (6)

The Hurst parameter typically ranges between 0 and 1. A value
close to 0 indicates a corrugated surface, whereas a value close
to 1 indicates a smooth surface.35,36 Fig. 5(a)–(d) show the
fitting results of HHCF analysis obtained from the topographic
images in Fig. 4(a) and (b). The values of s at 15 and 100 K were
determined to be 0.31 and 0.23 nm for the x-direction analysis
(Fig. 5(a) and (b)) and 0.34 and 0.23 nm for the y-direction
analysis (Fig. 5(c) and (d)), respectively. The values of s were
almost independent of the analytical direction at both tem-
peratures. The values of x between the x and y directions at 15 K
differ substantially: 4.2 nm for the x direction and 6.1 nm for
the y direction.

However, the values are almost equivalent irrespective of the
direction at 100 K: 6.9 and 7.6 nm for the x and y directions,
respectively. Table 1 summarises the results of the HHCF
analysis for several topographic data. These averaged values
also indicate that the analytical direction dependence appeared

Fig. 4 Top panels show the topographic images of an ASW surface
observed at (a) 15 K with Df = �0.26 Hz and VBias = �3000 mV and (b)
100 K with Df = �0.22 Hz and VBias = �3000 mV using a tip with a
curvature radius of B1 nm. Middle panels show the 3D representations of
surface topographies at (c) 15 K and (d) 100 K. These figures are shown in
the same scale height. The bottom panels show the height profiles at
(e) 15 K and (f) 100 K, and the places are indicated by white dashed lines in
(a) and (b), respectively. Arrows indicate the deposition direction of water
vapor.
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only in the x value at 15 K, which means that this dependence is
not specific to the data shown in Fig. 4 but is instead specific to
the general characteristics associated with the sample prepara-
tion method.

Numerous studies on the morphology of thin films of several
materials (e.g., metals, semiconductors, metal oxides and fluor-
ides) produced by sputtering or vapor deposition have been
reported.37–39 A morphology classification system based on the
relationship between the deposition temperature T and the melt-
ing point Tm has been established. For instance, in the region
where T/Tm o 0.1, the morphology is predominantly influenced by
shadowing effects, resulting in a characteristic structure referred to
as a columnar structure. A simple model has been proposed to
determine the growth angle of columns at a given incident angle of
the molecular beam.40 In the region where 0.1 o T/Tm o 0.3,
surface diffusion of the deposited molecules is believed to govern
the morphology, whereas bulk diffusion is predominant in the
region where 0.3 o T/Tm o 1. However, the growth angle exhibits
material dependence even when the deposition angle remains
constant in the formation of thin metal films.41 Whether the
classification of film structures using the T/Tm function is applic-
able to ASW has not yet been determined.

For the water vapor deposition at 15 K (T/Tm = 0.06), the ASW
sample is expected to have a columnar structure tilted in the

direction of water vapor deposition. Fig. 6 presents schematics
of the columnar structure observed from two different angles
relative to the direction of vapor deposition. Because of the
tilting of the columnar structure, the lateral size of surface
irregularities parallel to the water vapor direction would be
larger than those perpendicular to the water vapor direction.
Under these conditions, the correlation lengths obtained
through HHCF analysis are expected to differ between the
two directions. Thus, the direction-dependent HHCF analysis
results at 15 K suggest the presence of a columnar structure in
the ASW sample. In the 100 K ASW sample, the structure is
expected to be determined by surface diffusion and/or bulk
diffusion because T/Tm = 0.37. The observed difference in
correlation lengths x at 100 K was minimal, which is reasonable
because the structure of the ASW sample determined by surface
and/or bulk diffusion at 100 K should not exhibit a deposition
direction dependence. The consistency between the structure
classified using T/Tm and the direction dependence of HHCF
analysis on the correlation length demonstrates that the struc-
ture of the whole film can be estimated on the basis of the
surface topographic image by comparing the results of the
HHCF analysis performed in directions both perpendicular
and parallel to the incident molecular beam.

Fig. 7(a) and (b) show the topographic images of the same
area obtained at different times at 100 K. No substantial time
variations were observed in the morphology or in the results of
the HHCF analysis over 590 min, even in the case of T/Tm =
0.37. These results indicate that water molecules on ASW do not
substantially diffuse enough within the timescale of several
hours at 100 K to change the morphology in the scale of the
observation area. That is, the morphology at 100 K is not
determined by the thermal diffusion of the water molecules.

This result implies that the morphology of ASW formed below
at least 100 K is governed by the adsorption process of deposited
water molecules until they stabilise because of energy dissipation.
Water molecules on the surface of ASW exhibit five types of
bonding with bulk ice: two- and three-coordinated bonding with
a dangling hydrogen, two- and three-coordinated bonding with a
dangling oxygen, and four-coordinated bonding with a modified
tetrahedral structure.42 The abundance ratio of each bond type for

Fig. 5 Plots of HHCF analysis with fitting results using topographic data at
(a) and (c) 15 K and (b) and (d) 100 K. (a) and (b) The results for x-direction
analysis and (c) and (d) those for y-direction analysis.

Table 1 Averaged values of the root-mean-square deviation of the height
(s), the correlation length (x) and the Hurst parameter (h) obtained from
the HHCF analysis

x-direction analysis y-direction analysis

15 K 100 K 15 K 100 K

s (nm) 0.32 � 0.04 0.24 � 0.03 0.33 � 0.05 0.24 � 0.03
x (nm) 4.3 � 0.5 7.4 � 0.3 7.0 � 0.9 7.7 � 0.3
h 0.67 � 0.04 0.89 � 0.01 0.58 � 0.01 0.82 � 0.02

Fig. 6 Simple morphological model of the columnar structure viewed
from different directions. Arrows indicate the deposition directions of
water vapor. The lateral size of surface irregularity along the y axis
becomes larger than that along the x axis.
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surface water molecules is expected to vary depending on the
vapor-deposition temperature of the ASW sample. Indeed, it has
been reported that the integrated infrared absorbance of band
strength corresponding to dangling OH bonds assigned to two-
and three-coordinated surface molecules decreases with increasing
vapor-deposition temperature.29 Differences in the bond structure
of water molecules on the ice surface may influence morphology
variations by affecting the energy dissipation of landing water
molecules during transient diffusion. Clements et al.12 performed
kinetic Monte Carlo calculations and found that the temperature
dependence of the ASW densities observed in experiments can be
explained by considering nonthermal diffusion (transient surface
diffusion), which occurs during the dissipation of the adsorption
energy. These results suggest that the adsorption dynamics of
deposited water molecules is important for understanding the
morphology of ASW.

Measurement of the local contact potential difference between
the tip and the ASW surface

We observed the distribution of the local contact potential
difference between the tip and the ASW surface at 400 measure-
ment points evenly spaced within the topographic images
shown in Fig. 8(a) for 15 K and Fig. 8(e) for 100 K, respectively.
These topographic images were obtained at constant voltages of
1700 mV for 15 K and 100 mV for 100 K to achieve sharp
imaging. The larger bias voltage required at 15 K compared
with that required at 100 K is attributed to the larger negative
surface potential of ASW at 15 K than at 100 K. This tempera-
ture dependence on the negative surface potential of ASW is
consistent with the results of Kelvin probe experiments.28,29

Fig. 8(b) and (f) present the height profiles at Fel = 0, while
Fig. 8(c) and (g) present the local contact potential difference on
ASW at 15 K and 100 K, respectively. Note that the values in

these figures show the relative values (DHeight and DVLCPD),
where the minimum height and the maximum VLCPD were both
set to be zero. The variations of the DVLCPD in Fig. 8(c) and (g)
clearly show that the VLCPD varied at each measurement point.
If the negative surface potential could be scaled by the ASW
thickness, the color distributions in figures of DHeight and
DVLCPD should be equivalent at each temperature (hereafter,
indicating positive correlation). However, various relationships
between DHeight and DVLCPD were observed, as indicated by
the black and white squares for the inverse and positive
correlations, respectively. The plots of DHeight vs. DVLCPD in
Fig. 8(d) and (h) show no clear correlation, indicating that the
VLCPD cannot be simply scaled by the film thickness, unlike the
macroscopic measurement of VCPD.28,29

Fig. 7 Topographic images of ASW at 100 K observed at the identical
area. Image (b) was obtained 9 h 50 min after the acquisition of image (a).
The HHCF analysis was applied to the x direction (perpendicular to the
deposition direction). No substantial difference was observed between
these images and the results of the HHCF analysis.

Fig. 8 Topographic images of 13.5 nm-thick ASW at (a) 15 K and (e) 100 K,
as observed using a constant bias voltage of 1700 and 100 mV, respec-
tively. Relative height profiles of ASW at (b) 15 K and (f) 100 K, under the
condition that the electrostatic force is cancelled (Fel = 0) by controlling
the bias voltage at each measurement point. The relative local contact
potential difference between the tip and the ASW surface at (c) 15 K and (g)
100 K at each measurement point. In panels (b) and (c) and (f) and (g), the
black and white squares indicate areas where negative and positive
correlations, respectively, are observed between the relative height and
the negative amplitude of the relative contact potential difference. Plots
representing the relationship between the relative height and the relative
local contact potential difference at (d) 15 K and (h) 100 K. The black
arrows indicate areas with a large negative surface potential at the pore.
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The tilted dipole (TD) model has been proposed by Bu
et al.29 as a polarisation model for ASW. In this model, the
polarisation of ASW is elucidated as arising from the orientation of
water molecules within two- and/or three-coordinated bonding
states at the pore surface (i.e., side walls of columnar structures).
Specifically, the dipole moments of these water molecules align
weakly, resulting in a positive end pointing toward the substrate.
That is, the amplitude of the negative VLCPD at each measurement
point is determined not only by the local thickness but also by the
pore circumstances around measurement points. If the measure-
ment point is located on the pore, a larger negative VLCPD will be
observed even if the height of the ice surface at the pore is lower.
This microscopic description of the polarisation model of ASW by
the TD model is consistent with our measurement results, which
do not show a positive correlation between the relative height and
the relative amplitude of the VLCPD for the negative direction. In
fact, substantial negative values of DVLCPD are observed at the deep
pore sites at both temperatures (as indicated by the areas with
black arrows in Fig. 8(c) and (g)), suggesting successful micro-
scopic observation of the polarisation phenomenon of ASW
proposed by the TD model. The smaller variations of DVLCPD at
100 K, shown in Fig. 8(h), compared to those at 15 K, shown in
Fig. 8(d), can also be understood by considering that the transient
diffusion of water molecules at 100 K caused a more homogeneous
pore structure than that at 15 K.

Conclusions

In the present study, we used ultra-high vacuum cryogenic AFM
to visualise the surface morphology and distribution of the
local contact potential difference of ASW formed by water vapor
deposition at 15 and 100 K on a Si(111)7 � 7 substrate. The
typical lateral size of the surface structure in the topographic
images of ASW was 5–10 nm at 15 K and 10–30 nm at 100 K. By
contrast, the surface roughness was greater at 15 K than that at
100 K, indicating that the surface at 100 K exhibited a relatively
flat morphology. The results indicated that HHCF analysis
performed both perpendicular (i.e., in the x direction) and
parallel (i.e., in the y direction) to the direction of water vapor
deposition on the obtained topographic images enabled the
ASW structure to be estimated. In addition, the distribution of
the local contact potential difference on the ASW surface
indicates that the local value of negative surface potentials is
not simply proportional to the geometrical height (thickness).
This result implies that the local structure of ASW affects the
value of the local negative surface potential. The present
results, where significant negative surface potentials were
observed at measurement points on the ice pores, clearly
demonstrate that the structure of ASW is related to the polar-
isation phenomena, which are the root of the negative surface
potential observed on ASW. This result is also consistent with
the TD model, which explains the negative surface potential as
arising from the orientation of water molecules at the pore
surface, which is proposed as the polarisation mechanism
of ASW.

The visualised data showing the surface morphology and the
distribution of local contact potential differences of ASW can
serve as variable comparative data for improving realistic
simulation models for the formation of ASW. Visualising the
morphological changes induced by external stimuli such as
annealing and irradiation with UV photons would be important
in understanding the chemical reactions on the surface of ASW
and the sticking of ASW grains in protoplanetary disks. These
topics will be the focus of future work.
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9 Z. Dohnálek, G. A. Kimmel, P. Ayotte, R. S. Smith and

B. D. Kay, J. Chem. Phys., 2003, 118, 364–372.
10 S. Cazaux, J.-B. Bossa, H. Linnartz and A. G. G. M. Tielens,

Astron. Astrophys., 2015, 573, A16.
11 S. R. Hashemi, M. R. S. McCoustra, H. J. Fraser and

G. Nyman, Phys. Chem. Chem. Phys., 2022, 24, 12922–12925.
12 A. R. Clements, B. Berk, I. R. Cooke and R. T. Garrod, Phys.

Chem. Chem. Phys., 2018, 20, 5553–5568.
13 D. E. Brown, S. M. George, C. Huang, E. K. L. Wong, K. B.

Rider, R. S. Smith and B. D. Kay, J. Phys. Chem., 1996, 100,
4988–4995.

14 B. A. Seiber, B. E. Wood, A. M. Smith and P. R. Müller,
Science, 1970, 170, 652–654.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 5
:0

5:
01

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp05523j


This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 15232–15239 |  15239

15 M. S. Westley, G. A. Baratta and R. A. Baragiola, J. Chem.
Phys., 1998, 108, 3321–3326.

16 T. Loerting, M. Bauer, I. Kohl, K. Watschinger, K. Winkel
and E. Mayer, J. Phys. Chem. B, 2011, 115, 14167–14175.

17 J. A. Ghormley, J. Chem. Phys., 1967, 46, 1321–1325.
18 E. Mayer and R. Pletzer, Nature, 1986, 319, 298–301.
19 K. P. Stevenson, G. A. Kimmel, Z. Dohnálek, R. S. Smith and
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