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ABSTRACT

We present a study of the impeding influence of a capping, native oxide layer on the solid state dewetting of thin bismuth films on silicon
(111) in vacuum. We study the temperature dependence of the film thickness and strain of the thin films through the analysis of crystal
truncation rods of clean and capped bismuth films. This analysis reveals a dewetting temperature difference of 40 °C between capped and
uncapped films. The results are supported by scanning electron microscopy and x-ray photoelectron spectroscopy experiments.
Furthermore, a model for the retarding effect of the oxide layer and the final shape of the thin film is presented.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0001048

I. INTRODUCTION

Solid state dewetting of thin films at elevated temperatures is
investigated with increasing experimental and theoretical effort for
several reasons. First, the resulting networks,' nanowires,” and
nanoparticles’™ show interesting properties and can be created with
relative ease and steadily increasing control.® Furthermore, knowl-
edge about the prevention of solid state dewetting can be important
for applications of thin films at elevated temperatures, because dew-
etting is a possible destruction mechanism for thin films. A straight-
forward way to increase the dewetting temperature is to increase the
film thickness.” In cases where the increase in the film thickness is
not possible, the most promising way to prevent dewetting is to
inhibit surface diffusion, which is the dominating and rate determin-
ing mechanism for solid state dewetting. It has been shown that this
can be done either by adsorption of immobile adsorbates’ or by
capping with a graphene layer.” In the present study, we show that it
is also possible, under certain circumstances, to increase the dewet-
ting temperature by a capping of the thin film with its native oxide.

We present a study about the retarded solid state dewetting of
thin bismuth(0001) films with the oxide capping layer on Si(111)
substrates and compare the dewetting dynamics to reference samples
without the oxide capping layer. The analysis of the dewetting
process is done by fitting a model to crystal truncation rods mea-
sured in situ by x-ray diffraction (XRD). We were hereby able to
determine the thickness of a thin film with atomic resolution, which

can be connected to the surface coverage of the sample due to
volume conservation. Furthermore, scanning electron microscopy
(SEM), x-ray photoelectron spectroscopy (XPS), and electron diffrac-
tion have been carried out ex situ to analyze the final morphology of
the thin films and the type of the oxide layer before and after dewet-
ting. For a detailed description of the fitting of the model to the
XRD data, the reader is referred to the supplementary material.”

Il. EXPERIMENT

The samples were prepared in a Riber EVA 32 ultrahigh
vacuum (UHV) chamber with a base pressure below 107'° mbar.
The silicon substrates were held at 600°C for 1h to evaporate
surface adsorbates, followed by a flashing process, in which the
samples were flash heated to 1250 °C to remove the native oxide of
the surface. This process was repeated until the reflection high
energy electron diffraction (RHEED) pattern of the Si(111)-7 x 7
reconstruction was clearly visible. The rapid heating was accom-
plished by electron beam heating and controlled with a thermocou-
ple pressed to the backside of the sample by a spring. During the
entire process, the chamber pressure was kept below
2 x 107° mbar. After the substrates were allowed to cooldown to
room temperature, they were coated with bismuth by molecular
beam epitaxy (MBE) at a rate of 0.11 nm min~!. The growth of the
thin films was controlled in situ by RHEED and followed the
growth mechanism reported by Refs. 10-12. After the formation of
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an amorphous wetting layer, pseudocubic and hexagonal islands
grow until they reach a critical thickness of 2-8 bilayers. At this
thickness, the film transforms into a hexagonal phase with a flat
surface and a two-domain structure. The two domains appear
because of the two rotational possibilities of the second atomic
layer of the hexagonal Bi(0001) surface rotated by 30° to each
other. This results in a sixfold diffraction pattern, in which every
other reflection originates from a different domain.

After thin film preparation, the reference samples were trans-
ferred through vacuum to a transportable mini UHV chamber with
beryllium window, whereas the other samples were exposed to air
for 5 min before they were transferred in vacuum to the aforemen-
tioned mini UHV chamber. Both types of samples were analyzed
by XRD inside the UHV chamber with a self-built high-load six
circle diffractometer with Mo x-ray tube. Measurements of asym-
metric crystal truncation rods were carried out at a constant inci-
dent angle of 0.5°, at which the highest intensity of the Bi 0112
reflection was measured, while the in- and out-of-plane angles were
rotated to change the scattering vector. Therefore, four truncation
rods of the Bi(0001) thin film were captured: the 1011 and the
1014 reflection of the first domain and the 0112 and the 0115
reflection of the second domain. The samples were dewetted by an
annealing procedure, in which they were heated to subsequently
increasing temperatures from 175 to 260 °C, while all XRD mea-
surements were carried out at 100 °C, a temperature assumed low
enough to stop the dewetting process. The samples were kept for
1 h at each temperature step. All XRD measurements took place in
the transportable mini UHV chamber, in which the pressure
during the heating was kept below 1077 mbar, while the tempera-
ture was controlled by a thermocouple connected to the backside of
the sample by a spring.

After the annealing process was finished, the samples and
several reference samples were further analyzed ex situ by SEM in a
JEOL JSM 7600F and x-ray photoelectron spectroscopy (XPS) in a
Phi 5000 Versa Probe. Furthermore, RHEED and low energy elec-
tron diffraction experiments were carried out with oxidized and
not dewetted films to obtain information about the crystallinity of
the oxide layer.

The fitting of the XRD data has been carried out with a self-
written PYTHON script and a nonlinear fitting algorithm imple-
mented in scipy.'” The theoretical x-ray diffractograms of the thin
films were calculated by adding up all scattered waves in a lattice
sum'" within kinematical scattering theory, which is described in
detail in the supplementary material.’

Ill. RESULTS

The resulting x-ray diffractograms of the samples after the
first annealing step, together with the corresponding fits, are shown
in Fig. 1. It can be seen that the finite thickness Laue fringes of the
sample with capping oxide layer are attenuated compared to those
of the reference sample. However, it is still possible to obtain an
atomic layer resolution in the number of bilayers by fitting the
XRD profile. At a gr-value of 1.06nm™!, an additional peak can be
discerned in the diffractogram of the reference sample that can be
assigned to the tail of the substrate Sil1l reflection. This reflection
is not visible in the diffractogram of the sample with the oxide
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FIG. 1. X-ray diffraction data of the sample with (1, red) and without (2, blue)
the oxide capping layer. The corresponding fits are shown in black. Reflections
from left to right can be identified by considering the two-domain structure
as the 1011-first domain, 0112-second domain, 1014-first domain, and
0115-second domain reflections of bismuth.

layer because of a rotation of the threefold sample around 60°.
Therefore, the first and third reflection of the reference sample
originate from the same domain as the second and fourth reflection
of the sample with the oxide layer and vice versa. However, this
only appears as a factor representing the volume ratio between the
two domains and does not affect other results of the fit.

SEM images of the dewetted samples are shown in Fig. 2.
While the thin film of the reference sample without the oxide layer
still consists of a continuous network, the thin film with the oxide
layer appears as completely separated islands, indicating a notable
difference in the dewetting mechanism. Higher magnifications
reveal that there are many smaller islands with threefold symmetry
present in both films.

The measured XPS data of a thin bismuth film with the oxide
capping layer before and after dewetting can be seen in Fig. 3.
Furthermore, a high resolution spectrum of the bismuth 4f peaks
reveals that the oxide layer is still present in the film after dewetting
that can be seen at an increasing relative intensity of the bismuth
oxide 4f peaks compared to the bismuth 4f peaks. The XPS survey
spectrum is also a proof that the thin film only consists of bismuth
oxide, apart from small carbon and nitrogen peaks that result from
dirt on top of the samples, which was probably caused by the trans-
port to the XPS device.

IV. DISCUSSION

The number of bilayers and the distance between bilayers of
the bismuth films resulting from the fits of the temperature depen-
dent XRD data (Fig. 4) show the different dewetting behavior
caused by the oxide capping. It can be seen that, in contrast to the
thin film without capping, the dewetting of a thin film with the
oxide layer is prevented until a critical temperature is reached, at
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FIG. 2. Scanning electron microscopy images of the dewetted thin films (a) with
and (b) without the oxide capping layer during the dewetting. The thin film with
the oxide layer dewets into separated small islands, while the thin film without
the oxide layer still shows a connected network. Many 120° angles can be seen
in both micrographs, indicating the slowest retreating edges fit to a certain direc-
tion of the threefold two domain bismuth(0001) thin film.

which the dewetting proceeds rapidly. Furthermore, the number of
bilayers of the capped film (and therefore its surface morphology)
becomes inhomogeneous at high annealing temperatures. This
number can be obtained in different ways: the number of bilayers
can either be fitted by using the finite thickness Laue fringes
(1, red, hollow circles) or the width of a reflection (1, red, filled
circles). The reader is referred to the supplementary material” for a
detailed discussion of the fitting of the diffraction data. An analysis
of the SEM images results in a similar surface coverage of both thin
films. While the reference film covers 25% of the sample, the
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FIG. 3. XPS data of a bismuth thin film on silicon before (top curve) and after
(bottom curve) dewetting. (a) The survey spectrum indicates a pure oxide layer
on top of the film, which is thinner than the information depth, in contrast to the
whole film. (b) High resolution spectrum of the bismuth 4f peaks can be ana-
lyzed to calculate the ratio of bismuth oxide and pure bismuth within the infor-
mation depth. A U2 Tougard-background was used for the fitting.

sample with oxide layer is covered 20% by the thin film.
Therefore, we conclude that, once the oxide layer barrier is
broken, the dewetting is driven by similar kinetics than the
sample without the oxide layer. In our opinion, the resulting sepa-
rated islands are the outcome of a much higher number of nucle-
ation centers, represented by holes in the thin film in solid state
dewetting. A higher number of nucleation centers will cause more
dewetting edges to be formed simultaneously and therefore
increases the possibility of the thin film to dissipate energy by
dewetting and resulting in a higher dewetting rate, which can be
seen in the slope of curve 1, red, filled circles in Fig. 4(a).
Furthermore, the analysis of the strain of the thin films reveals the
protecting effect of the oxide layer in more detail. It has been
shown in our previous work'® that thin bismuth films undergo
some relaxation process during solid state dewetting, in which the
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FIG. 4. Results of the fitting of the x-ray diffraction data of a sample with
the oxide layer (1, red) and a sample without the oxide layer (2, blue). (a) The
number of bilayers plotted by the annealing temperature shows the shift of the
dewetting of a sample with the oxide layer to higher temperatures with respect
to the dewetting of a sample without the capping layer. (b) The stagnation of the
dewetting process of a sample with the oxide capping layer can be seen in a
horizontal plateau of the distance between bilayers over the annealing
temperature.

misfit strain decreases. In the first approximation, for clean
bismuth films this phenomenon appears as a straight line when
plotting the distance of the bilayers over the annealing tempera-
ture, as it can be seen at curve 2, blue in Fig. 4(b). However, the
sample with the oxide layer shows a similar behavior at first
[curve 1, red in Fig. 4(b)], until the relaxation process is hindered
and the resulting graph becomes horizontal. At a critical tempera-
ture of 240 °C, the process starts again, following a straight line,
and resulting in a kink in the curve.

ARTICLE avs.scitation.org/journalljva

Since both bismuth films were prepared with the same growth
parameters, the difference of three in the number of bilayers before
dewetting (/1.2 nm) can be assigned to the oxidized layers on top
of the film. While ex situ LEED and RHEED experiments indicate
that the oxide layer is amorphous, analysis of the XPS data shows
the chemical shift of Bi,O; at the bismuth 4f peak and that there is
no contamination with other elements in the layer. With this infor-
mation in mind, we designed a model for the dewetting of thin
bismuth films with oxide layer capping that is presented in Fig. 5.

The slow increase in the number of bilayers [curve 1, red in
Fig. 4(a)] is an indication for more and more holes being generated
in the film before the onset of dewetting. An annealing treatment
of repeated heating and cooling cycles (like the one in this study)
can result in holes in thin films caused by differences in thermal
expansion of the thin film and the substrate material. As a result of
this, there are weak spots already present in the film at which
several diffusion mechanisms are possible that are shown in
Fig. 5(a). Since the proceeding dewetting causes edges to move
inside (dashed arrows) and because of volume conservation, the
thickness of the thin film increases and atoms need to be moved
from the bottom of the film to the top. We assume that the influ-
ence of bulk diffusion can be neglected since its activation energy is
much larger than for surface and interface diffusion. Analyzing the
number of bilayers that has been fitted to the last measured XRD
pattern, a model for the final film can be created [Fig. 5(b)].
Because the peak shape reveals an average thickness of the film of
(50.1 + 3.1) bilayers, at least some regions of the film must show
this thickness (region 1). Furthermore, the analysis of the still
present finite thickness Laue fringes reveals areas at which the
thickness of the bismuth film is (24.7 + 1.4) bilayers (region 2).
Since the coverage of the surface by the thin film decreases to
1/5th, the thickness of the film needs to be increased by a factor of
5 in average, which includes the thickness of the oxide film. This
increase would result in an average oxide film thickness of more
than 6 nm, which is expected to be higher than the information
depth of the XPS experiment. Because the signal of pure bismuth
does not vanish, we assume that those parts of the thin film with
high thickness are not covered by the oxide layer anymore. For a
quantification of the different areas, the transfer to the XPS spec-
trometer through air needs to be considered, which results in an
oxidization of all open bismuth areas [Fig. 5(c)]. From the XPS
measurements, the fraction of bismuth oxide to the XPS intensity
increases from 57.09% to 70.84%, from which a fraction of region 2
of 32.04% can be calculated by Eq. (1), with the assumptions that
the oxide layer of a dewetted sample is thicker than the information
depth of the XPS measurements and that no oxygen is desorbed
from the film:

Ay p1+As P2 = Pees

Al +A2 == 1 = Az == M
p=1 b
0.7084 — 0.5709
= 7 03204 (1)
1—0.5709

In this equation, the proportion of oxide layer in the signal of
the two areas of the model are p; = 0.5709—the thin film is
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FIG. 5. Model for the solid state dewetting of thin bismuth films with the oxide
capping layer. (a) Possible diffusion mechanisms are shown with solid arrows.
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be discerned in the XRD data. (c) After the transfer to the XPS device through
air, the surface of the thin film that is not covered by an oxide layer becomes
oxidized.
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transferred through air to the XPS system—and p, = 1, the result-
ing proportion of oxide signal is pe.s and the areas of the model are
Aj,. This model is supported by SEM images of the dewetted film
with the oxide capping layer, which show islands with terraces of
different height [Fig. 2(a)].

Using this model as a working hypothesis, we developed a
dewetting mechanism in which the thin bismuth oxide film breaks
before the entire thin film can change its morphology. This can
either happen due to a dewetting of the oxide film or because of a
mechanical failure of the oxide film caused by stresses resulting
from the heating process. While the oxide film has a high melting
temperature, compared with pure bismuth, of 817°C and therefore
should dewet at a high temperature, it is amorphous, very thin, and
has preexisting holes in it caused by the relaxation process of the
bismuth film, which can all reduce the dewetting temperature of a
film. Therefore, we think it is possible that the oxide layer is broken
due to solid state dewetting. On the other hand, the annealing
process causes mechanical stresses in the thin films due to differ-
ences in the thermal expansion of the materials. This may lead to a
mechanical failure of the oxide layer, which may also be the reason
for the whole process to start. Both mechanisms explain the abrupt
increase in the film thickness after reaching the critical temperature
of 240°C and the kink in the curve for the strain relaxation of the
thin bismuth film. If the barrier of the oxide layer is broken, the
further process can follow the same mechanism as the dewetting of
thin bismuth films without the capping layer. However, the oxide
layer is still present at some areas and the stagnation of the dewet-
ting caused many holes, which functioned as dewetting seeds.
Therefore, the thin bismuth films with and without the oxide layer
show a very different appearance after solid state dewetting.

V. CONCLUSION

We have shown that an oxide capping layer is able to increase
the dewetting temperature of thin bismuth films on silicon at
40°C. Based on these data, we designed a model for the dewetting
mechanism and the structure of the final film, in which the film
can be divided into two regions. According to our model, the veloc-
ity determining step is the dewetting of the bismuth oxide layer on
top of the bismuth film via surface diffusion, before the remaining
bismuth film can finally undergo dewetting. Furthermore, it has
been shown that thin bismuth films with the oxide capping layer
dewet into separated and small islands at temperatures at which the
clean bismuth film still exhibits a connected network of islands.
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