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Abstract: Powders and films composed of tin dioxide (SnO,) are promising candidates for a variety
of high-impact applications, and despite the material’s prevalence in such studies, it remains of
high importance that commercially available materials meet the quality demands of the industries
that these materials would most benefit. Imaging techniques, such as scanning electron microscopy
(SEM), atomic force microscopy (AFM), were used in conjunction with Raman spectroscopy and
X-ray photoelectron spectroscopy (XPS) to assess the quality of a variety of samples, such as powder
and thin film on quartz with thicknesses of 41 nm, 78 nm, 97 nm, 373 nm, and 908 nm. In this
study, the dependencies of the corresponding Raman, XPS, and SEM analysis results on properties
of the samples, like the thickness and form (powder versus film) are determined. The outcomes
achieved can be regarded as a guide for performing quality checks of such products, and as reference
to evaluate commercially available samples.
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1. Summary

Tin (IV) oxide (SnO,) has a large range of applications in today’s world, and there are
fields in which the use of SnO, has become incredibly important. Some of these efforts
seek to develop and optimize environmental detectors [1-8], solar cell technologies [9-23],
and solid-state chemical sensors [24-36]. This n-type semiconductor has been utilized
in ancient civilizations in a variety of applications from ceramic dye to polishing and
glass coatings [37]. SnO; has also been useful in the development of optical filters [38-40],
photovoltaic devices [41—44], and materials dedicated to catalytic processes [45-50]. In
addition to these applications, this material can also be used for lithium—ion batteries and
photocatalysis [51,52].

These applications have led to the wide commercial availability of SnO,. With this
ease of sample acquisition, it also remains important for materials to be tested for quality
and compared with other counterparts in the literature. Some of the ways in which one
may assess the various properties of SnO; are through the measurement of its surface,
optical, and electrical properties.

In this work, imaging techniques, such as scanning electron microscopy (SEM) and
atomic force microscopy (AFM), were used in conjunction with Raman spectroscopy and
X-ray photoelectron spectroscopy (XPS) to assess the quality of a variety of samples, many
of which differ in thickness and were either prepared as films or powders. As such, the
dependencies of the corresponding Raman spectra, XPS surveys, and SEM images on
properties such as the thickness have been determined and reported here as a guide for
those performing similar quality checks as well as to add to the statistics of reproducible
results for commercially available samples.
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SnO, (41 nm)

2. Data Description
2.1. Scanning Electron and Atomic Force Microscopy

Scanning electron microscopy was used to gain an initial understanding on how
the powder and film SnO, samples appeared in terms of grain sizes and uniformity. As
such, these resulting images, shown in Figure 1 and whose parameter data are provided
in the Methods section, show that the superficial layers within thicker samples (notably
the 908 nm and 373 nm) are not as uniform. Such an appearance may result by way
of thermal cracking or by spontaneous seeding (the samples were not annealed during
the SEM process, only during manufacturing). This interpretation can be supported by
the behavior where, at 373 nm, smaller clusters appear to form than in the case of the
908 nm film (Figure 2). The SEM images also reveal that, for the films thinner than 373 nm,
the superficial surface layers appear more uniform. Given that the same measurement
parameters were used for all samples, it appears that the 41 nm has the least disordered
appearance from all of the films. As far as the powder samples are concerned, their clusters
appear more unbounded, with almost a near-spherical smoothness, at least within the
100 nm measurement scale used for all images. Energy Dispersive Spectroscopy (EDS)
analysis was carried out on the 908 nm thick sample to confirm the chemical elements of
SnO, (Figure 3). The composition came out to be 31.3% Sn (by weight) and 68.7% O (by
weight). The EDS data confirmed that the film is indeed SnO,.

SnO, (97 nm) Sn0O, (373 nm) SnO, (908 nm)
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Figure 1. SEM images show cross-section images of SnO; films of six different thicknesses (i.e., 41 nm,
78 nm, 97 nm, 373 nm, and 908 nm.

373 nm Film

Figure 2. These SEM images show SnO; films of six different thicknesses or forms at similar magnifi-
cations: (a) powder, (b) 908 nm thick, (c) 373 nm thick, (d) 97 nm thick, (e) 78 nm thick, and (f) 41 nm
thick. Relevant measurement parameters can be found in the Methods section.
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Figure 3. EDS analysis of 908 nm film thickness.

AFM images were acquired for the samples shown in Figure 4a,b (908 nm and 373 nm,
respectively) to gain a better understanding of the expected surface roughness that results
from the clustering seen superficially. From the two-dimensional profiles measured, the
texture for the 908 nm film appeared more granular than its 373 nm counterpart, whose
microscope grains appear slightly smoother. A three-dimensional roughness display was
plotted and is displayed below the images in Figure 4 as a visualization of the difference in
surface roughness between the two films. Though the difference in smoothness between the
two films is more obvious in this three-dimensional picture, it is still beneficial to quantify
that difference via the root-mean-square (RMS) roughness. This quantity may be calculated
by software such as Gwyddion.? It was found that the RMS roughness for the 908 nm and
373 nm films was about 8.8 nm and 5.4 nm, respectively. It should be noted that these
two thicknesses were the only ones measurable without error (that is, other images have
sections indicative of AFM tip damage and error).

4 um

00 | 0o
908 nm film 373 nm film
RMS Roughness: 8.8 nm RMS Roughness: 5.4 nm

Figure 4. Comparative data are shown for two atomic force microscope (AFM) images obtained on a
(a) 908 nm film and a (b) 373 nm film. A three-dimensional roughness display is shown below the
images as a visualization of the difference in surface roughness between the two films. The scale on
the roughness ranges from 0 nm to 39 nm, where the average thickness value is the center of the scale
(18.5 nm). The variation generally falls within the ranges shown.
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2.2. Raman Spectroscopy

Raman spectroscopy was utilized to gain a further understanding of these samples’
optical properties. In the first set of tests, powder samples were compressed into pellets and
then loaded into a cryogenic chamber with temperature control. The intent was to conduct
thermal cycling starting from the highest temperature available on the measurement system
(400 °C), and then repeat every set of data by starting from the lowest temperature available
on the measurement system (—193 °C). In all cases, these data provided insight into which
vibrational modes were present and whether or not these observations were consistent with
what has been reported in earlier work. This optical check is one way by which industries
can verify the quality of semiconductor materials. All experimental parameters are listed
in the Methods section.

Figure 5 shows data from the powder samples. These data are temperature dependent
and have endpoints of —193 °C and 400 °C resulting from the limits of the measurement
system.” The corresponding data in Figure 5b for measurements performed with a reverse
order of temperature steps, starting with the highest temperature, do not show any obvious
hysteresis when compared with Figure 5a. This similarity and lack of hysteresis is best
seen in Figure 6. For the datasets in Figure 6b—d, three vibrational modes are tracked,
namely the Eg, A1g, and Byg modes, located at (for —193 °C) 476.6 cm~1,636.5cm™1, and
779.5 cm~ L, respectively. Figure 5a,b shows a subset of peaks (for visual clarity) whose
centers align with the three dashed vertical lines. These demarcations have been aligned
with the coldest temperature data to provide a visualization for the amount by which a
given peak shifts with temperature. These shifts, along with the formal assignment of the
modes, are provided in Figure 6.
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Figure 5. Powder samples were measured at experimental parameters listed in the Methods section.
Powder was compressed into standard pellets prior to measurement and subsequently loaded into a
cryogenic chamber with temperature control. (a) A series of Raman spectra are shown as a function
of temperature, starting with —193 °C and ending at 400 °C with five spectra were plotted with
greater vertical scaling to distinguish the changes apparent with some of the vibrational modes.
(b) Measurements were generally repeated with temperatures decreasing from 400 °C to assess any
hysteresis or other unaccounted effects.
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Figure 6. Spectra from powder samples were analyzed and interpreted to determine the presence
of various vibrational modes. (a) The comparison of the two temperature extrema allows one to
determine the extent of vibrational mode shifting. (b—d) The temperature dependence of the full
width at half-maxima (FWHM) is shown for the Eg, A1y, and By, modes, respectively. Datasets where
temperature is being incrementally increased and decreased are both included to show a minimal
contribution from hysteresis. (e-g) The temperature dependence of the peak center is shown for the
Eg, A1g, and Byg modes.

At the Gamma point of the Brillouin zone for SnO;, one expects various phonon
responses, including: 1Aqg + 1Byg + 1By + 1Eg + 1Ag, + 2By, + 2Ag, + 4E, [53]. The
first four are Raman active, followed by two that are optically inactive, and concluded by
two that are infrared (IR) active. Several additional modes appear in the data, especially
with high temperatures (Figure 6a). One interpretation of these additional peaks involves
forbidden modes that appear at high temperatures (greater than 300 °C) due to an increase
in defect density or disorder in the material. It should be noted that IR modes can become
weakly active when structural changes emerge due to a disorder.

Raman spectra from powder samples were analyzed and interpreted to determine the
presence of various vibrational modes. For Figure 6b-d, the full widths at half-maxima
(FWHM) are shown as a function of temperature for the Eg, Alg, and Bzg modes, respec-
tively. Datasets, where the temperature is incrementally increased and decreased, are both
included to show a minimal contribution from hysteresis. The Eg mode exhibits a FWHM
that only increases by about 7 cm ! over the span of the temperature range, whereas the
other two modes exhibit an increase of just over 10 cm ™.

In Figure 6e-g, the peak centers are shown as a function of temperature for the Eg,
Aqg, and Byg modes, respectively. The peak centers were determined by Lorentzian fits
to the Raman modes. It is evident from these plots that some of the modes experience
stronger shifts than others, but all exhibit redshifting with increased temperature. The Eg,
Aqg, and Bog modes exhibit a redshift of about 3cm~=1,10 cm™?, and 14 em 1, respectively.
For the latter two modes, the trends appear to reflect a subtle nonlinear relationship with
temperature, but the subtlety is great enough that fitting this behavior to a polynomial or
other nonlinear function would have to be carried out arbitrarily until a greater range of
temperatures could be measured.

Though the SnO, powder has provided us with ample information regarding the
expected vibrational modes, it is still useful to obtain spectra of the various films to
determine if there are any obvious signs of thickness dependence for those modes. As
such, Figure 7 shows these data including the background spectrum for the bare quartz
upon which the films reside. Raman spectra were collected for thicknesses of 908 nm,
373 nm, 97 nm, 78 nm, and 41 nm. Using the 908 nm film as an exemplary sample for the
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non-powdered samples, several of the modes were assigned and are indicated in Figure 7b.
It shows a peak pattern change between bare quartz and 908 nm SnO, film thickness.
The bare quartz indicates a pronounced peak around 438 cm ™! due to Si-O-Si symmetric
stretching [54,55]. Two peaks appeared at the 908 nm film at 238 cm ! and 352 cm ! that
could be assigned to EI(J1 ) (TO) and Agg (optically inactive mode), respectively [56]. The
peaks that are positioned at 487 cm ! and 602 cm ! in bare quartz and at 489 cm ! and
604 cm™~! in the SnO; film are associated with D; and D, defect modes of 4-fold and 3-fold

rings in the normal 6-fold rings of SnO, respectively 55, 57. The shoulder peak that appears
on the SnO, film at 712 cm ™! can be assigned to ES ) (LO) [56]. The 800 cm~! peak that
appears on bare quartz is associated with peak represented as w3 band that coincides with
Si motion against the tetrahedral O cage as symmetric bond stretching (O-Si-O) [55-58].
The following peaks at 1055 cm ™! in bare quartz and 1064 cm~! in SnO, film are associated
with the symmetric stretching of Si-O [55].
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Figure 7. (a) Raman spectra are collected and shown from SnO, films of various thicknesses (908 nm,

373 nm, 97 nm, 78 nm, and 41 nm) as well as the bare quartz substrate. (b) Comparison between

SnO, 908 nm film thickness with bare quartz substrate at room temperature.

Since some of these modes also shift as a function of temperature, it was important
to perform measurements with more granular steps. It should be noted that each of
the three modes of interest are slightly shifted with respect to other work reported in
the literature. For instance, in Bhadrapriya et al. [54], the Eg, Ajg, and By; modes are
assigned at 476.6 cm 1, 637.9 cm !, and 793.4 cm !, respectively. This aligns nicely with
the powder samples, whose corresponding values (all at room temperature) are about
475 cm~!, 634 cm~!, and 775 cm ™}, respectively. However, that does not appear to be as
true for the films. Using 908 nm, the assigned peaks take on values of about 490 cm~!,
602 cm~?!, and 707 cm™ 1, respectively. The reason for this shift may be attributed to factors
such as contamination or oxygen vacancies in the SnO, samples. Additional data (to be
presented in the next section) for both reasons must corroborate that attribution. Raman
spectra generally do not show the band at around 582 cm~! and A,, band at around
694 cm~!, indicating the lack of vacant sites and local lattice disorder as described in
Gouvéa et al. and Kamali et al. [59,60].

Table 1 shows the different peak values associated with 908 nm film, bare quartz, and
SnO, powder pellet and its effect with temperature. The majority of the SnO, film peaks
are associated with SiO; (i.e., quartz glass) and can be summarized as follows:
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1. Itappeared that the 438 cm ™! Raman mode observed on bare quartz is close to the Zur
et al. band of SiO,-5nO, (transparent glass-ceramic) and could be assigned to vibra-
tions of symmetric stretching of Si-O-Si bonds in six-membered rings which assigned
to SiO4 tetrahedra deformation vibration [55,57]. The narrowing of the 438 cem ! peak
is due to the existence of SnO; that could provoke a tighter Si-O-Si angle of SiOy tetra-
hedra or obstruct the construction of higher-membered rings [55,58]. Another study
by McMillan associates the narrowing of the peak along with the wavenumber shift to
the tighter S5i-O-Si angle that is for a more compact SiO, structure. Therefore, adding
SnO, to SiO, could have prevented the formation of higher-membered rings [61].

2. The two peaks at 488 cm~! and 602 cm ™! in SnO, film and 487 cm~! and 602 cm ™!
in bare quartz are related to D; and D, defect bands that are assigned to the defects
of 4-fold and 3-fold rings in the normal 6-fold rings of SnO,, respectively [55,57]. It
also appears that the addition of SnO; into the SiO; matrix has modified the 438 cm !
peak with a Dy defect band.

3. A shoulder peak of 602 cm 1 in the SnO, 908 nm film at room temperature and at
—193 °C around 623 cm ™! could be related to the addition of SnO, to SiO,. This
band is weak and overlaps with the D; defect band due to the disorder of the SnO,
nanoparticle [55,62]. The broadening of the Ajg peak is due to a smaller grain size in
the film.

4. The peak at 739 cm ! is a shoulder peak of that at 783 cm ! which only appeared at

—193 °C and may be due to Eg ) (LO). This value is closer to the specified value in
Lan et al. [56].

5. Next, the 783 cm ! peak is represented as a w3 band that coincides with the Si motion
against the tetrahedral O cage as symmetric bond stretching (O-Si-O) [55-58].

6.  Finally, the peak that appears on SnO, film at 1063 cm~! and on bare quartz at
1055 cm ™! is associated with the symmetric stretching of Si-O [55].

Table 1. Comparison of vibrational modes observed for SnO, 908 nm film, bare quartz, and SnO,
powder [55].

Modes (All Units ecm—1) 908 nm Film Bare Quartz Zur et al. [55] Modes SnO, Powder
Ambient Condition -193°C  400°C 30°C -193 °C 400 °C

Si-O-Si (symmetric stretching) — 438 440 — —

D; defect bands 488 460 487 489 Eg 476 472
— — — — A, (TO) 501
— — — — Biu 542

D, defect bands 602 606 602 600 Agg 636 626

— — — — Ay, (LO) 697 686
739 — — — — —

0O-5i-O (symmetric stretching) 783 800 800 Bog 779 764
Si-O (symmetric stretching) 1063 1050 1055 — — —

Again, the 908 nm film was used as an example in determining the temperature
dependence of various Raman modes. All of these spectra are shown in Figure 8, with
the same plotting scheme adopted from Figure 7, where both increasing and decreasing
temperature data are shown. All experimental parameters are listed in the Methods section.
In Figure 8a (left panel), several of the modes are tracked with dashed vertical lines, with
the former panel conducted in a similar fashion to the powder samples. However, for
Figure 8a (right panel), dashed lines are drawn to highlight the shifts observed in the
three modes with temperature as a guide for the eye. All of the peaks consistently redshift
with increasing temperature, as seen in the powder samples. The extent of shifting is
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Increasing Temperature

even of similar value, but it is more difficult to conclude a similarity in trends with the
FWHM because the peaks have a characteristically larger error when being fit with a
Lorentzian profile.
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Figure 8. Samples with a 908 nm thick SnO, film were measured at experimental parameters listed in
the Methods section. (a) A series of Raman spectra are shown as a function of temperature, starting
with —193 °C and ending with 400 °C with sample of five spectra were plotted with greater vertical
scaling to distinguish the changes apparent with some of the vibrational modes. (b) In the case
of the 908 nm-thick film, the two temperature extrema (400 °C and —193 °C in black and purple,
respectively) are shown with demarcations of various modes’ peak positions.

2.3. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy helps one determine if any impurities get introduced
during the synthesis of the films and powders. Furthermore, the technique helps one verify
the stoichiometric ratio and general composition of all of the materials. Figures 9 and 10
show an array of data obtained for each film thickness and the powder form. More
specifically, Figure 9 shows the survey scans, the oxygen 1s electrons, and the tin 3d
electrons, whereas Figure 10 shows the nitrogen 1s electrons, carbon 1s electrons, and
silicon 2p electrons.

The survey scans show mostly standard behavior with the one exception that there
may be indium contamination, as exemplified by the subtle peaks at about 460 eV (one of the
sputter targets had a minuscule amount of indium as well). This observation corroborates
the aforementioned suspicion on the possibility of dopants modifying observed Raman
modes. As far as the oxygen scan goes, one interesting observation to point out is the
presence and trending behavior of the non-oxide peak near 532 eV. Not only does powdered
SnO, show the most subdued non-oxide peak, but the contribution itself increases for the
film samples (though it does not have a strong thickness dependence). Despite not linearly
increasing in contribution, the non-oxide peak does, in fact, shift to slightly higher binding
energies with increasing thickness. For the third column of data, focused on the tin 3d
electrons, no reliable trends are observable, with the exception of a generally increased
energy for the relevant electrons observed in the 41 nm film and the powder samples.
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Figure 9. Many XPS measurements are shown in descending order of thickness, concluded by the
powder samples. Each column is designated as one for either a survey scan, O 1s electrons, or Sn
3d electrons.
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Figure 10. Many XPS measurements are shown in descending order of thickness, concluded by the
powder samples. Each column is designated as one for either N 1s electrons, C 1s electrons, or Si 2p
electrons. Minimal Si counts relative to other electrons suggests adequate enough coverage of films
on quartz substrates such that substrate is not probed.

Additional observations can be noted from the data shown in Figure 8, starting with
the nitrogen 1s electrons. The difference seen is mainly between film and powder, where
the response from the powder is 4 to 5 times lower than its film counterpart. Lastly, the
silicon 2p electrons exhibit the smallest of all the responses, with none recorded from the
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powder, and very weak signals recorded from the films. No strong measurable trend can
be extracted from the data collected on the samples. All experimental parameters are
described in the Methods section.

The XPS peak positions were extracted by fitting them with Lorentzian profiles, with
the relevant data presented in Tables 2 and 3. One observation that remains interesting
is that the non-oxide oxygen 1s electrons appear to demonstrate a response that shifts
with the film thickness, as also mentioned earlier by reviewing the plots in Figure 9.
Though the shifting is very gradual, it does fall within the range of uncertainties from
the fitting procedure. A closer look at the elemental percentages from Figure 9 reveals
that, although Sn percentages are uncorrelated with thickness, the non-oxide oxygen
composition is weighted slightly more heavily for thinner samples, within the errors of the
fitting procedures. A thickness of about 100 nm appears to divide the elemental composition
by a few percent.

Table 2. Tabulated sample peak positions are determined with Lorentzian profile fitting. The
positions are averaged within the relevant set of data and accompanied by a 1o error from the peak
fitting procedures.

Sample Peak Positions (Averaged, with 1o Error from Peak Fitting)

Sample Type Sn 3d 5/2 Sn 3d 3/2 O 1s (Oxide) (NmSCl)iide)
908 nm 486.65 £ 0.02 495.07 £ 0.02 530.48 £ 0.03 532.05 £ 0.02
373 nm 486. 74 £ 0.02 495.16 £ 0.02 530.57 £ 0.03 532.03 + 0.05
97 nm 486.71 + 0.01 495.12 + 0.01 530.52 + 0.02 531.98 + 0.03

78 nm 486.80 £ 0.04 495.21 £ 0.04 530.48 £ 0.04 531.73 £ 0.06
41 nm 486.90 £ 0.03 495.31 £ 0.03 530.53 £ 0.03 531.66 + 0.08
Powder 486.81 £0.13 49523 +£0.14 530.49 £ 0.36 531.40 +0.35

Table 3. Tabulated composition percentages from XPS spectra of various forms of SnO,.

Sample Elemental Percentages (Averaged, with 1o Error from Peak Fitting)

Sample Type Sn % Oxide O % Non-Oxide O % Total O %
908 nm 37.75 £ 0.25 46.43 + 041 15.81 £ 0.66 62.24 +0.26
373 nm 38.31 £ 0.19 46.62 + 0.50 15.02 £ 0.39 61.69 + 0.19
97 nm 37.79 £ 041 46.03 +1.29 16.19 £ 1.69 62.21 + 041
78 nm 38.27 £ 0.15 4217 £0.87 19.55 £ 1.02 61.73 £ 0.15
41 nm 37.83 +0.02 4044 +1.16 21.73 +£1.18 62.17 +0.02
Powder 40.06 + 0.20 4344 +0.24 16.49 £ 0.12 59.93 + 0.20
3. Methods

Methods are generally summarized in Figure 11. The SnO, powder was acquired
from SIGMA-ALDRICH.? It has 99.9% purity with 325 mesh, with a target being six-inch
diameter high purity 99.99% ceramic SnO, with a small percentage (0.5%) of indium. It was
annealed at 1000 °C for 1 hour. SnO, thin samples on 0.1-inch quartz thick were provided
by General Monitors and manufactured by radio frequency (RF) sputter deposition in an
oxygen/argon mixed atmosphere. The sputter times varied on the single-digit minute
scale. ? The deposited SnO; film thickness was monitored by sputter deposition onto a
polished silicon substrate [63]. Double-sided polished silicon was used to enable infrared
transmission measurement studies and visible-ultraviolet reflectance measurements that
were used to calculate the SnO, film thickness. A Filmetrics F20 instrument was used for
curve fitting to calculate film thickness. ¢ Film thickness was varied by changing the sputter
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deposition time. UV—quartz substrates were placed in the sputtering machine alongside
the polished silicon thickness monitor substrate [64].

* SnO, powder * SnO, powder * SnO, powder * SnO, powder
SnO, films on quartz: SnO, films on quartz: SnO, films on quartz: SnO, films on quartz:
* 41 nm ¢ 373nm * 908 nm * 41 nm

¢ 78 nm * 908 nm ¢ 78 nm
* 97 nm * 97 nm
* 373nm * 373nm
* 908 nm .

/\ /\ 908 nm

Figure 11. Summary of all samples and corresponding tests carried out in this paper.

SEM data were acquired with a FEI Helios Focused Ion Beam,? with a magnification
that ranged from 200x to 200,000 x. Other parameters are as follows: 2 kV, 0.1 nA, 746 nm
horizontal field width, 10 ps dwell time, use of through lens detector, 0° tilt, and a 3.8 mm
working distance. The samples were placed on a holder and then loaded into a chamber
where plasma cleaning was applied to clean carbon from the sample surfaces. The images
were obtained with the Everhart-Thornley detector (TLD) mode for better resolution,
especially for the film samples. The SnO, powder was sprinkled lightly on carbon tape,
whereas the SnO, films on quartz were placed on carbon tape and atop copper tape for
better conductivity and resolution. The cross-section images were collected by using
Phenom Pure Desktop SEM (Nanoscience Instrument) operated at a magnification that
ranges between 20x to 65,000 x. The EDS analysis was obtained using JEOL JSM-7100F
SEM with magnification ranges from 10x to 500,000 x.

The Atomic Force Microscope (AFM) images were recorded by using The Bruker
Dimension FastScan atomic force microscope (AFM) combines a high-speed scanning
AFM and programmable stage control. It provides rapid nanoscale imaging capabilities
on substrates ranging from 200 mm diameter wafers down to small pieces. The system
supports scan areas of up to 35 pm x 35 um and can automatically collect data from
multiple locations on a substrate.

Raman spectroscopy data were recorded on a Renishaw via Raman spectrometer using
a 514 nm wavelength excitation laser source, laser beam quality of 0.65 mm, and laser
maximum power of 50 mW.? The spectra were collected using a laser exposure time of 10's,
50x objective, and 3 accumulations to reduce the signal-to-noise ratio. The Linkam LTS420
heating and freezing stage and T96 LinkPad system controller with a maximum heating
rate of 40 °C/min were used with Raman spectroscopy. The maximum stage temperature
was 420 °C, and the minimum temperature was —195 °C with a LNP96-S liquid nitrogen
cooling pump. To prevent condensation on the stage window surface during cooling, two
steps were carried out: (1) a small tube was placed on the stage window that blows warm
recycled nitrogen, and (2) air was purged from the stage chamber with dry nitrogen.

XPS measurements were performed using the Kratos Axis Ultra X-ray photoelectron
spectrometer operating at a base pressure of about 2.66 x 10~7 Pa (about 2 x 10~ Torr).?
All samples were analyzed using monochromatic Al K« (1486.7 eV) with spot size
300 pm x 700 pm. Pass energies of 160 eV and 20 eV were used to collect the survey
and high-resolution core level XPS spectra, respectively. All experimental uncertainties (10)
arise from the uncertainty of the instrumentation used for this work.
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