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Growth of Cg, thin films on GeS(001) studied by scanning force microscopy
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The epitaxial growth of Cq, thin films sublimed onto GeS(001) substrates under ultrahigh-vacuum con-
ditions was investigated in the range of 0.7—11 monolayers coverage by scanning force microscopy in air.
The growth process follows basically a layer-by-layer mechanism if evaporated in the narrow tempera-
ture range from 180 to 200 °C, but was found to be very sensitive to even small changes in temperature.
At substrate temperatures above 200°C, the second and higher layers are not stable. For temperatures
close to 200 °C, our studies indicate pure layer-by-layer-type growth. Somewhat lower substrate temper-
atures lead to the formation of two different types of triangular-shaped islands which originate from a
different stacking of the molecules, beginning with the second layer. Triangular islands belonging to the
same type tend to coalesce, whereas islands of different types are separated by grooves. At substrate
temperatures close to 180 °C during evaporation, dendritic islands are formed due to the limited mobility
of the C¢, molecules at this temperature. Furthermore, the growth mode changes to a nonideal layer-
by-layer growth where the second and even higher layers start to grow before the first layer has been
completed. This behavior can well be explained by a two-dimensional diffusion-limited growth mecha-
nism. Finally, substrate temperatures significantly lower than 180°C result in films without long-range
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order.

I. INTRODUCTION

During recent years, solid Cq, has attracted consider-
able interest in solid-state physics, due to the spherical
shape of the C¢, molecules! and the extraordinary prop-
erties of the bulk material. With the invention of a
method for the production of macroscopic quantities of
Ceo, 2 it has become possible to investigate the structural,
vibrational, frictional, and electronic properties of this
form of carbon. For detailed studies of the solid-state
properties of Cqj, the availability of millimeter-sized Cy,
single crystals>* and high-quality single-crystalline thin
films is mandatory. In addition, the growth of C, single
crystals and thin films is of fundamental interest, because
the individual Cy, molecules are bound only by the weak
van der Waals interaction similar to noble-gas crystals
and can adequately be approximated by a hard-sphere
model. Therefore, the growth of thin films has been ex-

tensively studied on various types of substrates, as, e.g., -
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on metals, semiconductors, ionic crystals!?
and layered materials. '#1%!7 On most substrates, howev-
er, the Cg, thin films were found to grow irregularly or in
the Volmer-Weber growth mode (island growth). A more
detailed discussion about the growth mechanisms on
several different substrates can be found in Ref. 18. One
of the rare substrates where layer-by-layer growth of
single-crystalline films has been reported is GeS(001). 1% 1°

In this paper, we present results of a scanning force mi-
croscopy (SFM) study of the growth behavior of C¢, mol-
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ecules sublimed in ultrahigh vacuum (UHYV) onto single-
crystalline GeS(001) substrates. The surface morphology
measurements have been combined with simultaneous la-
teral force measurements. This additional data allows us
to make a clear distinction between substrate and Cg, lay-
ers, i.e., enabling chemical contrast?®® and thereby facili-
tating the image interpretation. Moreover, it provides in-
formation about the microtribological properties of the
C¢o layers, which are still considered as a solid lubricant
despite contradictory results presented in recent re-
ports. 1321~

II. EXPERIMENT

The sample preparation was carried out under UHV
conditions. The single-crystalline, undoped GeS samples
of 6 mm X 6 mm X { mm size were freshly cleaved in situ
along their (001) plane. The quality of the cleavage
planes was checked by low-energy electron diffraction
(LEED), always showing the expected sharp, orthogonal-
ly arranged reflections.'®?” For the evaporation,
chromatographically purified C¢, powder with a purity
higher than 99.9% was loaded into the graphite crucible
of a Knudsen cell and carefully outgassed at 380 °C for
several hours and at 420°C for 1 h. Finally, the C¢, mole-
cules were sublimed at 420°C by opening a shutter for
about 3-60 min, depending on the desired film thickness.
During the evaporation, the GeS substrate was held at a
constant temperature between 180°C and 200°C. Sub-
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FIG. 1. (a) Force micrograph of a 0.7-ML
film. The scanned area was 9.3X9.3 um?® The
observed islands are 1 nm high, corresponding
to 1-ML Cg,. The average diameter of an is-
land is around 1 um. (b) Topography and (c)
lateral force map of a smaller surface area on
the same film (4 X4 um?). The contrast in the
lateral force map indicates lower friction on
the C, islands.

FIG. 2. (a) Large-scale scan (12.5X12.5
um?) of a 0.95-ML film. Small holes are ob-
served. The step structure is induced by the
cleavage steps of the underlying substrate. (b)
Zoom of (a) for a closer examination of the
holes. These holes are found to be 1-nm deep
and flat at the bottom. The corresponding la-
teral force image (c) exhibits a different friction
at the bottom of the holes compared with the
surface of the film. The reversed contrast [cf.
Fig. 1(c)] is explained in the text.
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strate heating, which was performed indirectly by using
an infrared light source, was started about 10 min before
evaporation.

The evaporation rate was determined to be about 0.07
ML /min for the samples presented in Figs. 1-3. For the
samples shown in Figs. 4 and 5, a home-built cell was
used. The evaporation rate for this cell, estimated from
the SFM and LEED investigations, is about three times
higher. The background pressure during deposition was
~2X107° mbar for all samples. After deposition, the
samples were inspected by LEED, revealing diffraction
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patterns of both GeS and Cgy, with intensities according
to the deposition time. 1327

Figure 6 shows the structural model for Cq, molecules
on GeS(001) substrates as determined in earlier
work. #1927 GeS is a layered material which can easily
be cleaved along its (001) plane. Due to the large ionic
radius of the sulfur atoms in contrast to the germanium
atoms and an anisotropy of the a and b axis of the GeS,
rows with 4.4-A spacing are formed at the surface paral-
lel to the b axis of the substrate (c.f., the side view in Fig.
6). Bulk-Cg, crystallizes in face-centered cubic (fcc)

FIG. 3. Large-scale scan [(a) 10X 10 um?] and higher magnification image [(b) 1.5X 1.5 um?] of a film with 1.2-ML nominal cover-
age. The individual islands have about the same diameter as the islands in Fig. 1, but exhibit a dendritic shape. Second and even
third monolayer growth starts before the first monolayer has been completed. The individual monolayers are well resolved. (c) La-
teral force map of the surface area displayed in (b). The clear contrast allows an easy distinction between substrate and Cq, layers.
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FIG. 4. SFM micrograph (5X5 um?) of a sample with ~2-
ML coverage. The corresponding lateral force map showed no
contrast, indicating that the whole substrate is covered with at
least one layer of Cgy.

structure with a nearest-neighbor distance of 10.02 A If
the C¢, molecules fill every second row at the GeS sur-
face, their nearest-neighbor distance matches nearly ex-
actly the bulk value and the Cq, molecules form'a (111)
oriented epitaxial layer of a close-packed structure with
orientational relations as indicated in Fig. 6.

The scanning force microscopy investigation was per-
formed in air and at room temperature, using a commer-
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cially available instrument?® based on the laser beam
deflection method.?>3° In this setup, normal and lateral
forces can be measured in parallel by the simultaneous
detection of the vertical and torsional deflection of the
cantilever using a four-segment photodiode sensor.3!:*2
V-shaped Si;N, cantilevers?® with spring constants of
0.12 N/m were used for the acquisition of the data
presented in Figs. 7, 1, and 2 and rectangular silicon can-
tilevers®® with spring constants of 0.04-0.15 N/m for all
other measurements.

III. RESULTS

For a comparison of covered with uncovered samples,
the morphology of freshly cleaved GeS(001) was first
characterized by SFM. Figure 7 shows a typical force
micrograph of this material; the scanned area is 50X 50
um.? Very large, atomically flat terraces are visible,
which are separated by steps of 5.3+0.5 A height or mul-
tiples of this value, which is in good agreement with half
of the c-axis lattice constant of 10.47 A.3* Generally, the
surface morphology of the freshly cleaved GeS(001) looks
similar to the surface morphology of many other layered
materials, e.g., graphite.

Figure 1(a) shows the sample after C4, molecules have
been evaporated on the GeS crystal to form a layer of
0.7-ML nominal thickness. The mapped area is 9.3X9.3
pum?. Three straight surface steps of about 10- A height
(corresponding to the c-axis lattice constant) are visible.
Round islands of 10 A height and 0.5-1.3-um diameter
have been formed. Close to the steps, however, the is-
lands are more longish and oriented along the step direc-
tion.

Figure 1(b) shows an SFM micrograph of the same
sample at a higher magnification (displayed surface area:

FIG. 5. Force micrographs of two different surface areas on a sample with about 11-ML coverage. The scanned areas are (a) 5X5
pum? and (b) 3.6 X3.6 um?. The triangular-shaped islands, reflecting the sixfold symmetry of the Cq {111} surface, are separated by
grooves of 1-ML depth and 50—-140-nm width. A mechanism which could explain the observed surface structure is proposed in the
discussion.
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FIG. 6. Structural model for Cg molecules on GeS(001).
Due to the anisotropy of the a and b axes of the GeS crystal and
the different radii of the sulfur and the germanium ions, parallel
rows in the b direction with 4.4-A distance are formed on the
GeS(001) surface. This is nearly half of the interlayer distance
of two {111} layers in the Cg bulk crystal. If every second row
is filled, the nearest-neighbor distance of two Cg, molecules fits
well to the 10.02-A bulk value. Therefore, large grains with low
internal stress can be formed.

4X4 pum?). Several islands already started to coalesce.
The upper part of the image is about 5 A lower than the
lower part, due to a cleavage step of the substrate cross-
ing the image in the middle. Figure 1(c) shows a simul-
taneously recorded lateral force map of the same surface
spot; dark means low and bright means high lateral force
in this image. The contrast in the lateral forces demon-
strates that the islands consist of another material than
the substrate and thus allows us to make a clear distinc-

FIG. 7. SFM micrograph of freshly cleaved GeS(001). The
image is dominated by large, atomically flat terraces, which are
separated by steps of half of the c-axis lattice-constant height
(5.3 A) and multiples of this value. The scanned surface area is
50X 50 um?.
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tion between substrate and Cg, layers, as shown in Ref.
19. By comparing the measured height of the islands of
10 A with the nearest-neighbor distance of the individual
Cgo molecules in the bulk of 10.02 A, the islands can be
identified as Cg islands of 1-ML height. Second Cg, layer
growth was not observed on this sample on any surface
area investigated. The white spots in the topography im-
ages of the sample are clusters, most likely consisting of
an assembly of Cgy molecules. These clusters, exhibiting
heights of 1-4 nm, were equally distributed on the sam-
ple at the beginning of the measurement, but wiped away
during scanning from the top of the C, islands. In the
lateral force map, the black spikes in the white-colored
GeS substrate area are due to a topography-induced com-
ponent of the lateral force signal, which is proportional
to the slope of the surface, and is caused by the clus-
ters.>>3¢ Similar white features are also visible on the
black Cq, island at the positions of larger clusters in the
topography image.

Figure 2(a) shows a 12.5X12.5 um? area on a 0.95-ML
sample. Larger terraces with small holes are observed.
The white spots are again clusters, but, compared with
the sample presented in Fig. 1, with a much lower densi-
ty. Higher magnification micrographs as, e.g., the images
displayed in Figs. 2(b) and 2(c) [(b) topography, (c) lateral
force map, scanned area: 3 X3 um?] were taken to stud
the holes in more detail. They were found to be 10-A
deep and flat at the bottom. The height corresponds
again to 1 ML, but can also be explained by a step of one
unit cell of the GeS substrate. The bottom of the holes,
however, always showed a significantly different contrast
in the lateral force image than the rest of the scanned
area. Hence it follows that the sample surface is covered
with a single, nearly continuous monolayer of Cq, mole-
cules. Except for structures induced by cleavage steps of
the substrate, no grain structure or additional texture was
observed.

In Fig. 3, force micrographs of a 1.2-ML Cq, film are
presented. This sample was free of clusters and exhibited
a low adhesion of about 6—7 nN when scanned with sil-
icon tips. Therefore, it was an ideal specimen for exact
quantitative measurements for both topographical and la-
teral force issues. Figure 3(a) shows a large-scale scan
(10X 10 um?), Figs. 3(b) and 3(c) topography and lateral
force map of a smaller surface area (1.5X1.5 um?). The
individual islands have about the same diameter com-
pared with the 0.7-ML film, but are of dendritic shape.
The clear contrast in the lateral force map [Fig. 3(c)] and
the molecular resolution, which was obtained on the Cg,
overlayer, 1 confirmed that the islands are formed by Ceo
molecules. The GeS substrate, however, is still visible.
In contrast to the 0.7- and 0.95-ML film, second and even
third-layer growth has been observed. The lateral force
image shows no contrast between the first and the second
or third layer, demonstrating that the different terraces
consist of the same material. A statistical analysis re-
vealed that about 30% of the substrate is not covered, but
~40% of the substrate is covered with at least two Cyg,
layers and =~49% with even three layers. By means of
averaging, the step height between the substrate and the
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first layer was determined to be 10.5+1 A, which is in
agreement with the nearest-neighbor distance in the Cg,
crystal, as already discussed above, and with the step
heights measured for the samples presented in Figs. 1 and
2. The step heights between the first and the second as
well as_ the second and the third layer, however, are
8.4+1 A. This value corresponds nearly perfectly to the
theoretical step height of 8.2 A between {111} planesin a
Cyo fec lattice with 10.02- A nearest-neighbor distance.
Additionally, a quantitative analysis of the lateral
forces was performed for this sample. In Fig. 3(c), bright
color represents high and dark color low lateral force;
hence the friction on the C4 islands is obviously
significantly reduced in comparison to the GeS substrate.
The loading force F, of the cantilever in this image was
10 nN. From a series of data obtained between 1- and
20-nN loading force, the ratio between the friction
coefficient on Cy, monolayers, e,y and the friction

coefficient on the GeS substrate, ©g.g, was determined to
be pc, ; Hges=2:3. The individual friction coefficients

w=F,/F, (where F; denotes the lateral force) were deter-
mined by a straight-line model allowing an offset. A
closer analysis, however, shows that such a simple model
is probably not appropriate. Between 7 and 10 nN load-
ing force, the contrast flips in the lateral force images.
Below F;=7 nN, the lateral force on the C, molecules is
higher than on the GeS substrate [see, e.g., Fig. 2(c),
which was imaged with low loading force and shows re-
versed contrast in comparison with Figs. 1(c) and 3(c)];
measurements above F;~10 nN always exhibited lower
lateral forces on the Cgq, layers than on the substrate.
This effect can be explained by a different dependence of
F, on F, for the C4, layers compared with the GeS sub-
strate. A detailed discussion of these issues is given else-
where. %

Furthermore, the absolute values for the friction
coefficients varied in quite a wide range. In several in-
dependent measurements on freshly cleaved GeS, e.g.,
numerical values from 0.24 up to 1.53 were found for
HUges» in spite of the fact that extreme care had been taken
to obtain a correct calibration of the lateral forces. This
variation might be influenced by the shape of the
profiling tip, i.e., the actual contact area, and perhaps
also by other parameters like the humidity or the pres-
ence of adsorption layers.”® However, the qualitative
friction properties, i.e., the behavior of the lateral forces
on the Cg, layers compared with the lateral forces on the
GeS substrate, were highly reproducible.

The samples presented in Figs. 4 and 5 were produced
using a home-built evaporation cell, as already mentioned
in the experimental part. The evaporation time for the
sample shown in Fig. 4 was 11 min; its nominal thickness
is estimated to about 2 ML. In the LEED pattern, which
was obtained after deposition of the Cq, molecules, some
characteristic spots of the GeS substrate were still visible.
These spots were reported to disappear at a coverage
above ~3 ML.* The scanned surface area is 5X5 um?.
The corresponding friction image is not displayed be-
cause it was featureless. Hence it follows that the entire
substrate surface is covered by C¢, molecules. Two types
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of steps are visible: Sharp, straight steps, which are con-
sidered to be due to substrate surface steps being 5 or 10
A high, and more diffuse steps, which are interpreted as
surface steps of the C¢, layers. Certain areas of the sam-
ple surface are densely overgrown with small ‘““islands” of
1-4-ML height and 10-100-nm diameter.

The sample shown in Fig. 5 was sublimed with the
same parameters as the sample in Fig. 4, except for a
longer evaporation time of 60 min. Consequently, the es-
timated layer thickness is 11 ML. In Fig. 5(a), a surface
area of 5X5 um? and in Fig. 5(b), a surface area of
3.6X3.6 um? was mapped. The corresponding friction
images were again featureless and are, therefore, not
displayed here. On both images, structures of roughly
triangular shape are observed, reflecting the sixfold sym-
metry of the {111} surface of the fcc lattice of the Cg,
molecules. Two different types of triangular islands can
be distinguished: islands with one of their corners point-
ing downwards in Fig. 5 (type I islands), and islands (type
II) rotated by 180° relative to these type I islands. It is re-
markable that islands coalesce with other islands of the
same type to form rather complicated structures, whereas
islands of different type are always separated by a groove.
These grooves are 50-140 nm wide and usually one ML
deep. Sometimes, a second groove of 1 ML depth, but
only 10-50-nm width can be observed at the bottom of
the main groove. Some areas of the sample are, similar to
the 2-ML film, covered with arbitrarily shaped small ““is-
lands” of about 10-150-nm diameter and 1-4-ML
height, the majority of them being 2 or 3 ML high. The
areas with these small islands are clearly separated from
the triangular island areas.

IV. DISCUSSION

The results presented above show varying growth
behavior on the samples investigated. On most speci-
mens, the obtained data is in agreement with a layer-by-
layer (Frank-van der Merwe) growth found for Cg, on
GeS(001) when evaporated at substrate temperatures be-
tween 180°C and 200 °C,'® whereas the growth mode for
the 1.2-ML sample is significantly different. The ob-
served film morphologies and the supposed reason for the
change in growth behavior will be discussed in the fol-
lowing.

The 0.7-ML film presented in Fig. 1 shows only 1 ML
high surface steps. As mentioned above, growth of a
second Cg, layer was not observed at any surface spot in-
vestigated. The individual islands have diameters of
about 1 um, which is quite large in comparison with the
average diameter of 110 nm reported for the individual
islands of a 2.4-ML film on mica® and the island diame-
ter of 100~300 nm for a 3-ML film on NaCl.1> This is in
agreement with the layer-by-layer-type growth mode pos-
tulated above. The round shape of the islands is contrary
to the faceted growth of the C, islands found in Ref. 15.
However, it is known that silver, e.g., which also has an
fcc structure, can show a s1m11ar behavior if it grows
homoepitaxial on Ag(111).4

The results obtained for the 0.95-, the 2-, and the 11-
ML samples also confirm a layer-by-layer growth model.



Except for small holes, the whole substrate surface of the
0.95-ML film is covered by a monomolecular film of Cg,
molecules, thus excluding island growth (Volmer-Weber).
On the 2- and the 11-ML sample, small, 1-4 ML high is-
lands occur, but merely locally. If the “islands” would
have been already formed during the evaporation process
in the vapor phase or even in the evaporation cell itself,
they should be equally distributed over the sample sur-
face like the “clusters” on the 0.7-ML sample. Moreover,
the clusters are easily movable, whereas the ‘‘islands,”
which were observed also on several other samples inves-
tigated in this study, but not discussed here, stay at
defined spots. Most regions do not exhibit island forma-
tion and show the appearance of pure layer-by-layer
growth. Assuming a formation of the islands during the
growth process, it follows that two different growth
modes are established in close vicinity of each other.
Probably, a better explanation for the occurrence of the
small islands is, therefore, an oxidation of the film (or
another reaction of the film with the humid air) when it is
taken out of the vacuum chamber. Oxidation, which is
under ambient conditions and at room temperature
known to be due to a reaction of Cq; molecules with
ozone*? or with O, when stimulated by visible light,*
would only occur at certain spots, depending, e.g., on the
defect density. Thus, the growth mode of the film in
UHYV would be of pure layer-by-layer (Frank-van der
Merwe) type. Oxidation is also considered to be the ori-
gin of the small, easily movable clusters observed in Figs.
1 and 2. This assumption is supported by the observation
that on the sample displayed in Fig. 4, the density of the
clusters rose significantly on a time scale of some days.

In the case of the 1.2-ML sample, the growth mode has
changed to a nonideal layer-by-layer type. The islands
have a dendritic shape and the individual branches are
not correlated with the orientation of the substrate.
Second- and even third-layer growth started before the
first layer has been completed. Similar dendritic shapes
were also observed for Au on Ru(0001) (Ref. 44) or Pt on
Pt(111),%4¢ where the shapes of the islands were ex-
plained by a two-dimensional diffusion-limited growth
mechanism. According to this mechanism, lower sample
temperatures hinder the diffusion of the Cg, molecules
along the step edges of the Cg, islands; the individual Cg,
molecules are likely to stick to the position where they
first hit the step edge. Second- and third-layer growth
starts, because the reduced energy of the C¢, molecules at
those temperatures is too low to cross the potential bar-
rier at the island edge (often called the “Schwoebel bar-
rier”). 4146

The influence of temperature on the growth mode is
supported by observations already published in Refs. 18,
27, and 39. In these studies, a quite strong temperature
dependence of the LEED signal was found. For substrate
temperatures significantly below 180°C during deposi-
tion, a sharp LEED signal was not observed, contrary to
the temperature regime between 180 °C and 200 °C, where
sharp LEED patterns have been reported. The growth
mode was found to be of the layer-by-layer (Frank-van
der Merwe) type, using x-ray photoemission spectroscopy
(XPS) and reflection x-ray scattering. For annealing tem-
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peratures from 200°C to 220°C, the Cq, molecules from
the second and higher layers evaporate, which indicates
that the substrate-molecule interaction at these tempera-
tures is higher than the intermolecular interaction. This
was confirmed by additional XPS investigations. Tem-
peratures higher than 220°C cause a complete evapora-
tion of all C4y molecules from the substrate.

All C¢, samples investigated in this study showed a
sharp LEED pattern of the {111} surface of the close-
packed lattice of the Cqy molecules. Thus, the substrate
temperatures during evaporation did not differ very much
from the favorable temperature regime ranging from
180°C to 200°C. If a mechanism similar to the one de-
scribed above for Au on Ru(0001) and Pt on Pt(111) is as-
sumed for the dendritic growth in the present case, it can
be concluded that the 1.2-ML sample was prepared at a
substrate temperature close to 180°C, whereas the Cg,
layers of the other samples presented above were eva-
porated at substrate temperatures closer to 200°C. This
difference in temperature is possible since the substrate
was, as already described in the experimental part, heated
indirectly by means of an infrared light source, and no
temperature sensor was mounted on the sample holder it-
self.

The last point of the present discussion is devoted to an
analysis of the surface structure of the 11-ML film. As
already stated above, the triangular islands which are ob-
served on this sample can be classified into two different
types: one class of islands with their corners pointing
downwards in Fig. 5 and a second class with islands ro-
tated by 180° relative to the islands of type I. It is well
known that close-packed steps are energetically most
stable. If a simple hard-sphere model is used (Fig. 8), it
can be seen that two structurally different types of close-
packed steps parallel to the (110) directions exist on a
(111) surface of a fcc crystal. The first type is part of a
small {100} microfacet and will be termed A step in the
following [see Fig. 8(a) for illustration], the second type
(B step) is part of a {111} microfacet [Fig. 8(b)].*’
Michely et al.*’ found for Pt on Pt(111) that the growth
speeds of 4 and B steps are different, probably due to a
different mobility of the adatoms along the different types
of steps. These different growth speeds were temperature
dependent in such a manner that at a certain tempera-
ture, the observed island shapes of the growth hills were
triangular and bound by A steps, whereas at a higher-
temperature regime, B steps were reported to be more
stable, leading to a formation of triangular islands rotated
by 180° relative to the triangular islands grown in the
low-temperature regime.

The mechanism for the growth of Cg, molecules on
GeS(001) proposed here is the following: The first layer
of C¢ molecules grows epitaxially according to the
structural model presented in Fig. 6 until the whole sub-
strate surface is covered with one complete monolayer.
In the subsequent growth of Cq; on Cgy(111), one type of
the close-packed steps is energetically more stable than
all other types of steps. This leads to the triangular shape
of the observed islands. Since molecular resolution at the
step edges was not yet obtained, it cannot be determined
from the present data whether the A4- or the B-type step
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is the more stable one in the temperature regime between
180°C and 200°C. The different types of triangular is-
lands (type I and type II) might be induced by a stacking
fault: Second-layer growth starts on the first continuous
monolayer of C¢, molecules at several different nucleation
sites. The location of two neighboring nucleation sites is
sometimes off by half of the nearest-neighbor distance in
(110) direction. This offset gives rise to the occurrence
of a domain boundary if islands with different stacking
are starting to coalesce (see Fig. 8). If the energy of the
Cgo molecules is high enough, the stacking fault might be
healed up and a second complete monolayer is formed. If
not, two different types of domains are formed. Assum-
ing the A-type steps to be more stable, this leads to the
formation of triangular-shaped islands as sketched in Fig.
(8)(a); otherwise, if the B-type steps are energetically
more favorable, islands according to Fig. 8(b) grow. For
the third layer, the nucleation sites for the C¢, molecules,
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arriving from the vapor phase during the growth process,
are defined by the first two layers, and no additional
domains will be formed. To minimize the surface energy,
islands belonging to the same type of domain like to
coalesce. On the other hand, the occurrence of grain
boundaries as depicted in Fig. 8 is energetically unfavor-
able. A reduction of the boundary energy might be real-
ized by a reduction of the distance between the individual
molecules at the boundary, inducing a stress in the lattice
close to the domain boundary. Such a mechanism could
explain why the area between different type of domains is
filled with C¢, molecules at a later stage of the growth
process. This results in sometimes rather complicated
growth structures formed by coalescence of triangular is-
lands of the same type, whereas islands belonging to
different types have quite large grooves between them.

To complete the analysis of the 11-ML film, two more
aspects of the surface structure should be noted. The ob-

(a)

FIG. 8. (a) Triangular islands
of different types, bound by A4-
type steps (see text). Different
stacking of the Cq, molecules on
the first layer gives rise to the
occurrence of a domain bound-
ary. (b) is similar to (a), but with
islands bound by B-type steps.
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served angles are not precisely 60° or 120°, they vary
about +20°. Additionally, the edges of the triangles are
also not really straight, but rather rough. This specific
morphology might be caused by two factors. First, dur-
ing the growth of the islands, the distribution of the den-
sity of the Cg, molecules arriving from the vapor phase
on the sample surface shows its steepest gradient close to
the corners. Hence, the corners of the islands receive an
increased supply of molecules.*® With increasing length
of the island edges, this additional supply of molecules
can no longer be compensated by diffusion along the
edges, leading to a self-accelerated growth of the triangle
corners, as, e.g., reported in Ref. 45. Second, the rough
edge structure points to a hindered diffusion along the
edges during evaporation. This would fit into the
scenario that is close to 200 °C, where evaporation of the
second and the higher C¢; layers starts, the mobility of
the Cg molecules is high enough for the individual
domains to be healed up and continuous layers are
formed; at somewhat lower sample temperatures, howev-
er, the hindered mobility of the molecules leads to the
formation of domains, which show the observed rough
edge structure.
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V. CONCLUSIONS

With the experiments described above, the epitaxial
growth of Cg, molecules on GeS(001) substrates under
UHYV conditions has been investigated by scanning force
microscopy in air. Well-ordered Cg, layers were only ob-
tained at substrate temperatures between 180°C and
200°C during evaporation. In this small favorable tem-
perature regime, thin film growth was found to be very
sensitive to slight changes in temperature. The variety of
growth mechanisms observed include pure layer-by-layer
growth, growth with the domain formation leading to a
surface structure with triangular-shaped islands, and den-
dritic growth according to a two-dimensional diffusion-
limited growth model.
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FIG. 1. (a) Force micrograph of a 0.7-ML
film. The scanned area was 9.3X9.3 um®. The
observed islands are 1 nm high, corresponding
to 1-ML Cg. The average diameter of an is-
land is around 1 pum. (b) Topography and (c)
lateral force map of a smaller surface area on
the same film (4 X4 um?). The contrast in the
lateral force map indicates lower friction on
the Cg, islands.



FIG. 2. (a) Large-scale scan (12.5X12.5
pum?) of a 0.95-ML film. Small holes are ob-
served. The step structure is induced by the
cleavage steps of the underlying substrate. (b)
Zoom of (a) for a closer examination of the
holes. These holes are found to be 1-nm deep
and flat at the bottom. The corresponding la-
teral force image (c) exhibits a different friction
at the bottom of the holes compared with the
surface of the film. The reversed contrast [cf.
Fig. 1(c)] is explained in the text.



FIG. 3. Large-scale scan [(a) 10X 10 um®] and higher magnification image [(b) 1.5X 1.5 um?] of a film with 1.2-ML nominal cover-
age. The individual islands have about the same diameter as the islands in Fig. 1, but exhibit a dendritic shape. Second and even
third monolayer growth starts before the first monolayer has been completed. The individual monolayers are well resolved. (c) La-
teral force map of the surface area displayed in (b). The clear contrast allows an easy distinction between substrate and Cg, layers.



FIG. 4. SFM micrograph (5X5 um?) of a sample with ~2-
ML coverage. The corresponding lateral force map showed no
contrast, indicating that the whole substrate is covered with at
least one layer of Cg,.



FIG. 5. Force micrographs of two different surface areas on a sample with about 11-ML coverage. The scanned areas are (a) 5X5
um? and (b) 3.6X 3.6 um?®. The triangular-shaped islands, reflecting the sixfold symmetry of the Cg{ 111} surface, are separated by
grooves of 1-ML depth and 50-140-nm width. A mechanism which could explain the observed surface structure is proposed in the
discussion.
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FIG. 6. Structural model for Cg molecules on GeS(001).
Due to the anisotropy of the a and b axes of the GeS crystal and
the different radii of the sulfur and the germanium ions, parallel
rows in the b direction with 4.4-A distance are formed on the
GeS(001) surface. This is nearly half of the interlayer distance
of two {111} layers in the Cg, bulk crystal. If every second row
is filled, the nearest-neighbor distance of two Cg, molecules fits
well to the 10.02-A bulk value. Therefore, large grains with low
internal stress can be formed.



FIG. 7. SFM micrograph of freshly cleaved GeS(001). The
image is dominated by large, atomically flat terraces, which are
separated by steps of half of the c-axis lattice-constant height
(5.3 A) and multiples of this value. The scanned surface area is
50X 50 pum?.



FIG. 8. (a) Triangular islands
of different types, bound by A-
type steps (see text). Different
stacking of the Cg molecules on
the first layer gives rise to the
occurr ence of a domain bound-
ary. (b) is similar to (a), but with
islands bound by B-type steps.




