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ABSTRACT: Raman spectroscopy is a valuable technique for elucidating the phase evolution of mixed-phase amorphous
tin oxides, which is challenging to characterize due to its complex and low-crystalline structure. In this work, the
mixed phase of amorphous tin oxides was synthesized via the electrochemical process. The as-prepared tin oxides
were annealed at temperatures ranging from 100 to 500 °C in both nitrogen (N2) and air environments. The properties
of the tin oxides were investigated using X-ray diffraction (XRD), Raman spectroscopy, scanning electron microscopy
(SEM), X-ray photoelectron spectroscopy (XPS), and photoluminescence (PL) spectroscopy. From the results, the XRD
patterns exhibited broad and silent peaks, especially at temperatures below 200 °C in both environments, which limit the
detection of phase evolution. Moreover, XPS mainly provided information on chemical states rather than the amorphous
phase. In contrast, the Raman spectroscopy effectively identified vibration modes of the tin oxide phases, providing
direct insights into phase transformations, local bonding, and defects, even in low-crystalline systems. The results
revealed that under a sufficient ambient oxygen, amorphous SnO2/SnO micro/nanoparticles completely transformed to
Sn2O3/Sn3O4 and SnO2 at 500 °C. However, the annealing at 500 °C under ambient N2 resulted in the formation of SnO
combined with Sn2O3, Sn3O4, and SnO2. These findings highlighted that the Raman spectroscopy technique is a crucial
procedure for revealing the phase of amorphous tin micro/nanoparticle oxides, providing unique and complementary
information on phase evolution and defect structure, which is critical for selecting the appropriate tin oxide phases for
p–n junction device applications.
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INTRODUCTION

Tin oxides (SnO2 and SnO) micro and nanoparticles
are attractive semiconductors because of their unique
properties. SnO2 exhibits n-type semiconducting prop-
erties with a wide band gap of 3.6 eV and high trans-
parency in the UV and visible spectrum range [1].
However, SnO exhibits p-type semiconducting prop-
erties with an optical bandgap of ∼2.7–3.2 eV and a
metastable phase in an oxygen-rich environment [2].
Therefore, tin oxides have various potential applica-
tions, including antibacterial agents, photocatalytic
agents, gas sensors, and perovskite solar cells [3, 4].
Moreover, the formation of p–n heterojunctions and
the bandgap engineering of hybrid tin oxides (n-SnO2
and p-SnO) are useful in several applications, such
as photocatalytic agents, gas sensors, and lithium-ion
batteries [5, 6].

Amorphous tin oxides have become a promising
alternative material due to their numerous advantages,
such as low-cost production, low synthesis tempera-
ture, and compatibility with flexible substrates. These
advantages are suitable for various applications. For
example, the thin films of amorphous SnO2 have been
used in perovskite solar cells and show comparable
stability and power conversion efficiency (PCE) [7].
However, synthesis, phase characterization, and phase

transformation of the amorphous mixed-phase p and
n-type tin oxide micro/nanoparticles have been rarely
reported due to the complex and disordered structure
of the material, including many oxidation states and
vacancies.

Phase characterizations of tin oxides are impor-
tant for understanding their physical properties and
exploring potential applications. However, phase char-
acterization and evolution of amorphous tin oxides are
challenging using conventional techniques, such as X-
ray diffraction (XRD), due to the typically weak and
broad peaks of amorphous signals, which makes them
challenging to identify. Moreover, X-ray photoelectron
spectrometry (XPS) was utilized by Wang et al for the
phase components analysis of the SnO2, Sn2+/SnO2,
SnO-SnO2, and SnO [8]. Variations of oxidation state
were used to identify the phases of the samples. How-
ever, XPS primarily reveals the chemical states rather
than the amorphous phase. Moreover, XPS exhibits
long-time sample preparation, and the samples must
be analyzed in a vacuum.

From these drawbacks, Raman spectroscopy is
an outstanding analytical technique for amorphous
material characterization because of the simplicity of
the sample preparation, short-time characterization,
and non-destructive analysis of the samples, including
the detection of molecular vibrations that potentially
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Fig. 1 (a) Schematic diagram and (b) a photograph of
the electrochemical system for preparation of amorphous tin
micro/nanoparticles.

demonstrate chemical components of the amorphous
materials [9–12]. Importantly, Raman spectroscopy
can reveal subtle phase transformations that XRD or
XPS do not clearly detect. Raman spectroscopy was
employed by Guillen and Herrero to investigate the
phase of p-type SnO thin films under different oxygen
partial pressures (Opp) ranging from 9 to 24%. The
optimum SnO phase was observed at 12% Opp. The
phase transitions were further examined by heating
the thin films from 200 °C to 500 °C in ambient air.
At 400 °C, this demonstrates the excellent capability of
Raman spectroscopy to identify material phases [10].

Therefore, the aim of the present study is to
characterize the phase evolution of the mixed-phase
amorphous tin oxide micro and nanoparticles using a
low-temperature electrochemical technique. Morphol-
ogy, phase, crystallinity properties, and elements of
the as-prepared sample are investigated using scanning
electron microscopy (SEM), XRD, Raman spectroscopy,
and XPS. The morphology of the amorphous formation
mechanism is summarized and described in terms of
chemical reactions. Furthermore, the phase and phase
evolution of amorphous tin oxides at different tem-
peratures in rich and poor oxygen environments are
also investigated in-depth using Raman spectroscopy,
including the conventional techniques by XRD and
photoluminescence spectroscopy (PL).

MATERIALS AND METHODS

Synthesis and study of the phase evolution of
amorphous tin oxide micro/nanoparticles

Amorphous tin micro/nanoparticles were prepared by
an electrochemical process, as shown in a schematic
diagram and a photograph in Fig. 1(a,b). The tin foil
electrodes (5 mm×50 mm×2 mm, 99.99%, MAGE-
RIAL, China) were cleaned with acetone, isopropyl
alcohol (IPA), and ethanol for 30 min each to remove
impurities and contamination from the electrodes. The
electrodes were immersed in a 0.1 M citric acid elec-

trolyte solution. The 6 V voltage was applied to the
electrodes by a DC power supply (DP831A, RIGOL
Technologies, Beijing, China) for 48 h. The bottom
sediments were collected and cleaned with deionized
water several times. Finally, the precipitates were
dried on a hot plate at 50 °C for 3 h. To study the
phase evolution of the amorphous tin oxides, the as-
prepared amorphous tin oxides were annealed from
100 °C to 500 °C in an air-ambient and nitrogen (N2)
gas environment.

Characterizations

The morphology of the as-prepared amorphous tin
oxides was investigated using SEM (JSM-IT800, JEOL
Ltd., Tokyo, Japan). The elemental ratio of the as-
synthesized tin oxide sample was determined by XPS
(Axis Ultra DLD, Kratos Analytical Ltd., Manchester,
UK). To demonstrate the structure, phase, and phase
evolution, the amorphous tin oxides were character-
ized by XRD with Cu Kα X-ray radiation source (Mini-
flex II diffractometer, Rigaku Corp., Tokyo, Japan) and
Raman spectrometer (LabRAM HR Evolution, HORIBA
Scientific, Paris, France) with 1% intensity power of
532 nm laser source for preventing the phase changing
during measurement, as shown in Fig. S1 and Fig. S2,
and investigation by taking acquisition time for 60 s.
Moreover, the luminescence of tin oxide powder was
investigated by photoluminescence with a 345 nm
laser.

RESULTS AND DISCUSSION

Analysis of as-prepared amorphous tin oxide
micro/nanoparticles

Fig. 1 depicts the electrochemical process using tin
foils in citric acid solutions at 6 V for 48 h. In the
electrochemical process, gas bubbles formed at the
anode and cathode electrodes, indicating the reaction
between the tin foil and the solution. The color of the
anode changed to black after 15 min, whereas the color
of the cathode remained unchanged. The sediment
was observed at the bottom of the electrodes after
processing for 3 h. Fig. 2(a,b) shows the magnification
images of the as-synthesized tin oxide powder. The
size of the particles indicated a wide range from micro
to nano sizes. The tin oxide morphology exhibited
a unique porous surface formed by randomly pulling
tin ions out of the anode electrode under an electric
field and reacting with solution ions during the electro-
chemical process. XRD pattern of the as-prepared pow-
der is shown in Fig. 2(c) for the analysis of the phase
and crystallinity property. The broad peak observed
in the XRD pattern confirms the amorphous nature of
the as-prepared powder. This material lacks the long-
range crystalline order that prevents the formation of
sharp diffraction peaks, resulting in a pattern that does
not match the diffraction pattern of crystalline SnO
or SnO2. This broad characteristic is consistent with
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Fig. 2 (a,b) SEM images, (c) XRD pattern, (d) Raman spectrum, and (e,f) XPS spectrum of as-prepared amorphous tin oxides
powder.

amorphous tin oxides and other metal oxide systems
[13, 14].

The phase of the as-prepared tin oxides was
demonstrated by detecting the vibration modes of
tin oxides from Raman spectroscopy, as shown in
Fig. 2(d). The Raman signals were observed in the cen-
ter of the peaks around∼123 cm−1 and 200 cm−1, cor-

related with the characteristic B1g and A1g [10, 15, 16]
vibration modes of the typical SnO phase. The Raman
signal exhibited a broad peak ranging from 370 to
800 cm−1. The broader peak was deconvoluted into
five peaks at the center around 374, 453, 538, 625,
and 704 cm−1, which could be attributed to the A2g,
Eg, S1, A1g, and A2u vibration modes of the SnO2 phase

www.scienceasia.org

http://www.scienceasia.org/
www.scienceasia.org


4 ScienceAsia 51S (2): 2025: ID 2025s024

[17–19]. The peaks at around 570 cm−1 (S1) could
not be observed in general in the SnO2 because it was
related to the presence of oxygen vacancies, hydroxyl
group, surface disorder, or amorphous attribute of
SnO2 [9, 20, 21]. Therefore, the presence of SnO and
SnO2 vibration modes showed that the as-prepared tin
oxides were an amorphous mixed phase of SnO and
SnO2.

The XPS technique was used to characterize the
as-prepared powder to investigate the chemical com-
ponents. Fig. 2(e) shows the Sn 3d5/2 and Sn 3d3/2
peaks from XPS spectra. The peaks of the Sn 3d5/2
and Sn 3d3/2 were deconvoluted into four peaks. The
486.92 eV and 495.41 eV peaks were related to the
SnO phase, and the peaks at 487.27 eV and 495.72 eV
corresponded with the SnO2 phase. Fig. 2(f) shows the
O1s XPS spectrum of the tin oxide powder, which exhib-
ited three peaks: 530.12 eV (O1), 530.99 eV (O2), and
532.16 eV (O3). The distinctive O2 peak corresponded
to the oxygen species that were combined with the
Sn4+ in SnO2. The O1 peak was assigned to the oxygen
in SnO, and the O3 was related to the hydroxyl group
(OH–) [22, 23] with oxygen vacancies on the surface
of the tin oxide sample. The height of the O3 intensity
was comparable to the O1 peak, confirming that the
as-prepared mixed-phases of tin oxides combined with
the hydroxyl groups. These hydroxyl groups resulted
in a disordered structure of the tin oxide, leading to the
presence of amorphous properties in the samples.

Growth mechanisms of an amorphous tin oxide
micro/nanoparticles

The growth mechanisms of amorphous tin oxide mi-
cro/nanoparticles can be represented by the following
chemical reaction. First, the gas bubbles at the cathode
and anode electrodes, when a 6 V voltage was applied
to the electrodes with current from the power supply,
can be described by the following Eqs. (1) and (2).
Meanwhile, the ions of Sn2+ and Sn4+ were generated
at the tin anode electrodes, as shown in Eqs. (3) and
(4). For the evaluation of the spontaneity of these pro-
cesses, the standard reduction and oxidation potential
(E0) [24, 25] were used to calculate the overall reac-
tion potential (E0

cell) as presented in Eqs. (5) and (6).
For both reactions, the negative standard cell potential
indicates that the reactions were non-spontaneous in
the absence of an applied voltage. However, in our
work, we applied a 6 V voltage to the electrodes, which
is higher than the E0

cell. That led to these following
reactions. The ions of Sn2+ and Sn4+ further reacted
with the hydroxyl group in an electrolyte solution to
form SnO and SnO2, as presented in the dehydration
reaction Eqs. (7) and (8) [8, 26].
Cathode (Reduction):

2H2O(l) +2e−−→2OH−(aq) +H2(g) (E0) = −0.83 V (1)

Anode (Oxidation):

2 H2O(l)−→4H+(aq) +O2(g) +4e− (E0) = −1.23 V (2)

Electrolyte (Oxidation):

Sn(s)−→Sn2+
(aq)+2e− (E0) = +0.14 V (3)

Sn(s)−→Sn4+
(aq)+4e− (E0) = −0.005 V (4)

Overall cell reduction and oxidation reactions:

2 H2O(l)+Sn(s)−→Sn2+
(aq)+2OH−(aq)+H2(g)

E0
cell = −0.690 V (5)

4H2O(l)+Sn(s)−→Sn4+
(aq)+4OH−(aq)+2H2(g)

E0
cell = −0.835 V (6)

Dehydration reactions:

Sn2+
(aq)+2OH−(aq)

−→SnO(s)+H2O(l) (7)

Sn4+
(aq)+4OH−(aq)

−→SnO2(s)+2H2O(l) (8)

Acid-base dissociation of citric acid:

C6H8O7(aq)+3H2O(l)←→ C6H5O3−
7(aq)+3H3O+(aq) (9)

Moreover, the citric acid (C6H8O7) in electrolyte solu-
tion could be split into three hydrogen ions (H3O+) as
described in acid-base dissociation as Eq. (9). These
hydrogen ions and the hydroxyl group in the solution
could disorder the crystalline formation of tin oxides
due to the hydrogenation and doping in the tin oxides
structure [27–29], leading to asymmetric properties
and amorphous attributes of as-prepared tin oxides.

Phase evolution analysis on amorphous tin oxide
micro/nanoparticles

To further study the effects of temperature and oxygen
conditions on the mixed phase amorphous tin oxide,
the amorphous tin oxide was annealed from 100 °C
to 500 °C in air and the N2 environment. Fig. 3(a,b)
shows the colors and the XRD spectra of the mixed
phase of tin oxides on the annealing temperature de-
pendence in air and ambient N2. The XRD pattern
of the powder in both conditions, between 100 °C
and 200 °C, exhibited broad and low-intensity pat-
terns, indicating the amorphous characteristic of the
powders. When the annealing temperature exceeded
300 °C, small diffraction peaks corresponding to the
plane of rutile tetragonal SnO2 became apparent. The
crystallite sizes of the powder under both air and N2
conditions were calculated using the Scherrer equation
and are summarized in Table S1.

D =
kλ
β cosθ

(10)
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Fig. 3 XRD patterns of tin oxide micro/nanoparticles at different annealing temperatures in (a) air and (b) N2 environments.

Fig. 4 Photoluminescence spectra of tin oxides micro/nanoparticles at different annealing temperatures in (a) air and (b) N2
environments.

Fig. 5 Raman spectra of tin oxides at different temperatures in (a) air and (b) N2 environments.
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Fig. 6 Raman spectra of tin oxide at annealing temperatures of 500 °C in (a) air and (b) N2 environments.

Table 1 Phases evolution of tin oxides micro/nanoparticles at different annealing temperatures in air and N2 environments.

Air N2

Temperature ( °C) Phases Temperature ( °C) Phases

100 SnO+SnO2 100 SnO+SnO2
200 SnO+SnO2 200 SnO+Sn3O4 +Sn2O3 +SnO2
300 SnO+Sn3O4 +Sn2O3 +SnO2 300 SnO+Sn3O4 +Sn2O3 +SnO2
400 SnO+Sn3O4 +Sn2O3 +SnO2 400 SnO+Sn3O4 +Sn2O3 +SnO2
500 Sn3O4 +Sn2O3 +SnO2 500 SnO+Sn3O4 +Sn2O3 +SnO2

Fig. 7 Phase evolution of tin oxides at various temperatures
in the air and N2 environments.

where D is the average crystalline size, k is the Scherrer
constant (0.94), λ is the X-ray wavelength (0.154 nm
for Cu Kα), β is the full width at half maximum
(FWHM), and θ is the Bragg angle (one half of the
diffraction angle position 2θ (°)) [30]. The results

showed that the crystallite size of the (211) plane
increased with annealing temperature from 3.95 nm
(air) and 4.71 nm (N2) at 300 °C to 9.31 nm (air) and
9.99 nm (N2) at 500 °C. The increase in crystallite size
indicated the enhanced crystallinity and the transfor-
mation of amorphous tin oxides into crystalline SnO2
with increasing annealing temperature.

The annealed powder from 100 °C to 200 °C in air
and ambient N2 showed a black color, which occurred
from the presence of the SnO and hydrogenated SnO2.
The annealing of the powder at 300 °C to 400 °C exhib-
ited a color change to a white-brown color, indicating
a phase change to other phases, such as Sn2O3 and
Sn3O4. Raman spectra confirmed this observation
by showing peaks at ∼140, 169 cm−1 (Fig. S3 and
Fig. S4), which were consistent with the reported vi-
brational modes of the intermediate phases of Sn2O3
and Sn3O4 [31, 32]. Moreover, the 500 °C sample in
the air environment exhibited an ivory-white color,
which matches the color of pure SnO2, as supported
by the appearance of the strong A1g (∼633 cm−1)
Raman modes. In contrast, the 500 °C sample in the
N2 environment showed a grey-white color, and the
Raman spectra still displayed residual peaks of SnO
phases, indicating the powder could not transform
into the high oxygen state of tin oxides under oxygen-
deficient conditions.
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The number of bonding species and crystalline
symmetry affect the photoluminescenc (PL) intensity.
Fig. 4(a,b) shows the photoluminescence of the mixed-
phase tin oxide at various annealing temperatures in
rich and poor environments. The PL of commercial
SnO2 was stimulated by a 345 nm laser source. The PL
emission exhibited two peaks at approximately 480 nm
(2.60 eV) and 525 nm (2.36 eV), which are attributed
to oxygen vacancies and lattice distortion in SnO2
[33, 34]. The intensities of the photoluminescence
spectrum of the tin oxides depended on the annealing
temperature. In a general crystalline oxide system,
the PL intensity decreased with increasing annealing
temperature due to the reduction of surface defects,
which are related to the emission center. In contrast,
the as-prepared powder in this work was amorphous,
containing numerous oxygen vacancies and disordered
bound hydroxyl groups (OH–), which acted as non-
radiative centers and suppressed the PL emission.
Upon annealing, these defects and disorder states were
passivated, resulting in a more ordered structure. Fur-
thermore, the amorphous tin oxides were induced to
form intermediate Sn2O3 and Sn3O4 phases alongside
the SnO2 phase by thermal energy. Consequently, the
PL intensity of defect SnO2 increased with annealing
temperature under both air and N2 conditions [35, 36],
which acted as non-radiative centers and suppressed
the PL emission. Upon annealing, these hydroxyl
groups, defects, and disorder states were passivated,
resulting in a more ordered structure. Furthermore,
the amorphous tin oxides were induced to form inter-
mediate Sn2O3 and Sn3O4 phases alongside the SnO2
phase by thermal energy. Therefore, the PL intensity
of defect SnO2 increased with annealing temperature
under both air and N2 conditions. The PL spectra
of 500 °C powder in an air environment showed the
highest intensity, comparable to the PL signal from a
commercial SnO2, confirming the dominance of SnO2
vacancies. Nevertheless, the PL intensity of the 100 °C
powder in both conditions exhibited a silent peak
due to the amorphous properties of the tin oxides.
Moreover, the intensity of the PL corresponded to the
recombination rate of the electrons and holes. Hence,
the 100 °C and the prepared powder were more suit-
able for photocatalytic activity, which favors the low
recombination rate [28].

For an in-depth investigation of the mixed-phase
tin oxide phase evolution, Raman spectroscopy was
used to demonstrate the phase transformation of the
mixed-phase amorphous tin oxides, as shown in Fig. 5,
Fig. S3, and Fig. S4. The Raman spectra of as-prepared
powder and the 100 °C to 200 °C powder under both
conditions demonstrated the Raman vibration modes
of B1g and A1g at ∼113, 200 cm−1 of SnO, and the
broad peak from 370 to 800 cm−1 was deconvoluted
into five peaks around ∼374, 453, 538, 625, and
704 cm−1, which were correlated with vibration modes

of A2g, Eg, S1, A1g, A2u of SnO2. However, in the
N2 environment, the vibration modes of Sn2O3 and
Sn3O4 could be observed starting from the temper-
ature of 200 °C. In the experiments, the as-prepared
powder exhibited a mixed phase of SnO and SnO2,
which contained residual OH– groups within the tin
oxide structure, as indicated by the S1 peak in the
Raman spectrum and the O3 peak in the XPS spectrum
(Fig. 2(d,f)). This suggested that hydroxyl groups
were embedded within the tin oxide network. During
annealing in N2 at 200 °C, these OH– groups were
partially removed. However, the limited amount of
oxygen in N2 led to the formation of vacancies that
could not be fully compensated and might lead to the
disproportion between Sn2+ (SnO) and Sn4+ (SnO2)
[37, 38], facilitating in the formation of intermediate
phases, such as Sn2O3 and Sn3O4, which could be
interpreted as oxygen deficient of SnO2 in the plane
of (1 0 1) as confirmed by the Raman vibration at
∼139 and 168 cm−1 [31, 32]. In contrast, the presence
of sufficient oxygen conditions was available to fill
these vacancies, which delayed the formation of the
intermediate phase at lower annealing temperatures
in an air condition. At higher annealing temperatures
(⩾300 °C), the increase in thermal energy could en-
hance the reaction between SnO and oxygen and SnO2
[39, 40]. Additionally, the residual OH– groups were
released more rapidly and could not be replenished
with sufficient oxygen, leading to the formation of
Sn2O3 or Sn3O4 within the system. Additionally, at
300 °C and 400 °C in an air environment, the Raman vi-
bration modes B1g and A1g of SnO exhibited an increase
in intensity, which could be attributed to the thermal
decomposition of intermediate tin-hydroxyl species
into SnO. Moreover, the vibration of SnO2 exhibited a
higher peak at ∼636 (A1g) and 789 cm−1 (B2g) than at
the 50 °C and 200 °C conditions, corresponding to the
rearranged atoms of SnO2 with the pattern and a more
significant number of SnO2 formation by combining
SnO, Sn2O3, and Sn3O4 with oxygen. Furthermore,
the tin-hydroxyl precursors could be transformed into
SnO2 through thermal annealing. Therefore, it agrees
with the board peaks of rutile SnO2 that were observed
in the XRD pattern. In the air environment, the powder
at 500 °C demonstrated the peaks without the vibration
modes of SnO. So, the most SnO reacted with oxygen
and completely transformed to Sn2O3, Sn3O4, and
SnO2 due to the appropriate amount of oxygen and
thermal energy, as shown in Fig. 6(a). In contrast,
the 500 °C powder in N2 exhibited the vibration mode
of SnO, from the lack of oxygen, which led to the
incomplete transformation to a higher oxidation state
of SnO2, as shown in Fig. 6(b). The phase evolution
conclusion of mixed-phase amorphous tin oxides is
summarized in Table 1 and Fig. 7. It should be noted
that the p-SnO phase could be observed in all condi-
tions except at 500 °C in air.
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CONCLUSION

The mixed-phase amorphous tin oxide micro and
nanoparticles could be successfully synthesized via an
electrochemical process, exhibiting a porous morphol-
ogy. The XRD analysis revealed broad signals, confirm-
ing the amorphous properties of the as-prepared tin ox-
ide and after annealing at temperatures ranging from
100 °C to 200 °C in air and N2. In contrast, annealing
at 300 °C to 500 °C revealed the crystalline nature,
dominated by SnO2 peaks. The PL spectra indicated
an increased degree of oxygen vacancies in SnO2 de-
pending on the annealing temperatures. However, the
characterizations by XRD alone were insufficient to re-
veal the phase evolution, whereas Raman spectroscopy
effectively revealed the phase evolution of the mixed-
phase amorphous tin oxides. The results indicated
that the amorphous tin oxides (SnO and SnO2) could
be transformed into SnO, Sn2O3, Sn3O4, and SnO2
at 300 to 400 °C by the reaction of SnO and oxygen
and SnO2. Furthermore, the amorphous tin oxides
could evolve into n-type of Sn2O3, Sn3O4, and SnO2 in
an air environment at 500 °C. In the N2 environment,
the deficiency of oxygen led to the 200 °C tin oxides
being transformed faster into SnO, Sn2O3, Sn3O4, and
SnO2 than in sufficient oxygen conditions. Moreover,
the p-SnO phase could be observed in all conditions
except at 500 °C in air. These findings highlighted the
pivotal role of Raman spectroscopy in resolving subtle
phase transitions and provided essential guidelines for
tailoring hybrid amorphous tin oxide phases to achieve
optimized performance in p–n junction devices.

Appendix A. Supplementary data

Supplementary data associated with this article can be found
at https://dx.doi.org/10.2306/scienceasia1513-1874.2025.
s024.
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Appendix A. Supplementary data

Table S1 Calculation of crystalline grain size based on XRD pattern.

Atmosphere Temperature ( °C) 2θ (°) hkl FWHM (rad) D (nm)

Air 300 52.02 211 0.039 3.95

400 52.11 211 0.030 5.22

500 26.42 110 0.022 6.54
33.80 101 0.013 10.76
51.87 211 0.017 9.31

N2 300 52.21 211 0.033 4.71

400 26.48 110 0.024 5.94
33.94 101 0.024 6.16
52.09 211 0.027 5.69

500 26.50 110 0.016 8.74
33.83 101 0.015 9.71
51.89 211 0.015 9.99

Fig. S1 The Raman spectra of as-prepared tin oxides micro/nanoparticles in different laser intensities from 0.01% to 25%.
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Fig. S2 The photograph of as-prepared tin oxides micro/nanoparticles in different laser intensities (0.01% (a), 0.1% (b), 1%
(c), 3% (d), 5% (e), 10% (f), and 25% (g)).
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Fig. S3 Gaussian deconvoluted Raman spectra of tin oxide micro/nanoparticles in different annealing temperatures in the air
environment (as-prepared 50 °C (a), 100 °C (b), 200 °C (c), 300 °C (d), 400 °C (e), and 500 °C (f)).

Fig. S4 Gaussian deconvoluted Raman spectra of tin oxide micro/nanoparticles in different annealing temperatures in N2
environment (as-prepared 50 °C (a), 100 °C (b), 200 °C (c), 300 °C (d), 400 °C (e), and 500 °C (f)).
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