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Quantifying dewetting phenomena at the microscopic level is the key to deciphering how a balance
between kinetic and equilibrium effects determines ice-film morphology on Pt(111). Overcoming the
difficulty of imaging nominally insulating ice multilayers with scanning tunneling microscopy allowed us
to track the dewetting process. The results show that the rate at which new layers nucleate, and not surface
diffusion, determines how fast individual crystallite shapes equilibrate. Applying nucleation theory to
measured growth rates versus crystallite size, we obtain new bounds on the energetics both of step
formation on ice and of the Pt-ice interface.
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The nucleation of ice on solid substrates is important in
many natural phenomena [1,2]. For example, rainfall is
triggered by nucleation of ice crystals on micron-sized
particles in clouds. Still, very little is known about the
early stages of ice growth at the molecular level. The nature
of water molecule-substrate interactions is still controver-
sial [3], for example.

A direct way to study nucleation phenomena on metal
and semiconductor surfaces is scanning tunneling micros-
copy (STM). But, because ice is an electrical insulator,
imaging thick ice films nondestructively is difficult with
STM [4,5]. Several STM studies [4,6,7] of the growth of
the first one or two layers of ice, at low temperature in
UHV, have given insight into the initial stages of growth.
Recently small ice crystals evolving from annealed amor-
phous ice have also been observed [5]. Still, there have
been no STM observations tracking the growth of complete
multilayers, leaving the basics unknown: How close are the
growing crystals to thermal equilibrium? How do new
layers nucleate? And how do surface diffusion and
substrate-ice interactions affect the evolution of the crys-
tals? Here we report overcoming the problem of imaging
ice with STM. We find that with extremely small tunneling
current and sufficiently large negative sample biases thick
layers of ice can be imaged nondestructively. We use this
new capability to investigate how crystalline ice multi-
layers, grown on Pt(111), evolve.

Thin uniform films are often thermodynamically un-
stable: they can lower interfacial energy by forming
three-dimensional crystals while exposing the substrate
or a thin wetting layer. Determining whether dewetting is
kinetically hindered, or determining the processes by
which it occurs, is crucial to understanding how the mor-
phology of grown films relates to their energetics and
equilibrium configuration [8–11]. An example of a heavily
studied system, where this question is important, is ice on
Pt(111) [12–16]. It is believed that the equilibrium struc-
ture comprises isolated three-dimensional ice crystals on a
Pt(111) surface covered by a bilayer of water molecules.
That is, ice dewets Pt. The processes by which the dewet-

ting occurs are not known. Often, for example, in the
dewetting of fluid films, the rate at which atoms diffuse
away from the substrate controls the kinetics. Mullins and
Rohrer [17] recently pointed out, however, that the shape
evolution of freestanding small crystals is often controlled
instead by the rate of nucleation of new atomic layers.
They, as well as and others [18], demonstrated that because
of the large energy cost of creating new step edges, this
nucleation barrier can be insurmountable for crystals larger
than a few nm, severely limiting their shape equilibration.
Because so little is known about step energies on ice, and
about surface and interface energies, it is not clear whether
the driving force for dewetting is large enough to nucleate
the new layers required for ice crystals to grow. New layer
nucleation is not observed in dewetting of metal-on-metal
films, for example [11]. As reported below, we use STM to
monitor the evolution of crystalline multilayer ice films
during annealing at 140 K and find that the three-
dimensional ice crystals do indeed grow higher by nucleat-
ing new ice layers on their top facets, even in the absence of
deposition. After recording hundreds of individual nuclea-
tion events we compare the rate at which ice layers are
added to nucleation theory. The parameters that emerge
from the analysis place bounds on the energetics of ice
surfaces and interfaces.

The ice films were grown in UHV at a rate of
0:1 nm=min by directing water vapor onto the platinum
sample held at 140 K. For imaging, performed at� 120 K,
we used a negative sample bias of Vsample <�6��1� V.
Using low tunneling currents of �0:4 pA we do not ob-
serve any sign of scanning induced surface changes. This
ability to image >3 nm thick ice films is counterintuitive
because STM relies on electric conductivity and ice is a
good insulator [1]. But our experiments show reproducibly
that imaging is possible at Vsample <�6��1� V, whereas at
Vsample >�6��1� V the STM tip collides with the ice film
and scatters material across the surface. Since the threshold
voltage of �6��1� V for imaging corresponds to the en-
ergy of the first occupied states of ice in contact with Pt
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[19] it is plausible that the applied voltage lifts the energy
levels of the ice sufficiently that electrons can tunnel
through the vacuum gap from the highest occupied H2O
orbital into the empty states of theW STM tip. (In Ref. [20]
we argue the voltage drop across the ice film is small,
possibly because of the large polarizability of water.)

Using our imaging capability, we investigated how mul-
tilayer ice films dewet the substrate. The typical morphol-
ogy of ice grown at 140 K, with 1 nm mean thickness, is
captured in Fig. 1, and in the larger 1 �m2 STM image of
Fig. 2(a). The film is comprised of individual� 3 nm high
crystallites embedded in a one bilayer high wetting layer,
consistent with thermal desorption measurements of
Kimmel et al. [12]. The crystallites have flat top facets
and exhibit straight edges along the h11�2i directions of the
substrate. In Ref. [20] we report how the morphology of as-
grown films varies with thickness. (For an image of the
wetting layer see [21].) That our STM measurements agree
well with the film morphology derived from the thermal
desorption experiments [12] corroborates that the large
electric fields associated with the STM imaging process
do not disrupt the film structure.

We find that the ice films tend to dewet the bilayer-
covered Pt surface when annealed. The image sequence in
Figs. 2(a) and 2(b) reveals that the ice crystals grow thicker
to expose more of the bilayer-covered Pt surface.
Figure 2(a) shows an image of the starting as-deposited
film (1 nm mean thickness grown at 140 K). The height of
each crystallite above the wetting layer, in units of bulk-ice
bilayer heights, is indicated by shading each crystal ac-

cording to the given color code. As seen in the histogram of
Fig. 3(a), the measured crystal heights are quantized
around integer bilayer heights. This means the ice crystals
grow in discrete jumps of one molecular bilayer, as ex-
pected at low temperature. Heating this initial configura-
tion to 140 K for 1 h causes the crystals to grow higher as
seen in Fig. 2(b) and the height histograms of Fig. 3(b). The
STM tip was retracted during the annealing to avoid tip

FIG. 1. Surface topography of a crystalline ice-multilayer film
on Pt(111). This 500 nm� 500 nm STM image, showing indi-
vidual � 3 nm high ice crystals grown at 140 K, demonstrates
the capability of STM to investigate ice multilayers nondestruc-
tively. The height profile displayed below the image was taken
along the line connecting the two triangular markers.
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FIG. 2 (color). Nucleation-limited dewetting. (a) 1 �m2 image
of an ice film grown at 140 K with the height of each three-
dimensional crystallite colored differently. (b) Image of the same
surface region after annealing at 140 K for 1 h. (c),(d) Prior to
acquiring (Vsample � �5 V, It � 0:35 pA) these two images, the
STM tip was biased at Vsample � 0:3 V, and scraped away the
uppermost layers of the crystal, reducing its height to 4 bilayers
(above wetting layer).
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induced morphology changes. Since the total ice volume in
these images is nearly conserved (i.e., it drops by only �
5%, presumably from sublimation), the 30% decrease in
area covered by more-than-one-bilayer-thick crystals must
be due to new layers being nucleated during dewetting.
(The disappearance of some very small islands in Figs. 2(a)
and 2(b) could also be due to sublimation.)

It is difficult to observe individual nucleation events
directly because the sample must be quenched to
<120 K for nondestructive imaging. However, by scan-
ning with sample voltages jVsamplej< 5 V several upper-
most H2O layers can be removed with the STM tip, thus
creating very flat crystals for which the driving force of
dewetting is extremely high. Then, after switching to
imaging mode, i.e., increasing the sample bias to
jVsamplej> 5 V, we are able to observe [Figs. 2(c) and
2(d)] the formation of triangular nuclei, which readily
expand until they cover the entire crystal even at 120 K.

To analyze these data we adapt the approach of Mullins
and Rohrer to the dewetting case. First consider the driving
force. Assume that the ice crystals are strain free [14,15]
hexagonal prisms of height h and prism length R. Assume
further that the volume, �, per water molecule is approxi-
mately the same for the wetting layer and the crystal. The
supersaturation of admolecules on top of the basal surface
of the crystallites is determined by the decrease in free
energy that occurs when molecules are removed from the
prism faces of the crystals, increasing the area covered by
the wetting layer. The corresponding chemical potential,
relative to bulk ice, is a sum of contributions from changing

the areas of the horizontal basal and vertical prism faces of
the crystallites:

 � � ���b 	 �ice-Pt � �wetting�=h	 2��p=�
���
3
p
R�: (1)

Here �b is the basal plane surface free energy per unit area,
�p is the surface free energy of the prism faces, �ice-Pt is
the free energy/area of the ice-Pt interface, and �wetting is
the specific free energy of the Pt surface covered by the
wetting layer. The driving force � for dewetting decreases
as the crystals become higher because the change in inter-
facial area per water molecule decreases as 1=h.

Given this driving force we use standard nucleation
theory to calculate the rate J for nucleating triangular
islands as observed on top of the hexagonal prisms. The
free energyG of a triangular island of side length r, subject
to the chemical potential � given by Eq. (1) is G�r� �

3�r�
��
3
p

4
h0

� �r
2, where h0 is the height and � the energy

per length of the molecular step that bounds the nucleated
layer. The maximum of G�r� yields the critical size rc �

2
���
3
p

��
�h0

. Assuming that the nucleation rate is proportional
to the thermal probability of creating a critical nucleus, i.e.,
J / exp
�G�rc�=kT�, we find the island nucleation rate J
in our limit of R� h decreases exponentially with h:

 J�h� / exp
�
�

1

�b 	 �ice-Pt � �wetting

3
���
3
p
�2

kT
h
h0

�
: (2)

We now compare to our experimental data. Figure 3(c)
displays how often crystallites were observed to change
their height by n layers during the 1 h anneal, for various
starting heights. Clearly there is a correlation between
height and growth rate—lower-height crystallites nucleate
new layers more quickly, as expected from the theory.
Figure 3(d) shows what Eq. (2) predicts for the crystal
height changes between Figs. 2(a) and 2(b), along with the
calculated statistical standard deviations. To construct this
figure we fit the height changes observed for crystals of
height 6 to obtain values of J�6� and of the exponential
factor in Eq. (2). With no further fitting, we then reproduce
within statistical errors the rates of height changes for
crystals 5 and 7 layers high [22]. From this fit one can
estimate that 3

���
3
p
�2=
��b 	 �ice-Pt � �wetting�kT� �

ln�2:5� � 1 for ice at 140 K.
The exponential decrease of the nucleation rate with

height determines the film morphology: For crystallites
of fewer than 5 layers, nucleation is fast enough that they
all grow higher than 4 layers already during the deposition.
(Here, of course, the deposition flux enhances the nuclea-
tion.) On the other hand, nucleation on top of crystallites
more than 10 layers high becomes so slow as to be hard to
observe, even though the ice crystals are still much flatter
than in equilibrium. These results also imply that dewetting
is dominated by the rearrangement of material within
crystals and not between them (i.e., not by Ostwald ripen-
ing). In the case of Ostwald ripening (where the super-
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FIG. 3. Analysis of the film evolution upon annealing.
(a) Histogram of the average height of each crystallite above
the wetting layer showing the discreteness in height.
(b) Comparison between the height distributions of the images
in Figs. 2(a) and 2(b). (c),(d) Number of crystals of initial height
h (labeled for each curve) that have changed in height by n
layers. (c) shows the experimental results, (d) shows the numbers
predicted from Eq. (2).
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saturation on each crystal is the same and determined by
the average crystal size), nucleation would have been
proportional to the area of a crystal’s top facet but inde-
pendent of the crystal’s height.

Lastly, we note that the energies extracted from our fits
to nucleation data permit inferences concerning the ener-
getics of ice steps and interfaces and their molecular
structure. We first define two energies per area that mea-
sure the interactions with the substrate of (i) the wetting
layer and (ii) an ice crystal. We take "Pt-ice to be the energy
decrease per area when the basal plane of a macroscopic
ice crystal is placed in contact with the substrate, i.e.,
�Pt-ice � �Pt 	 �b � "Pt-ice. Then we define an analogous
quantity "wetting for the wetting layer by comparing its
energetics to a bulk-ice crystal with two surfaces that is
brought into contact with the Pt substrate: i.e., �wetting �

�Pt 	 2�b � "wetting. Accordingly, we rewrite the estimate
above as

 

�"wetting � "Pt-ice

�b

��
a�b
�

�
2
�

�
3
���
3
p
a2

kT
�b

�
; (3)

where we introduce the distance a � 0:45 nm, the separa-
tion between equivalent O atoms at a molecular step, to
make each factor in the equation dimensionless.
Experimental data and counting the hydrogen bonds bro-
ken to create a basal surface of ice suggest that �b is within
a factor of 2 of 100 mJ=m2 [1], which yields an estimate of
20 for the right-hand side of Eq. (3) at 140 K. Ignoring
surface relaxations and reconstructions, we model the sur-
face and steps as truncated bulk ice with energies propor-
tional to the number of broken nearest neighbor ‘‘bonds.’’
In this model the equilibrium island shape is triangular,
consistent with our observations, with a step edge energy
of � � a�b=

���
3
p

. Substituting this result into Eq. (3) would
imply that "ice-Pt � "wetting � 7�b. Such a large difference
between "ice-Pt and "wetting is unreasonable if, as expected,
the main difference between the ice in the wetting layer
and at the ice-Pt interfaces lies in the different arrangement
of hydrogen bonds. For example, it has been proposed
[3,4,12,15] that in the wetting layer there are no broken
hydrogen bonds pointing away from the substrate, as there
are at the surface of truncated bulk ice. From this sort of
bonding rearrangement we expect "ice-Pt � "wetting to be on
the order of �b—but not 7 times �b—and argue that
simple bond counting overestimates the step energies on
ice by at least a factor of 3, suggesting significant relaxa-
tions or a reconstruction of the step edge. However, even
with such a reduction in �, our results still suggest that
"ice-Pt � "wetting is a considerable fraction of �b, indicating
significant structural differences between how the wetting
layer and bulk ice are bound to Pt.

In summary, we have shown that ice crystals, growing
one molecular layer at a time, can be imaged with STM.
The promise of this advance is demonstrated by the fact
that we have observed and characterized the nucleation of

molecular layers of ice on ice. From our analysis of the
observed nucleation rates we have deduced that the step
energies on ice are considerably smaller than predicted
from bond counting arguments, and that the difference
between the bonding of the wetting layer and the bulk-
ice Pt interface is on the order of the ice-vacuum surface
energy. The driving force for dewetting of ice on Pt(111) is
strong enough to cause nucleation of new layers, which
slows down as the crystallites become higher. Although
understanding dewetting-induced nucleation is crucial for
predicting the stability of thin films, it has not been quan-
tified before in any system.
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