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ABSTRACT: Silicon telluride (Si2Te3) and many other tellurium-containing
compounds show emergent Raman peaks located at ∼120 and ∼140 cm−1 as
they age. The origin of these two emergent peaks is controversial in the
literature and has been attributed to myriad causes such as the intrinsic Raman
modes of the telluride materials, surface oxidation, defects, double resonances,
and tellurium precipitates. The controversial nature of these peaks has led to
the misidentification of highly degraded materials as pristine and to the
misinterpretation of changes in Raman spectra. Here, we present a
comprehensive and multimodal study on Si2Te3 thin films and bulk crystals grown by a chemical vapor deposition process. We
find that the two emergent Raman peaks originate from tellurium nanocrystallites formed in the degraded surface layers of Si2Te3.
The formation of the tellurium nanocrystallites is shown to be a result of a hydrolysis process in which Si2Te3 reacts with
atmospheric water vapor. This study unambiguously clarifies the origin of the controversial Raman peaks seen in numerous telluride
compounds and provides a blueprint for the accurate characterization of these material systems in the future.

1. INTRODUCTION
Since the discovery of graphene in 2004, the field of nano/two-
dimensional materials has exploded in popularity. Of interest
in this growing field is the diverse family of material
compounds containing tellurium. These materials vary
drastically in function, crystalline structure, morphology, and
electronic and optical properties. Raman spectroscopy is a
common method used in the characterization of these telluride
compounds, and, despite their diversity, two emergent Raman
peaks located between ∼120 and ∼140 cm−1 can be generally
observed in these materials.
These modes are emergent in that they most often are not

found in pristine samples and arise as the samples age,
sometimes completely preventing the observation of the
original intrinsic Raman modes of the sample. The peaks are
broad with the lower wavenumber peak always being of higher
intensity than that of the higher wavenumber peak. The lower
wavenumber peak is usually located between 119 and 130
cm−1, while the higher wavenumber peak is located between
139 and 145 cm−1.1 These two Raman modes have caused a
great deal of controversy in the study of the materials in which
they arise, and their cause has been attributed to intrinsic
Raman modes of the sample, general surface oxidation, defects,
dopant concentrations, double resonances, and tellurium
precipitates, to name a few.
Materials in which these two emergent Raman modes have

been observed include binary compounds of tellurium such as
Si2Te3,

2 ZnTe,3 CdTe,4,5 GaTe,1,6,7 ZrTe3,
6 SnTe,8 PbTe,8

GeTe,9 Bi2Te3,
1 As2Te3,

1 and Sb2Te3;
10 ternary compounds

such as PbSnTe,5,11 HgCdTe,5 GaGeTe,1 SnBi2Te4,
1 and

SnSb2Te4;
12 and quaternary compounds such as

Cu2ZnSnTe4
13,14 and CdS1−x−ySexTey

14 among others. We
have previously studied these emergent Raman peaks in
Si2Te3

2 and found them most likely to be the result of a
hydrolysis process, first described by Bailey,15 in which Si2Te3
reacts with moisture in the air forming amorphous SiO2 and
H2Te, the latter of which spontaneously decomposes into H2
and Te. This explanation is in agreement with the findings of
Manjoń et al.,1 who studied these emergent peaks in several
other tellurium-containing compounds and found them to be
caused by the precipitation of tellurium of nanometric size.
However, this explanation remains incomplete since it relies
almost entirely upon Raman spectroscopy to draw conclusions.
Si2Te3 is a p-type semiconductor with a unique layered

trigonal structure, with silicon dimers occupying two-thirds of
the octahedral vacancies created between HCP Te atoms. The
dimers may take on one of four possible orientations offering
the ability to tune the optical and electrical properties through
the manipulation of dimer orientation.16 Its chemical
tunability,17 optical anisotropic properties,18 and photo-
sensitivity19,20 make it an ideal candidate for optoelectronic
devices. Si2Te3 nanotubes have also been shown to display
resistive switching behaviors useful in resistive memory
devices.21 Despite these numerous demonstrated benefits,
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little effort has been made to ensure that Si2Te3-based devices
remain pristine after the fabrication and testing of such devices.
Here, we expand upon our previous work by studying the

degradation of Si2Te3 thin films and bulk crystals using X-ray
photoelectron spectroscopy (XPS), X-ray powder diffraction
(XRD), atomic force microscopy (AFM), and ultraviolet−
visible−near infrared (UV−vis−NIR) spectroscopy in con-
junction with Raman spectroscopy. For the first time, a
modified chemical vapor deposition (CVD) method is used to
grow high-quality Si2Te3 thin films and bulk crystals. We offer
evidence that the degraded Si2Te3 consists of a thin surface
layer of amorphous SiO2 with embedded nanocrystals of TeO2
followed by a layer of amorphous SiO2 with embedded
nanocrystallites of tellurium.

2. EXPERIMENTAL METHODS
2.1. Bulk Crystal and Thin Film Sample Preparation.

Figure 1 shows a schematic of the modified CVD apparatus

used to grow both the bulk crystals and thin films of Si2Te3. A
1 in.-diameter quartz tube was nested inside an outer 2 in.-
diameter quartz tube and placed inside an Across International
STF 1200 600 mm-length tube furnace. The 1 in. quartz tube
confines the evaporated source materials to a smaller volume,
which reduces the amount of source material needed for
sample growth. A 7 cm-long quartz tube with one end sealed
was then filled with stoichiometric amounts of silicon (325
mesh, 99%) and tellurium (30 mesh, 99.997%) powders
acquired from Sigma-Aldrich and placed in the center of the
tube furnace. The 7 cm tube slows the release of source
material and helps to direct most of the evaporated powders
toward the downstream substrate.
A glass or silicon substrate was put 5 cm from the edge of

the open end of the 7 cm quartz tube. The entire apparatus was
then evacuated, and a constant flow of 80 sccm nitrogen was
flowed through the tube maintaining a pressure of ∼5000
mTorr. The tube was then heated from room temperature to
300 °C at a slow rate of 10 °C/min. After reaching 300 °C, the
temperature was increased to 850 °C at the maximum heating
rate of 30 °C/min. Once 850 °C was reached, the temperature
was held stable for 5 min before allowing to cool back to room
temperature.
To grow a bulk crystal vs thin film, one only needs to change

the amount of source material added into the 7 cm quartz tube
along with the length of the cooling time. In order to grow thin
films, ∼80 mg of tellurium powder and ∼60 mg of silicon
powder were mixed in the 7 cm tube. Immediately after
growth, the sample was rapidly cooled back to room
temperature by opening the tube furnace. For the bulk crystal,
300 mg of tellurium and 200 mg of silicon powder were loaded
and mixed in the 7 cm tube. After growth, the sample was
allowed to slowly cool back to room temperature without
opening the tube furnace. The total growth time, including

cooling, was about 1.5 and 4.5 h for the thin film and bulk
crystal samples, respectively.

2.2. Material Characterization. All Raman spectra were
taken using a Renishaw InVia Raman microscope with a laser
excitation wavelength of 532 nm. Because Si2Te3 has been
previously shown to be sensitive to laser intensity,2 all
measurements were taken at a low laser power of 25 μW
with a 3 s exposure time. For maximum spatial and spectral
resolution, a 100× objective and 1800 lines/mm grating were
used.
The morphologies of the thin film and exfoliated bulk crystal

samples were characterized using an FEI Quanta 200
environmental scanning electron microscope (SEM) along
with a Veeco Multimode Nanoscope III scanning probe
microscope for AFM. SEM images of the thin film were taken
at points corresponding to different film thicknesses, while
AFM measurements were taken at a central point of the film.
XPS depth profiling was carried out using a PHI 5000

VersaProbe scanning XPS microprobe. Thin film and bulk
crystal samples grown on silicon substrates were loaded into an
evacuated sample chamber. Samples were located and aligned
using built-in SXI imaging. Each XPS spectrum included in the
depth profiles was taken after 1 min cycles of Ar sputtering at
an accelerating voltage of 3 keV with charge compensation
active. The sputtering depth was calibrated by taking AFM
cross-sectional profiles before and after 10 sputtering cycles as
shown in Figure S1 of the Supporting Information.
Micro UV−vis−NIR spectroscopy of thin films and

exfoliated flakes was performed using a modified optical
microscope,22 with an enhanced near-IR illumination source.
XRD measurements of thin films were taken with the use of a
Rigaku Miniflex 600.

3. RESULTS AND DISCUSSION
In this study, we use both thin film and bulk crystalline
morphologies to further study the degradation of Si2Te3. Both
of the techniques used to grow these morphologies are being
published here for the first time. Thin films of Si2Te3 have
previously been grown and characterized in the literature, but
the quality and composition of these films are questionable as
they show strong Raman modes at ∼120 and 140 cm−1,
suggesting that they are either highly degraded or consist
entirely of tellurium.23 Bulk crystals have also previously been
grown;24 however, they use CVT techniques that require
sealed evacuated ampules and take weeks to grow. Also, the
composition of these bulk crystals is again in question because
the included XPS data show strong Si 2p peak binding energies
at ∼103 eV suggesting the presence of SiO2, and the measured
photoluminescence does not match that of previously
published results involving Si2Te3.

20,25

A modified CVD technique is used to grow both the thin
films and bulk crystals used in this study. A detailed
explanation of this process can be found in the Experimental
Methods section. Images of typical samples for both
morphologies can be found in Figure S2 of the Supporting
Information. Bulk crystals range in size from ∼0.5 to 3 mm.
The thin film thickness varies along the downstream axis of the
substrate with the thickness decreasing as the distance from the
source material increases. SEM and AFM images of freshly
grown thin films can be found in Figures S3 and S4 in the
Supporting Information. From these images, it is clear that the
films are polycrystalline in nature given the numerous particles
present. Also of note is that, as shown in Figure S3, the particle

Figure 1. Modified CVD setup for the deposition of Si2Te3 thin films
and bulk crystals.
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size changes with the downstream axis with larger crystallites
located closer to the source material.
Figure 2 shows the typical Raman spectrum of freshly grown

Si2Te3, marked by a single intrinsic Raman peak located at 145

cm−1, which has been assigned as the A1g mode in the
literature.26 Also shown in Figure 2 is the typical Raman
spectrum of an aged sample of Si2Te3, which shows the
controversial emergent Raman peaks at 124 and 142 cm−1. In
our previous work,2 we have shown these emergent Raman
peaks to most likely be a result of tellurium accumulation at the
degraded surface layers and have identified them as the A1 and
E2 modes of tellurium,27,28 respectively. We should also note
the presence of a small shoulder located at 142 cm−1 for the
freshly grown sample, which is attributed to the E2 mode of
tellurium. This suggests that in the short time (∼30 min)
between the growth of the material and the collection of the
Raman spectrum, the sample has already begun to show signs
of degradation.
The Raman peak intensity of the degraded Si2Te3 is larger

than that of the pristine sample and has been reduced by half
in Figure 2 to improve readability. Tellurium is known to have
a large scattering cross section with visible light, which would
both explain the enhanced intensity of the Raman modes at
∼120 and ∼140 cm−1 and the reduction in the intrinsic Si2Te3
Raman mode at ∼144 cm−1 due to the greatly reduced
penetration depth of the laser.4,29 In fact, the penetration depth
of a 532 nm laser in tellurium can be calculated from the
known complex index of refraction30 to be ∼14.7 nm. This
small penetration depth means that even an extremely thin
layer of tellurium can greatly influence the Raman spectrum.
The amount of time that it takes for tellurium-containing
materials to degrade is highly variable with some, such as
Si2Te3, taking a few hours to days for the emergent tellurium
Raman peaks to dominate, while others, such as PbTe, can take
years.8

The linewidths of the emergent peaks are greater than one
might expect for Raman-active modes. The broad width of

these peaks can be explained, in part, by the nanometric nature
of the tellurium precipitates. The different sized tellurium
nanocrystallites will each give rise to Raman-active modes of
differing wavenumber. The observed emergent Raman peaks
are a convolution of these resulting Raman modes resulting in
their broad linewidths. Also, as pointed out by Manjoń et al.,1

strain in the segregated tellurium precipitates at the surface of
the sample may also explain this broad linewidth, although the
effect is minor compared to the nanometric size of the
tellurium precipitates. The convolution of these many Raman-
active modes may also explain the inconsistent peak positions
of the emergent A1 and E2 modes seen in the literature,
although we should also point out that different Raman system
configurations (laser intensity, grating density, etc.) will also
greatly affect the peak positions.
To better understand the precise compositional changes of

the degraded Si2Te3, an XPS depth profile was performed for
both the thin film and bulk crystal samples. Figure 3a shows

the XPS depth profile for a freshly grown thin film of Si2Te3.
The background for all XPS peaks was fit using Shirley
backgrounds in PHI Multipak and subtracted before
determining the compositional contributions of each peak.
The surface of the freshly grown sample has a large amount of
oxygen due to the sample’s exposure to air, which is consistent
with the beginning of the hydrolysis process oxidizing the
surface layers of Si resulting in SiO2. After a single sputtering
step, this oxygen-rich area is completely removed revealing the
underlying pristine material with the expected 2:3, silicon to
tellurium, stoichiometry of Si2Te3. After reaching a depth of 52
nm, the proportion of silicon begins to drastically increase.
This drastic increase is due to portions of the film being

Figure 2. Typical Raman spectra of freshly grown and aged samples of
Si2Te3.

Figure 3. XPS (a) depth profile and analysis of (b) Si, (c) Te, and (d)
O for the freshly grown Si2Te3 thin film on a Si substrate.
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completely etched away, revealing the underlying silicon
substrate. The vertical line labeled “Si Substrate” in Figure
3a marks the point after which the silicon signal from the
substrate can be seen emerging.
Only by performing a detailed analysis of the XPS depth

profile spectra can conclusions be drawn about the nature of
the chemical bonds in the sample. Figure 3b−d shows the XPS
profile analysis of silicon, tellurium, and oxygen. The sputtering
depth for each spectrum is labeled in Figure 3b and also
corresponds to the spectra found in Figure 3c,d. Tellurium has
two characteristic XPS peaks belonging to the 3d3/2 and 3d5/2
orbitals. Figure S5a in the Supporting Information shows the
XPS analysis of tellurium in the thin film including both of
these peaks. A careful fit of the two peaks using Voigt functions
was performed and is demonstrated in Figure S5b of the
Supporting Information. The integrated peak area ratio was
determined to be 1.47, which is close to the expected 3/2 ratio
between the 3d5/2 and 3d3/2 orbitals. The 3d3/2 peak can be
seen changing in intensity and position along with the 3d5/2
peak. Note that we only use the 3d5/2 peak for compositional
analysis in this study.
The surface Si 2p spectrum shows two peaks located at

100.1 and 103.2 eV. The peak at 103.2 eV is consistent with
Si−O binding in SiO2,

31 while the peak at 100.1 eV is due to
Si−Te binding in Si2Te3. Further confirming the presence of
SiO2 is the initial O 1s peak located at 532.4 eV, which is also
consistent with Si−O binding in SiO2.

31 The initial Te 3d5/2
spectrum shows a singular peak located at 572.7 eV, which is
associated with Si−Te binding in Si2Te3. These initial spectra
suggest that it is silicon that oxidizes leaving a thin SiO2 layer
at the surface of even freshly grown samples.
After a single sputter step, the Si 2p and O 1s peaks located

at 103.2 and 532.4 eV, respectively, disappear, while the Si 2p
and Te 3d5/2 peaks at 100.1 and 572.7 eV, respectively,
increase in intensity. This indicates that the degraded layer
containing SiO2 is completely removed leaving behind only the
pristine Si2Te3 layers. The fact that it only took a sputtering
depth of 6.5 nm to completely remove the degraded layers
indicates that these degraded layers were very thin, as expected
for freshly grown samples.
As sputtering continues into the bulk of the thin film, the

spectra remain very consistent until a depth of 52 nm is
reached. After 52 nm, a new Si 2p peak emerges at 99.4 eV as
shown in Figure 3b. This new peak continues to increase until
it eventually dominates the Si2Te3-associated peak located at
100.1 eV. This emerging peak is consistent with Si−Si binding
in elemental silicon32 and can be explained by the complete
removal of Si2Te3 due to sputtering, exposing the underlying
silicon substrate. This is further confirmed by the drastic
decrease in the intensity of the Si2Te3-associated Te 3d5/2 peak
in Figure 3c after a depth of 52 nm is reached. Also of note is
the slight shift in the peak position of the Te 3d5/2 peak from
572.7 to 573.0 eV after a depth of 71.5 nm. This shift is most
likely due to surface interactions at the Si/Si2Te3 interface.
Figure 4 shows the XPS depth profile (Figure 4a) and profile

analysis (Figure 4b−d) for a film grown concurrently with the
one studied in Figure 3 but after being aged under ambient
conditions for 24 h. The initial spectra taken before sputtering
(Figure 4b−d) show peaks at 103.2 eV for Si 2p, 573.0 and
576.2 eV for Te 3d5/2, and 530.5 and 532.4 eV for O 1s.
Similar to that of the freshly grown thin film, the peaks at 103.2
and 532.4 eV are consistent with Si−O binding in SiO2.
However, unlike the fresh thin film, there is no Si 2p peak at

100.1 eV, and the Te 3d5/2 peak is located at 573.0 eV rather
than 572.7 eV, suggesting that there is no Si−Te binding at the
surface, and instead, it is Te−Te binding consistent with the
formation of elemental tellurium.33 Another difference
between the unsputtered surfaces of freshly grown and aged
samples is the appearance of a Te 3d5/2 peak located at 576.2
eV along with an O 1s shoulder located at 530.5 eV, both of
which are indicative of Te−O binding in TeO2.

34

After a single sputtering cycle, equating to a depth of 6.5 nm,
the Te 3d5/2 peak at 576.2 eV and the O 1s shoulder at 530.5
eV associated with TeO2 disappear, showing that TeO2 is
present in only a thin surface layer. This very thin surface layer
of TeO2 has been used by others as proof of Te−O binding in
the bulk of the degraded layers; however, that is clearly not the
case.6,7 In contrast, the Si 2p peak at 103.2 eV and the O 1s
peak at 532.4 eV associated with SiO2 disappear only after a
depth of 39 nm is reached. This is clear evidence that it is SiO2,
and not TeO2, which extends into the bulk of the degraded
layers and is consistent with the hydrolysis process outlined
earlier. After reaching a depth of 26 nm, a Si 2p peak at 100.1
eV emerges, and the Te 3d5/2 peak, which was at 573.0 eV,
shifts to 572.7 eV, both of which are consistent with Si−Te
binding in Si2Te3. This shows that between the upper degraded
layers and lower pristine layers, there is a transitionary
inhomogeneous layer where both SiO2, Te, and Si2Te3 exist.
The depth profile shown in Figure 4a clearly shows a

tellurium deficiency in the degraded layers where SiO2 is
present. This deficiency can be explained by the sublimation of
tellurium from the surface as water reacts with Si2Te3 resulting
in gaseous hydrogen telluride (H2Te). Hydrogen telluride is a
highly volatile compound, which quickly degrades into H2 and
Te at room temperature. It is likely that some of the hydrogen

Figure 4. XPS (a) depth profile and analysis of (b) Si, (c) Te, and (d)
O for the 24 h-old Si2Te3 thin film grown on a Si substrate.
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telluride escapes the surface of the sample before degrading,
while some remains trapped in the degraded layers. It should
also be noted that freshly grown Si2Te3 has a strong odor
reminiscent of garlic consistent with the formation of H2Te,
which is known to have a strong odor even at exceptionally low
concentrations.
Deconvolution of the Te 3d5/2 XPS peaks shown in Figure

4c was carried out in order to better illustrate the slight shift in
the peak position as the aged thin film was sputtered. The
spectra were deconvoluted using Voigt functions as demon-
strated in Figure 5a for the spectrum taken after reaching a

depth of 13 nm. The data can be well fit by two peaks with
centers located at 572.7 and 573.0 eV corresponding to Si−Te
and Te−Te binding, respectively. Figure 5b plots the
integrated intensities of the deconvoluted peaks vs sputtering
time, with dashed lines drawn to help guide the eyes. Initially,
the Te−Te-associated peak dominates the spectra. The Si−Te-
associated peak gradually increases as the sputtering depth
increases until eventually, at a depth of 26 nm, it is the only
peak remaining. This only cements our earlier conclusion that
it is pure tellurium that resides in the degraded layers of Si2Te3
followed by a transitionary inhomogeneous layer of SiO2, Te,
and Si2Te3, which is then finally followed by the undegraded
pristine Si2Te3.
Raman spectra of the Si2Te3 thin films studied in Figures 3

and 4 were taken immediately after growth, after being aged for
24 h, and after completing 11 Ar sputtering cycles. These
spectra can be seen in Figure S6 of the Supporting
Information. The Raman spectrum of the freshly grown
sample shows a strong intrinsic Si2Te3 A1g peak at ∼144 cm−1

along with a small peak and shoulder at ∼120 and ∼140 cm−1,
respectively, which we have previously discussed as being the
A1 and E2 peaks of crystalline tellurium. After aging, the
intrinsic A1g peak of Si2Te3 has a weaker intensity, while the A1
peak of tellurium can be seen increasing in intensity. The
increase of this A1 peak coincides with the formation of SiO2
and tellurium as evidenced by the XPS spectra in Figure 5.
After sputtering, the Raman spectrum returns to showing a
single strong Raman peak at ∼144 cm−1, which coincides with
the XPS spectra in Figure 5 showing a return to the expected
stoichiometry of pristine Si2Te3. This solidifies the fact that the
observed changes in the Raman spectra of Si2Te3 are due to
changes in the composition of the degraded surface layers.
The same XPS profiling procedure, which was carried out on

the thin film, was also carried out for a freshly grown and aged
bulk Si2Te3 crystal. Figure 6 shows the XPS depth profile
(Figure 4a) and profile analysis (Figure 4b−d) for the freshly

grown bulk crystal. The depth profile, similar to that of the thin
film, initially shows a large concentration of oxygen and a slight
tellurium deficiency. Again, this high oxygen concentration and
slight tellurium deficiency can be explained by the previously
discussed hydrolysis process. After a single sputtering step,
oxygen has been completely removed, and the silicon to
tellurium atomic concentration returns to the expected 2:3
stoichiometry of pristine Si2Te3.
The XPS analysis shows the expected Si2Te3-associated

peaks at 100.1 eV for Si 2p and 572.7 eV for Te 3d5/2.
However, the oxygen-related peaks present in the initial spectra
are slightly lower than the binding energies expected for SiO2.
As discussed for the thin films, the binding energies for SiO2
for Si 2p and O 1s should occur at 103.2 and 532.4 eV. Figure
6b,d shows Si 2p and O 1s peaks at binding energies of 532.2
and 102.8 eV, respectively. The most likely cause for this shift
away from the expected SiO2 binding energies is the formation
of silicon suboxides, SiOx, which have been shown to result in
shifts to lower binding energies.35,36 The existence of SiOx
rather than SiO2 suggests that the surface layer of the bulk
crystal has oxygen vacancies simply because it has not had the
time necessary to fully react with moisture in air. Because the
overall surface area of the bulk crystal is smaller than that of
the thin film, we can expect it to degrade slower. This is why
we do not see SiOx peaks in the thin film sample.
Figure 7 shows the XPS depth profile (Figure 7a) and profile

analysis (Figure 7b−d) for the same bulk crystal studied in
Figure 6 but after being aged under ambient conditions for one
day. Again, similar to that of the aged thin film, the bulk crystal
initially has a high oxygen concentration along with a tellurium
concentration lower than that of silicon. Unlike the thin film,
however, it only takes the removal of 19.5 nm vs 39 nm of

Figure 5. (a) Deconvolution of the Te 3d5/2 XPS peak at a depth of
13 nm and (b) integrated peak intensities as a function of sputtering
depth.

Figure 6. XPS (a) depth profile and analysis of (b) Si, (c) Te, and (d)
O for freshly grown Si2Te3 bulk crystals on a Si substrate.
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material to completely remove the oxygen-rich degraded layers
and return to the pristine 2:3, silicon to tellurium,
stoichiometry. This reduction in the thickness of the degraded
layers of bulk Si2Te3 as compared to the thin film shows that
the bulk crystal degrades at a slower rate than that of the thin
film.
The surface peak positions shown in the XPS analysis in

Figure 7b−d are consistent with those found in the thin film
with SiO2-associated peaks located at approximately 103.2 and
532.4 eV for the Si 2p and O 1s peaks, respectively, and at
573.0 eV for the Te−Te-associated Te 3d5/2 peak. At a depth
of 19.5 nm, the SiO2-related peaks completely disappear, and
the Si2Te3-associated peaks emerge at 572.7 eV for the Te
3d5/2 peak and at 100.1 eV for the Si 2p peak.
In order to further elucidate the cause of the change in

composition and Raman spectra of Si2Te3 with age, exfoliated
flakes of Si2Te3 were annealed at 200 °C for 5 min under
varying atmospheric conditions. Raman spectra were taken
before and after annealing, and the results can be seen in
Figure 8. The figure shows the emergent Raman peaks
associated with tellurium only after being annealed under
ambient air and water vapor-rich environments. Annealing in
O2, N2, and vacuum resulted in no significant change in the
Raman spectra. From these data, it is clear that the change seen
in the Raman spectra and composition of Si2Te3 as samples age
is primarily due to the reaction with water vapor rather than
any other existing oxidizing agent.
UV−vis−NIR spectroscopy was performed on thin films of

Si2Te3 to see how the absorbance and, by extension, the band
gap evolve as the thin film degrades. Figure S7 in the
Supporting Information shows pictures of the freshly grown
and aged samples. Figure 9a,b shows the absorbance and the

corresponding Tauc plots for a Si2Te3 thin film deposited on a
glass substrate immediately after growth and after being aged
for up to 8 days. After one day, the absorbance can be seen
increasing, while after 4 days, it decreases. This behavior can be
explained by the convolution of two separate absorption bands
belonging to pristine Si2Te3 and tellurium. After one day, a
thin degraded layer containing tellurium forms at the surface of
the film resulting in an increase in the absorption band of
tellurium, while the Si2Te3 absorption band remains relatively
unchanged because the lower layers of the film remain pristine.
The convolution of these two absorption bands leads to an
overall increase in the absorption of the thin film. After 4 days,
the absorption band due to Si2Te3 disappears because the film
has now completely degraded. This leads to an overall decrease
in the absorption, particularly in the region below 550 nm
where the Si2Te3 band was previously located.
The Tauc plot for the fresh sample (Figure 9b) shows an

estimated direct band gap of 2.15 eV, which is close to the
expected value of 2.0 eV for pristine Si2Te3.

37 After 8 days, the
shape of the absorption edge is consistent with that of an
indirect band gap, and the calculated band gap decreases to a
value of 0.517 eV (Figure 9b). This is, again, consistent with
the formation of crystalline tellurium, which has a slightly
indirect band gap with a value of approximately 0.35 eV.38 This
change in absorbance and band gap coincides with the change
in color of the sample as demonstrated in Figure S7 in the
Supporting Information, indicating that the change in color is
due to the formation of tellurium as a result of the hydrolysis of
Si2Te3.

15 Because the photoluminescence of Si2Te3 is
dominated by defect emission, rather than the band gap

Figure 7. XPS (a) depth profile and analysis of (b) Si, (c) Te, and (d)
O for one-day-old Si2Te3 bulk crystals on a Si substrate.

Figure 8. Raman spectra taken of exfoliated Si2Te3 flakes before and
after annealing under different atmospheric conditions.
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emission, this change in the band gap as samples age has
previously gone undetected.
UV−vis−NIR spectroscopy was also performed on a Si2Te3

flake of varying age, which was exfoliated from a bulk crystal
using a typical scotch tape method. Figure S8 in the
Supporting Information shows pictures of the freshly exfoliated
and aged sample. Figure 10 shows the absorbance spectra
taken of the exfoliated flake directly after transfer and after
being aged for up to 29 days. The absorbance shows two

absorption bands with centers located at approximately 475
and 675 nm corresponding to Si2Te3 and Te precipitates,
respectively. Due the significant sub-band gap absorption of
the Te precipitates, a modified Tauc procedure described by
Makuła et al.39 was used in order to better estimate the direct
band gap. In this method, the sub-band gap absorption is used
as a baseline, and the intersection of this baseline with the
linear fit of the direct band gap absorption edge gives an
estimate of the direct band gap.
This method is demonstrated in Figure 11a, and the

corresponding calculated band gap energies are displayed in

Figure 11b. The error bars in Figure 11b were found by first
detemining the uncertanty in the x (photon energy) and y
((αhν)2) coordinates due to the resolution of the spectrometer
(2 nm) using the propagation of uncertainty. Then, the
baseline and direct band edge were fit using the computational
method of Fasano and Vio40 for fitting a line with errors on
both coordinates implemented in OriginLab Pro. Finally, the
error in the intercept between the baseline and direct
absorption edge fit was calculated using the propagation of
the standard errors of the linear regressions. This method
accounts for both the uncertainty due to the resolution of the
spectrometer and for the standard error in the linear
regression.
This fitting method cannot be applied after 15 days because,

as seen in Figure 11a, the sub-band gap emmsion completely
obscures the direct band gap absorption edge, making an
accurate fitting impossible. The calculated direct band gap
values are fairly constant (∼2.2 eV) within the determined
error. This is expected because the degraded surface layers of
Si2Te3 should not significantly affect the intrinsic band gap of
the underlying pristine material. After 29 days, the absorption
band belonging to Si2Te3 remains, although it is convoluted
with and obscured by the increasing absorption from tellurium,
showing that pristine Si2Te3 remains beneath the degraded
layers of the flake. This is quite different from the behavior of
this same band seen in the thin film sample (Figure 9a), which

Figure 9. (a) Absorbance spectra and (b) Tauc plots for Si2Te3 thin
films of varying age deposited on a glass substrate.

Figure 10. Absorbance spectra of Si2Te3 exfoliated flakes transferred
to a glass substrate.

Figure 11. (a) Direct transition Tauc plot for freshly exfoliated flakes.
(b) Calculated direct band gap energy vs age plot. (c) Indirect
transition Tauc plot for exfoliated flakes aged up to 29 days. (d)
Calculated indirect band gap energy vs age plot.
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dissapears after only 4 days. This again demonstates the thin
film’s elevated sensitivity when compared to the exfoliated
flakes.
Figure 11c,d shows the Tauc plots and corresponding

calculated indirect band gaps for the tellurium-associated
absorption band. The error bars in Figure 11d were calculated
in a similar fashion to those of Figure 11b, except that the
propagation of error was determined for the x-intercept of the
linear fit of the indirect absorption edge rather than for the
intercept between the sub-band gap baseline and direct
absorption edge fit. The resulting calculated indirect band
gap decreases asymtotically from 1.064 to 0.828 eV after 29
days. The decrease in the rate of degradation suggests that the
outer degraded layers offer some form of protection against
further degradation by isolating underlying pristine Si2Te3
from moisture in air.
A similar decrease in the band gap has also been observed in

GaTe after degradation and was determined to be a result of
the chemiabsorbtion of oxygen forming GaTe-O2.

7 However,
since our XPS and Raman data clearly show that the degraded
layers of Si2Te3 consist primarily of Te, TeO2, and SiO2, this
explanation is unlikely. Instead, because the intensity of this
peak increases with age and because both SiO2

41 and TeO2
42

have band gaps much larger than 0.828 eV, we can safely
conclude that this emerging absorption edge is due to
elemental tellurium within the degraded layers of Si2Te3.
This is further evidenced by the fact that monolayer tellurium
has been shown to have a band gap of ∼1.2 eV, which
gradually decreases with each additional layer until reaching
the bulk band gap of 0.35 eV.43 Because of this, the gradual
decrease in the band gap energy can best be explained by the
gradual increase in the amount of elemental tellurium.
To see how the crystal structure evolves as Si2Te3 degrades,

XRD spectra were taken for freshly grown and aged thin film
samples deposited on glass substates (Figure 11). When
compared to reference spectra (PDF no. 00-022-1323) for
Si2Te3, the experimental XRD peaks located at 13.5, 24.2, 26.8,
27.8, 36.3, 40.5, 42.5, 47.6, 50.8, 51.4, 54.7, 60.6, 65.5, 68.5,
69.9, 71.4, 75.1, 81.0, and 86.8° can be assigned as the (002),
(110), (004), (112), (114), (006), (300), (116), (304), (222),
(008), (118), (226), (412), (0,0,10), (308), (1,1,10), (416),
and (0,0,12) planes of Si2Te3,

44 respectively. Only the most
intense peaks are labeled in Figure 12. The thin film shows a
clear growth preference along the (001) direction, while the
existence of other planes confirms the film’s polycrystalline
nature. Rietveld refinement was performed with MDI Jade 8.8
software using PDF no. 00-022-1323 as the reference for
refinement.44 The lattice was found to be hexagonal with
lattice constants a = 7.409 ± 0.013 Å and c = 13.464 ± 0.024
Å, which is in close agreement with previously published
results for silicon telluride.44

As the sample ages, the peak intensity for all peaks decreases,
and no new peaks emerge. This same behavior was again seen
in GaTe and was attributed to the chemiabsorption of oxygen
forming GaTe-O2.

7 However, as previously shown, this
explanation is unlikely. Instead, this decrease in intensity is
likely caused by the disordering of the surface layers of Si2Te3
and an overall decrease in the amount of Si2Te3. New peaks for
SiO2 are not seen after degradation because the SiO2 formed
from hydrolysis would be amorphous as confirmed by the
absence of SiO2 in the degraded Raman spectra. No new
emergent peaks for tellurium are seen most likely because the
amount of tellurium, which remains in the sample, is small and

because the crystallites of tellurium formed in the degraded
layers are of very small size leading to the peaks being both
very weak and broad and therefore difficult to resolve.
The FWHM of each (004) peak was found by fitting with a

pseudo-Voigt function using MDI Jade 8.8 software with
skewness uncontrained in order to account for the asymmetry
in each peak. From the inset in Figure 11, it is clear that as the
sample ages, the peak shape becomes more symmetric, and the
FWHM decreases. From the FWHM’s, the average crystallite
grain size was estimated using the Scherrer equation and was
determined to be 90.2, 110.3, and 124.1 nm for the fresh, 4
day-, and 8-day-old samples, respectively. It is known that the
average grain size of thin films will increase asymtotically with
time until the average grain size is approximatly the same as the
film thickness.45 This increase in grain size is caused by a
relaxation at grain boundaries, which results in an overall
decrease in the average grain boundary energy.45,46 Interest-
ingly, the change in peak shape from asymmetric to symmetric
could also be consistent with a relaxtion of nonuniform lattice
strain and a decrease in the number of planar faults.47 From
these data, we conclude that at the same time that the surface
layers are degrading, resulting in a decrease in the amount of
Si2Te3, the pristine inner domains are coalecsing, resulting in
an overall increase in the average grain size of the remaining
Si2Te3.

4. CONCLUSIONS
This study for the first time describes a modified CVD growth
method for the production of high-quality bulk and thin film
Si2Te3. We also offer, for the first time, a comprehensive and
multimodal explanation of the mechanisms involved in the
degradation of Si2Te3 and, by extension, offer similar insights
into other tellurium-containing materials. All results are
consistent with hydrolysis resulting in the formation of a
very thin surface layer of TeO2 and SiO2 followed by a thicker
degraded layer, which extends into the bulk of the material
consisting of Te and SiO2. It is shown that the bulk degraded
layers are deficient in Te due to the sublimation of H2Te from
the surface. The remaining Te, which does not escape from the
surface, is shown to be responsible for the controversial Raman

Figure 12. XRD of a Si2Te3 thin film deposited on glass at varying
stages of degradation.
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peaks at ∼120 and ∼140 cm−1, which appear in myriad
tellurium-containing compounds. Annealing in various atmos-
pheric conditions confirmed that water vapor is the main
oxidizing agent responsible for the changes in the Raman
spectra and composition of aged samples. The physical
understanding achieved in this work can be applied to other
tellurium-containing materials.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c01864.

AFM cross-sectional profiles for etch depth calibration;
bulk crystal and thin film optical images; thin film SEM
images; thin film AFM and Te XPS depth profile
including the 3d3/2 peak; Raman spectra; thin film and
exfoliated flake optical images before and after
degradation (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Jingbiao Cui − Department of Physics, University of North
Texas, Denton, Texas 76203, United States; orcid.org/
0000-0003-3408-1016; Email: jingbiao.cui@unt.edu

Authors
Evan Hathaway − Department of Physics, University of North
Texas, Denton, Texas 76203, United States; orcid.org/
0009-0008-0048-9690

Roberto Gonzalez Rodriguez − Department of Physics,
University of North Texas, Denton, Texas 76203, United
States; orcid.org/0000-0001-6849-1799

Yuankun Lin − Department of Physics, University of North
Texas, Denton, Texas 76203, United States; orcid.org/
0000-0001-5691-589X

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.3c01864

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the U.S. National Science
Foundation with award no. 2128367.

■ REFERENCES
(1) Manjón, F. J.; Gallego-Parra, S.; Rodríguez-Hernández, P.;
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