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Abstract
Silicon telluride (Si,Tez) has emerged as one of the many contenders for 2D materials ideal for
the fabrication of atomically thin devices. Despite the progress which has been made in the
electric and optical properties of silicon telluride, much work is still needed to better understand
this material. We report here on the Raman study of Si,Te; degradation under both annealing
and in situ heating with a laser. Both processes caused pristine Si,Te; to degrade into tellurium
and silicon oxide in air in the absence of a protective coating. A previously unreported Raman
peak at ~140 cm™' was observed from the degraded samples and is found to be associated with
pure tellurium. This peak was previously unresolved with the peak at 144 cm ' for pristine
Si,Tes in the literature and has been erroneously assigned as a signature Raman peak of pure
Si,Tes, which has caused incorrect interpretations of experimental data. Our study has led to a
fundamental understanding of the Raman peaks in Si,Te;, and helps resolve the inconsistent
issues in the literature. This study is not only important for fundamental understanding but also
vital for material characterization and applications.
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1. Introduction

Research into two-dimensional materials continues to
increase in popularity, driven by their unique electronic and
optical properties along with their atomically thin structures.
Despite this popularity, a few materials continue to dominate
the field led by graphene and layered transition metal
dichalcogenides such as MoS,. The search for novel 2D
materials as possible alternatives or improvements over cur-
rent materials has played a key role in materials development.
Recently, one such material which has emerged as a con-
tender for use in 2D devices is silicon telluride (Si,Tesz) [1-4].

Si,Te; is an intrinsic p-type semiconducting material
with a unique layered trigonal structure, with silicon dimers
occupying two-thirds of the octahedral vacancies created
between HCP Te atoms [5, 6]. Each Te-Si-Te layer is
separated by van der Waals forces making mechanical exfo-
liation possible. Silicon dimers may take on one of four

0957-4484/22/265703+09$33.00 Printed in the UK

possible orientations leading to changes in the electronic and
optical properties [7], offering the unique opportunity to
control the material properties through the manipulation of
dimer orientations. Recent studies have also shown Si,Te; to
have potential applications in 2D transistor devices, broad-
band photodetectors, and resistive memory devices [1, 8, 9].

It is well known that silicon telluride is not envir-
onmentally stable under ambient conditions, characterized by
its stark red color turning black over the course of a few hours
to days. This degradation was, to our knowledge, first
explained by Bailey [10] and later confirmed by others
[1, 5, 11] and was found to be due to Si,Tes reaction with
moisture in the air, resulting in the formation of hydrated
silicon dioxide and hydrogen telluride, the latter of which
spontaneously degrades into hydrogen and tellurium. Despite
this fact, little has been done to better understand the degra-
dation so as to make it possible to probe the material stability
for device applications.

© 2022 10P Publishing Ltd
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Raman spectroscopy is a key technique used to study
Si,Tes and other 2D materials. The typical Raman peaks for
Si,Te; are located at ~120 cm ! and ~144 cm™' and have
been assigned as the A{ ¢ and A%g modes respectively by some
researchers [8, 12, 13]. The A%g mode is well understood to be
a result of symmetric out-of-plane stretching [14] while no
conclusive data exist which explain the origin of the A%g
mode, which was assigned as such based solely from polar-
ised Raman measurements [12].

The reported A}g peak intensity is inconsisitent in the
literature and varies from group to group and even from
sample to sample within the same research group. This
variability has been attributed to sample thickness [8], defects
[13], and dopant concentrations [12] in previous works, and
has led many to conclude that degraded samples of SiyTe;
with strong Raman peak at ~120 cm ' are pristine
[1, 4, 12, 13, 15]. These modes have been considered a sig-
nature feature of Si,Te; for evaluating the quality of the
material.

In this study, however, we find the A}g peak to actually
be the A peak of crystalline tellurium, which was incorrectly
assigned to Si;Te; in some of the literature. The A; mode’s
variablility can be explained by the variable thickness of
tellurium which accumulates at the surface as a result of the
hydrolysis process. We also find the A%g mode actually
contains two peaks at 140 cm ™' and 144 cm™ ', belonging to
the E, mode of tellurium and A, mode (previously labeled as
the A%g mode) of Si,Te; respectively. The A; mode of
crystalline tellurium is caused by symmetric chain expansion
within the basal plane, while the E, mode is primarly due to
asymmetric stretching along the c-axis [16, 17].

It was observed that the A;, mode of Si,Te; decreases
and is overtaken by the very closely spaced E, mode of
tellurium when the Si,Te; samples degrade. Our experimental
data has led to a fundamental understanding of the origin of
the Raman peaks in SiyTe;, which helps to resolve the
inconsistent issues in the literature and provides the correct
physics behind those experiments. Lastly, we demonstate an
effective way to prevent the degradation of Si,Te; by
depositing a thin protection layer of Al,O3; by atomic layer
deposition (ALD). This protective coating is shown to pro-
vide long term stability of the material for device applications.

2. Experimental methods

2.1. Sample preparation

Nanoplates of Si,Te; were grown on silicon substrates using a
CVD process. Full experimental details can be found in
previous publications [4]. In short, tellurium and silicon
powdered precursors are put upstream in a heated tube fur-
nace. A nitrogen carrier gas is flown through the tube,
transporting the evaporated precursors, and depositing them
on downstream silicon wafers or other substrates. The
thickness of the nanoplates varies from tens of nanometers to
hundreds of nanomaters, depending on the growth conditions.
Those samples used in this study have thicknesses around

500 nm. The as-deposited samples were then characterized
and subsequently stored in a vacuum chamber to avoid
degradation. In order to protect the samples, a 50 nm Al,O;
coating was deposited over the Si,Te; nanoplates at 150 °C
via a Savannah S100 ALD system. The deposition was
achieved using alternating 0.015 s pulses of trimethylalumi-
num and water transported via a nitrogen carrier gas flowing
at 20 sccm.

2.2. Controlled degradation through in situ laser heating

Degradation can be induced by heating the sample in situ
through controled laser exposure. High laser power and/or
long exposure times will degrade the exposed area of the
Si,Te; nanoplates due to local laser heating. Raman and
photoluminescence (PL) spectra were taken in quick succes-
sion with only a few seconds of pause between each mea-
surement. Raman and PL spectroscopy were performed using
a Renishaw InVia Raman Microscope with a 532 nm wave-
length laser. The spectra were collected from the same posi-
tion on the sample with laser powers of 0.25 mW and 0.5 mW
and a 1.0 s exposure time for Raman measurements and a
laser power of 25 ;W and an exposure time of ~2 min for PL
measurements. This procedure allows for more control over
the speed of degradation and confines the degradation to the
area of the laser spot. It also guarantees the spectra are taken
from the exact same spot on the sample.

2.3. Controlled degradation through annealing

A controlled degradation process was performed by annealing
Si,Te; nanoplates at varying temperatures. Samples were
placed into the reaction chamber of a Savannah S100 ALD
system, where they were then annealed in air at temperatures
ranging from 50 °C to 300 °C for a duration of 5 min at each
temperature. Samples were then allowed to cool to room
temperature before a Raman spectrum was taken. The laser
power was set to 25 W and the exposure time was 1.0 s for
each measurement to avoid degradation due to laser heating
during Raman measurement.

2.4. SEM and EDS measurements

The morphology and composition of the sample was char-
acterized using a FEI Quanta 200 environmental scanning
electron microscopy (SEM) with energy dispersive
spectroscopy (EDS). SEM and EDS measurements were
carried out after samples were annealed following the process
outlined above. The same nanoplate was characterized by
SEM and EDS along with Raman measurement.

2.5. Polarised raman measurements

Polarized Raman measurements were carried out using the
Renishaw polariser/analyser kit for the inVia Raman micro-
scope. The kit consists of a polarisor and half-wave plate (the
analyser) which can be inserted into the path of the scattered
light in order to control the polarisation of the collected
spectra. The laser has an inherent vertical polarisation and so
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Figure 1. Raman spectra of pristine Si,Te;, degraded Si,Tes,
tellurium, and TeO,.

without the polarisor or analyser inserted into the beam path
the ‘Porto notation’ for the Raman scattering of this config-
uration is z(x, —)Z. In this configuration light is incident (z)
and scattered(Z) along the z direction, the incident light (x) is
polarised in the x direction, and the collected scattered light
(—) is unpolarised. With the polarisor inserted, the config-
uration changes to z(x, x)Z, and the incident and collected
scattered light are parallel to one another. If the polarisor and
the analyser are both inserted into the beam path the config-
uration becomes z(x, y)7 and the incident and collected
scattered light are perpendicular to one another. Comparing
the Raman peak intensities in these parallel and perpendicular
configurations can determine the symmetry of the vibrational
modes which lead to the Raman peaks seen in the
measurements.

3. Results and discussion

Figure 1 shows a comparison of Raman spectra taken from
pristine Si,Tes, degraded Si,Tes, pure tellurium, and TeO,.
The difference in Raman spectra for Si;Te; and degraded
Si,Tes is clear, marked by the emergence of a peak at ~120
cm ', which has been previously assigned as the A{g mode
[12]. Also, it is clear from this image that the Raman spectrum
for degraded Si,Te; matches closely that of pure tellurium.
This is consistent with the findings of Bailey [10], who
suggested that pure tellurium is a by product of the degra-
dation process. Therefore, it is likely that what has previously
been assigned as an A%g mode of Si,Tes is actually the A,
mode for tellurium. The freshly grown and pristine Si,Te; has
only one significant Raman peak at 144 cm ™', while most of

Raman data in the literature typically show two primary
peaks, indicating the samples are degraded Si,Te; containing
tellerium.

TeO, has many polymorphs. The Raman spectrum
shown in figure 1 is likely the a polymorph obtained by
exposing tellurium to a high laser intensity [18]. This
polymorph has ten prominent Raman peaks, two of which it
shares with pure Te located at 120 and 140 cm ™', and eight
more higher energy peaks located at 182, 229, 273, 394, 444,
581, 664, and 684 cm ™!, Tt should be noted that degraded
Si,Te; does not show any of these higher energy peaks and so
it is unlikely that the change in the Raman spectra between
pristine and degraded samples is due to the formation of
T602.

In order to study the details of the Raman spectral change
of Si,Te; during the degradation process, a controlled experi-
ment was carried out using successive laser exposure of a
nanoplate in air. The details of this process can be found in
experimental methods. Figure 2(a) shows the successive
Raman spectra taken from a SiTe; nanoplate at a laser
power of 0.5 mW. The assignment of the Raman peaks are
labelled on the figure as the A; and E, modes of tellurium and
A, of Si;Tes. The freshly grown sample shows a very small
peak at ~120 cm ' and a more pronounced peak at
~144 cm™" with a slight shoulder on its left hand side. As the
cumulative laser exposure of the sample increases the Raman
peak at ~120 cm™ ! also increases, and what was initially a
slight shoulder at ~140 cm ™' becomes more pronounced until,
after 15 s of cumulative laser exposure, it completely dominates
the peak located at ~144 cm™". This is evidence that what was
thought to be a single peak located at ~144 cm ™' is actually
two peaks which are closely spaced about 3—4 cm ™" apart. This
close spacing along with the weak signal of the peak at
~140 cm™" for nearly pristine Si;Te; may be the reasons why
this peak had previously gone unnoticed by many researchers.

To illustrate the fine spectral change, the Raman peaks in
figure 2(a) were deconvoluted using a Lorentzian function. A
typical deconvolution spectrum for the laser exposure time of
7 s is demonstrated in figure 2(b). The experimental data can
be well fit by three peaks at 120 cm ', 140 cm !, and
144 cm™".

The peak intensities (areas) of the deconvoluted peaks
were plotted as a function of the cumulative laser exposure
time in figure 2(c). From this graph, one can see that the
fastest change in the peak intensity occurs before 6 s of
cumulative laser heating. Both the A; and E, peaks of tell-
urium dramatically increase while the A;, peak of Si,Tes
decreases rapidly during the initial in situ heating by the laser.
The E, peak of tellurium overtakes the A, peak of Si,Tes at
about 4 s of laser exposure. After a laser exposure of 8 s the
peak intensities show only slight changes, likely because most
of the Si,Te; has degraded to tellurium. Also of note, is that
the penetration depth of a 532 nm laser in tellurium can be
calculated from the known complex index of refraction [19]
to be ~14.7 nm. This small penetration depth means that it is
also possible the thin top layer of tellurium formed after
successive laser exposure protects the Si;Te; beneath from
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Figure 2. (a) Raman spectra of Si,Te; nanoplate after successive in situ laser heating at a power of 0.5 mW. The spectra are offset vertically
for readability. (b) Deconvolution of a Raman spectrum taken after 7 s of laser exposure at 0.5 mW. (c) Integrated Raman peak intensity as a
function of laser exposure time at a power of 0.5 mW. The dashed lines are drawn to guide the eyes. (d) Raman spectra of Si,Te; nanoplate

after successive in situ laser heating at a power of 0.25 mW.

further degradation by limiting the penetration depth of the
laser.

Figure 2(d) shows successive Raman measurements
taken with a laser power of 0.25 mW instead of 0.5 mW of
the same nanoplate. After 15 s of cumulative laser exposure
from the 0.25 mW laser, the A, peak is still smaller than the

A, peak, indicating the sample is only moderately degraded.
This is quite different from the same sample after 15 s of
cumulative laser exposure from the 0.5 mW laser, which
shows the A; peak much larger than the A, peak.

From these data it is clear that Si,Te; is very sensitive to
both the exposure time and intensity of the laser, which can be
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b it

Figure 3. Optical images and Raman spectra taken after the sample was annealed at temperatures of (a) 25 °C, (b) 50 °C, (c) 100 °C,

(d) 150 °C, (e) 200 °C, and (f) 250 °C respectively.

Figure 4. SEM images, Raman spectra, and atomic ratios for Si;Tes

used to study the degradation with finer control and on shorter
time scales than other methods. However, this also means that
one needs to be cautious when taking any measurements
which involve the use of a laser. The exposure time and laser
intensity must be very carefully chosen or must be done in a
moisture free environment, otherwise there is a strong risk of
unintentional degradation.

It has been shown that many other tellurium containing
2D nanostructured materials, such as GaTe, ZrTes, CdTe, and
ZnTe, degrade in a similar way to that shown in figure 2,
marked by the emergence of two Raman peaks located at
~120 cm ' and ~140 cm™ ! as samples age [20, 21]. Yang
et al [20] found this degradation in GaTe and ZrTe; to be
caused by the oxidation of tellurium atoms after interacting
with H,O in the air, resulting in the formation of TeO,.
Tellurium, however, is known to resist oxidation under

samples anealed at (a) 25 °C, (b) 150 °C, and (c) 300 °C respectively.

ambient conditions and, as shown in figure 1, the resulting
Raman spectrum does not match any known polymorph of
TeO, [18], and so this explanation for Si,Tes is questionable.
Instead, the peaks which emerge after degradation in
figure 2(a) more closely resemble those of pure tellurium,
with the peaks located at 120 cm ' and 140 cm ™' being
identical to the A; and E, modes of crystalline tellurium
[17, 22]. As such, we conclude that Si,Tes; degrades into
tellurium and silicon oxides. These findings are more in line
with the conclusions of Larramendi et al [21] ,who found the
degradation as a function of laser intensity of ZnTe into Te to
be photochemical in nature and likely thermally activated.
To further study the change in the Raman spectra of
degraded Si,Tes, another controlled degradation process was
carried out by annealing nanoplates of Si,Te; at progressively
higher temperatures. Figure 3 shows the optical images and
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Figure 5. (a) Raman spectra of Si,Te; after being annealed for 5 min at varying temperatures. (b) Deconvolution of the Raman spectrum
taken after the 150 °C annealing step. (c) Integrated Raman peak intensity as a function of annealing temperature.

Raman spectra of a nanoplate after each step of the annealing
process described in experimental methods. It is obvious upon
studying the insets of figure 3, that the A; peak drastically
increases as the sample’s annealing temperature is increased

up to 150 °C. It should be noted that significant degradation
occurs after annealing at 150 °C, even though a change in the
color and morphology are not noticable between figures 3(c)
and (d). Because of this, care must be taken not to
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Figure 6. Polarized Raman spectra of degraded Si,Te; nanoplate.

mischaracterize degraded Si,Tes as pristine solely based off
the color and morphology of the sample.

EDS measurements were taken of a Si;Te; nanoplate to
investigate the compositional change in the annealed samples.
Figure 4 shows the SEM images along with the Raman
spectra taken after being annealing at 25 °C, 150 °C, and
300 °C. The atomic ratios of Si:Te:O on figure 4 were
obtained from EDS measurements. The atomic ratio for the
unannealed sample is 2:2.73:0, which is close to the expected
stoichiometry of Si,Te;. This value remains unchanged after
the sample was annealed at 150 °C even though the Raman
spectrum indicates an increase of A; peak of tellurium, likely
due to the insensitivity of EDS measurements to the very
small amount of oxygen. However, figure 4(c) shows a
dramatic change in composition marked by an increase in
oxygen along with a remarkable change in the surface
morphology and Raman spectrum. The tellurium content
decreases in the sample annealed at 300 °C, likely due to the
evaporation of some of the Te from the surface during the
annealing process. These results verify that the annealing of
the sample causes oxidation of silicon atoms following
hydrolysis.

Figure 5 allows for a more careful examination of the
spectra included in the insets of figure 3. Here, the results are
consistent with the succesive laser measurements, showing
that the A; and E, tellurium peaks increase while the A,
Si,Te; peak decreases as the annealing temperature increases.
Note that up to a temperature of 100 °C, the annealing only
causes very small changes in the Raman spectra. The spectra
were again deconvoluted using Lorentzian functions as

demonstrated in figure 5(b) for the spectrum taken after
annealing at 150 °C. The spectrum can be well fit with the A,
and E; modes of Te and the A;; mode of Si,Tes. The peak
intensities as a function of annealing temperature are plotted
in figure 5(c). Similar to what we have observed in figure 2
for the in situ laser heating, the peak intensities of Te increase
while that of SiTe; decreases as the annealing temperature
increases. The A, peak remains reletively constant until after
the 150 °C annealing step, where it begins to be dominated by
the increasing E, peak.

To further confirm the Raman peaks which emerge after
degradation are in fact the A; and E, peaks of crystalline
tellurium, polarized Raman measurements were carried out as
described in experimental methods. The Raman spectra were
taken from a degraded Si,Te; sample at different polarization
configurations. It is generally known that light scattered from
symmetric vibrational modes retains the polarization of the
incident light, while light scattered from asymmetric modes
does not. By controlling the polarisation of the incident and
collected scattered light, it is possible to identify which
Raman peaks are from symmetric or asymmetric vibrational
modes. When the incident light has a polarization perpend-
icular to the scattered light you would expect to see a large
reduction in the Raman peak intensity for the symmetric
modes while the asymmetric modes will be less effected. It
has been shown that the depolarization ratio, defined as the
perpendicular peak intensity divided by the parallel peak
intensity, is greater than 0.75 for asymmetric (depolarized)
modes and less than 0.75 for symmetric (polarized)
modes [23].

Figure 6 shows the Raman spectra taken from a degraded
Si,Te; nanoplate in both the parallel and perpendicular
polarization configurations. The intensities of each peak were
recorded and used to calculate the depolarization ratios, which
were found to be 0.41 and 0.81 for the A; and E, modes
respectively. This is consistent with the A; mode being
symmetric and the E, mode being asymmetric, matching
other results found for crystalline tellurium [22]. Thus, the
assignment of A; and E, peaks to tellurium in the Raman
spectra of degraded Si,Te; is further confirmed.

The degradation of Si,Te; nanoplates with an Al,O3
protective coating was studied by Raman and photo-
luminescence spectroscopy. A 50 nm thick layer of Al,O;
was deposited over the Si;Te; nanoplates via ALD in an
effort to insulate the sample from moisture in the air. Both
traditional annealing and in situ laser heating were carried out
for the coated samples.

Figure 7 shows Raman and PL measurements for laser
induced degradation of uncoated and Al,O5; coated Si,Tes.
The times shown in figure 7 are the cumulative laser exposure
time after each successive measurement. Due to the extended
exposure time that is needed for PL. measurement, a much
lower laser power of 25.0 uW was used for this experiment.
One can see that the uncoated sample shown in figure 7(a)
rapidly degraded, evidenced by the increase in the A;. This
observation is similar to that made of figure 2. The corresp-
onding photoluminescence spectra shown in figure 7(b) have
a broadband emission from the defects in Si,Te;, which is
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Figure 7. Raman and PL spectra of both uncoated and coated Si,Te; samples. (a) Successive Raman spectra of uncoated Si,Tes. (b)
Successive photoluminescence spectra of uncoated Si,Tes. (c) Successive Raman spectra of coated Si Tes. (d) Successive

photoluminescence spectra of coated SiyTes.

similar to previously reported data [4]. The PL emission
intensity decreases after increasing laser exposure. This is
easy to understand because the laser heating has converted the
Si,Tes to tellurium and silicon oxide as has been discussed in
the previous paragraphs.

Figure 7(c) and (d) show the corresponding Raman and
PL spectra taken of the coated Si,Te; after successive laser
exposure. The laser power was kept the same as the experi-
ment for the uncoated sample for comparison. Both the
Raman and PL spectra of the coated sample remain stable
after the laser exposure, demonstrating that the Si;Te; mat-
erial did not degrade during the laser exposure, which is
drastically different from the uncoated sample. The PL

intensity shows a slight decrease, but the Raman shows no
noticeable change. The traditional annealing experiment on
the coated Si,Te; sample was also carried out from room
temperature to 300 °C. The Raman spectra showed no
obvious change in peak shape and intensity, which is con-
sistent with the in situ laser heating and again confirms that
the coated Si,Te; sample is stable even at high temperature.

4. Conclusion

Silicon telluride and its degradation are studied by Raman
spectroscopy. The pristine Si,Tes has a signature A;, Raman
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peak at 144 cm However, the material is sensitive to
moisture in air and may experience a change in property even
during Raman measurement. Controlled degradation by both
annealing and in sifu laser heating have been employed in this
study. After degradation, the A; and E, Raman modes of
tellurium are observed. The E, mode of Te is very close to the
Ay, mode of Si,Te; and has been incorrectly assigned to
Si,Te; in the literature. This study helps to clarify this
ambiguity and lead to better understanding of Si,Te; in terms
of its signature Raman mode. The degradation study of the
coated sample with a thin protection layer shows that a thin
coating is effective at preventing Si,Te; from degrading even
at temperatures of 300 °C in air.
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