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ABSTRACT: The role of oxygen vacancies in temperature-dependent
photoluminescence of SnO, nanowires was investigated by X-ray
absorption spectroscopy. Two types of oxygen vacancies are present in
the nanowires: at out-of-plane sites and at in-plane sites; both play crucial Y 7

roles in the temperature dependence of the photoluminescence. Oxygen 8 A ¥

\ </

10 vacancies at in-plane sites participate in photon emission at low [ EE GG E S & )« (170)
11 temperature, whereas those at out-of-plane sites result in photo- |eiEEEEEUEECUIEEIIEUCEIEILALUES S

12 luminescence at room temperature. Accordingly, the luminescence
13 color changes from orange (630 nm, 1.93 eV) to green (515 nm, 2.4
14 eV) at 100 K. The color change is accompanied with a notable change in
15 the oxygen K-edge X-ray absorption spectra. The scanning transmission
16 X-ray microscopy results indicate that more oxygen vacancies at in-plane
17 sites are present in the surface region than in the bulk region, whereas
18 more oxygen vacancies at out-of-plane sites are present in the bulk region
19 than in the surface region. Overall, the results demonstrate that oxygen-vacancy-mediated fluorescence properties of SnO, nanowires
20 are temperature-dependent; i.e., the photoluminescence mechanisms of the nanowires are mediated by oxygen vacancies at different
21 sites, and the bicolor fluorescence originates from charge transfer between the states.
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1. INTRODUCTION Among the defects in SnO,, oxygen vacancies in SnO, 45
change the electrical, optical, and even catalytic properties of 4¢
the material. When SnO, is used in transparent electrodes for 47

displays, the oxygen vacancies cause instability originating from 48
13,14

22 Tin dioxide (SnO,) is a typical example of Janus-like
23 transparent conductors, which exhibit the contradictory
24 properties of insulator-like transparency due to a wide bandgap
25 (3.6 eV) and high metallic conductivity caused by massive
26 structural nonstoichiometry and oxygen vacancies.' ™ Oxygen
27 vacancies in SnO, have a surprisingly low formation energy
28 and donate electrons to the conduction band.* Thus, SnO, is
29 electrically conductive and transparent in the visible range. The

30 n-type wide bandgap and high conductivity of SnO, make it a

negative bias illumination stress. Interfacial oxygen 49
vacancies are the origin of hysteresis in perovskite solar so
cells."> Oxygen vacancies in SnO, are gas adsorption sites and s;
control the sensing selectivity and the stability.'*™"? Thus, they s»

affect the efficiency, device stability, and sensitivity. However, s3

o

oxygen vacancies in oxides, including SnO,, have not been s4

31 promising candidate for applications in various devices, such as thoroughly investigated. Although heat treatment such as ss

32 transparent electrodes, sensors, optoelectronics devices, and

—

annealing in an inert gas is well known to reduce oxygen s¢

33 solar cells.”™"* With increasing interest in the nanoregime, the vacancies in oxides, the distribution of vacancies in oxides is s7
34 synthesis of nanosize tin dioxides has become a focus of still unclear. Here, we report that two types of oxygen ss
3s research. Nanostructured SnO,, such as nanowires and vacancies are present in SnO, nanowires and that they migrate 59
36 nanobelts, has been well received because it can be applied with temperature, contributing to the photoluminescence (PL) o0
37 in gas sensors owing to the large surface area and the presence by causing the colors to change with temperature. 61
38 of surface defects, which make it suitable for the adsorption of

39 gas molecules. Defects in bulk-scale SnO, have not attracted Received: April 1, 2021

40 attention because their contribution to the properties of bulk Revised:  June 10, 2021

41 SnO, is negligible. However, they have attracted attention
42 owing to their crucial effects on the electrical and optical
43 properties of nanosize SnO, as the size decreases further into
44 the nanometer regime.
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2. METHODS

62 SnO, nanowires were grown on a z-cut quartz substrate with a
63 thickness of 0.5 mm by chemical vapor deposition. First, a
64 mixture of ethanol and PEG600 with a volume ratio of 5: 1 was
6s prepared. H,C,0, (5 mmol) was then dissolved in 40 mL of
66 the above mixture under continuous magnetic stirring until
67 H,C,0, was dissolved completely. Subsequently, S mmol
68 SnCl,-2H,0 was added into the above solution followed by
69 dropwise addition of 10 mL of deionized water. After
70 continuous stirring for 30 min, the mixed solution was washed
71 several times with ethanol and deionized water. The product
72 was dried in a chamber furnace at 60 °C for 8 h and finally
73 annealed in a muffle kiln at 600 °C for 2 h. The structural and
74 morphological properties of SnO, nanowires were charac-
75 terized by X-ray powder diffraction (XRD, Bruker D8 Avance
76 Cu Ka), scanning electron microscopy (SEM, JSM-6700F),
77 and Raman spectroscopy (Horiba Labram HR) using 325 nm/
78 532 nm lasers. The PL spectra at different temperatures were
79 acquired from 350 to 850 nm using a 325 nm He—Cd laser
80 (Horiba Labram HR).

81 X-ray absorption spectroscopy and scanning transmission X-
82 ray microscopy measurements were conducted at 10A
83 Beamline in Pohang Accelerator Laboratory (PAL). The
84 XAS spectra were collected in transmission mode.

3. RESULTS AND DISCUSSION

8s Figure 1(a,b) shows typical SEM images of SnO, nanowires
86 prepared on a z-cut quartz substrate. These nanowires have
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Figure 1. Morphological properties of SnO, nanowires. (a) SEM
image of SnO, nanowires at a resolution of 10 ym. (b) Magnified
SEM image of SnO, nanowires at a resolution of lum. (c) Rietveld-
refined XRD spectrum of the SnO, nanowires.

87 lengths of several micrometers and were grown randomly.
ss Although most of the nanowires have smooth sidewalls, they
89 are entangled with each other. Figure 1(c) shows the Rietveld
90 refinement of the XRD data. Rietveld refinement was
91 performed assuming a tetragonal structure (P4,/mnm). The
92 best matches between all the Miller indices and peaks of the

experimental (Y,,) and calculated (Y,,.) were obtained using 93
the Rietveld parameters: R, = 52.4, R,, = 58.4, R,,, = 30.52, 94
and »* = 3.66. The atomic arrangement and crystalline 9s
parameters are listed in Table 1. SnO, has a rutile structure. 96 t1
The results confirm the presence of oxygen vacancies at a Sn/ 97

O ratio of 0.9:1.7 (1:1.889). 98

Table 1. Crystal Parameters and Atomic Positions of the
SnO, Sample”

atom  Wyckoff position  valence b5 y z  occupancy
Sn A +4 0 0 0 0.9
¢} F -2 0.32 0.32 0 1.7

“Crystal structure: tetragonal, space group: P4,/mnm (a = 4.735 A; ¢
= 3.185 A).

The room-temperature Raman spectra of the SnO, nano- 99
wires in Figure 2 show peaks at 478, 635, and 776 cm™, in 10022
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Figure 2. Raman spectra of SnO, nanowires. Raman shift peaks at
478, 635, and 776 cm™" are attributed to the Eg Ay, and By, vibration

modes of SnO, respectively.

good agreement with those of a single crystal of rutile SnO,.*" 101
These peaks correspond to the E, A, and B,, vibration 102
modes of SnO,, respectively.”””* The nondegenerate Ajg and 103
By, modes vibrate in the plane perpendicular to the ¢ axis, 104
while the E;, mode (doubly degenerate) vibrates in the 10s
direction of the ¢ axis. Under excitation at 325 nm, all the 106
modes are well-constructed, whereas the B,, mode at 776 cm™ 107
does not appear under 532 nm excitation. Because UV light 108
has a shorter penetration depth than visible light, the surface, 109
dangling bonds on the surface and bonds perpendicular to the 110
surface, is very sensitive to UV light. Thus, UV Raman 111
spectroscopy is a valuable tool for investigating surface 112
phenomena. The Raman spectra in Figure 2 indicate that the
B,, mode of the SnO, nanowires is more active on the surface
than in the surface. 115
Figure 3(a) shows the PL spectra of SnO, nanowires 116
between 13 and 310 K under excitation at 325 nm. There are 117
two distinctive main peaks centered at 515 nm (2.4 eV) and
630 nm (1.96 eV). Each of these peaks displays several small 119
peaks or bumps, and together they indicate color switching 120
from green to orange at 100 K. There are three temperature 121
regions that exhibit different PL behaviors. Below 70 K, green 122
luminescence centered at 515 nm is dominant, and the green
luminescence decreases dramatically with increasing temper- 124
ature (Figure 3(b)). Above 100 K, the PL spectra exhibit 125
orange luminescence centered at approximately 630 nm, which 126
becomes more intense with increasing temperature up to 230 127

—_
[
S W

—_
—_
3

—
N
w

https://doi.org/10.1021/acs.jpcc.1c02937
J. Phys. Chem. C XXXX, XXX, XXX—=XXX


https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c02937?rel=cite-as&ref=PDF&jav=AM

The Journal of Physical Chemistry C pubs.acs.org/JPCC
13—

(a) High 500001 (b) — 13K 18000

—_ - —20K __ 16000

3 5 40000 :igﬁ = 14000

) s © 12000
5 30000 — 5K =

2 z' — 70K > 10000

o —90K | | ‘@ 8000

: 20000

s — 10K | 5 s000]
"' —130K | ¥

g £ 10000 . £ 4000

= 2000+

Low 04 0

0

400 500 600 700 800 900
Wavelength (nm)

300 400 500 600 700 800 900
Wavelength (nm)

00 —_—
300 400 500 600 700 800 900
Wavelength (nm)

Figure 3. (a) PL spectra of SnO, nanowires at different temperatures. PL spectra in different temperature ranges: (b) below 130 K and (c) between
100 and 230 K. The main peaks correspond to different surface oxygen vacancy sites, and several minor peaks correspond to various shallow defect

levels.

128 K (Figure 3(c)). (See Figures S1—S3 for deconvolution results
129 of the PL spectra at different temperatures.)

130 According to previous experimental and computational
131 results for the PL of SnO, nanowires,”' ~*’ the PL mechanisms
132 are strongly related to surface defects such as oxygen vacancies.
133 There are two types of oxygen sites at the surface (Scheme 1);

=3
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Scheme 1. Structure of SnO,. Blue and Red Balls Denote
Tin and Oxygen Atoms, Respectively
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134 oxygen atoms aligned along the out-of-plane direction are
135 called bridging oxygen (Ov_Bridge), and those in the in-plane
136 direction of the nanowire are called in-plane oxygen (Ov_In-
137 plane). Vacancies located at these two oxygen sites produce
138 different defect levels (Scheme 2a,b).”® The out-of- plane and
139 in-plane oxygen vacancies correspond to orange (higher
140 temperature) and green PL (lower temperature) via recombi-
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Scheme 2. Schematic Drawing of the Color Switching
Mechanism Depending on the Temperature and Position”
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“(a) Charge transfer from Ov_Bulk states to Ov_Bridge states:
orange emission. (b) Charge transfer from Ov_Bulk states to
Ov_Inplane states: green emission. (c) Oxygen vacancy migration
with temperature. Oxygen vacancies occupy the bridge sites at room
temperature, while they occupy the in-plane sites at low temperature.

nation from bulk oxygen vacancies (Ov_Bulk), where the 141
states are located 0.3—0.15 eV below the conduction band 142
minimum,”* > 143

On the basis of the origins of each PL color, we suggest that 144
the change in color at 100 K is due to the redistribution of 145
oxygen vacancies. The in-plane oxygen vacancies move to the 146
bridging oxygen sites with increasing temperature. The large 147
decrease in the green PL as the temperature increases up to 148
100 K indicates that the redistribution or migration of oxygen 149
vacancies is accelerated. 150

Figure 4(a) shows a scanning transmission X-ray microscopy 1s1 4
(STXM) image of SnO, nanowires with a spatial resolution of 152
30 nm. The radius of the wires is approximately 200 nm. Dark 1s3
(bright) regions indicate more (less) absorption and less 154
(more) transmission at the soft X-ray O K-edge. Because 1ss
STXM is bulk-sensitive owing to the transmission geometry, 156
the X-rays transmitted through the core produce a dark image, 157
whereas those that passed only through shallow regions 1ss
produce a bright image. 159

The oxygen K-edge XAS spectra in Figure 4(b,c) were 160
collected in transmission mode from the regions marked by 161
blue and pink lines in Figure 4(a). The two main peaks, 16
denoted as A and B, are sharp and broad, respectively. Peaks A 163
(Sn*, Sn**) and B (Sn*, Sn**) are assigned to transitions of the 164
O (1s) electrons to the hybridized orbitals of the O (2p) and 165
Sn (Ss) states and to the hybridized orbitals of the O (2p) and 166
Sn (Sp) states, respectively.””** Sn has four valence electrons 167
(Ss’p*). Peak A is associated primarily with the bridging 16s
oxygen orbital, and in-plane oxygen vacancies uniformly 169
distribute in the O K-edge spectra.”” The charge transfer 170
between peaks A and peaks B appears more distinct in 171
fluorescence mode than in transmission mode (see Figure S4) 172
When SnO, changes to SnO (an increase in oxygen vacancies), 173
peak B increases, and peak A disappears.’ 174

In Figure 4(b), the intensity of peak A obtained near the 17s
region of the center is higher than that from the surface. At 100 176
K, the intensity of peak A from the bulk decreases, while that of 177
peak A from the surface increases. An important difference 178
between the spectra obtained at 100 and 300 K appears in 179
peaks A and B. The higher intensity of peak A at low 180
temperature is probably associated with the decrease in 181
bridging oxygen vacancies because at low temperature the 182
orange PL decreases, whereas the increase in peak B indicates 183
that the in-plane oxygen vacancies that are uniformly 184
distributed at the O K-edge increase, suggesting that the 1ss
movement of oxygen vacancies from bridging to in-plane sites 186
at the surface of the wire with decreasing temperature is crucial 187
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Figure 4. STXM image and X-ray absorption spectroscopy (XAS) spectra of SnO, nanowires at different temperatures. (a) STXM image of SnO,
nanowires. (b) O K-edge XAS spectra at 300 K of blue and pink regions in (a). (c) O K-edge XAS spectra at 100 K of blue and pink regions in (a).

188 to the change in color after the temperature decrease (Scheme
189 2¢). The removal or creation of oxygen vacancies is thought to
190 be forbidden in this temperature range.”> The similar shape of
191 the spectra obtained at low temperature and room temperature
192 also indicates that there is no significant removal or creation of
193 oxygen vacancies in SnQO,.

4. CONCLUSIONS

194 The strong temperature dependence of PL in one-dimensional
195 SnO, nanowires was investigated. Below 90 K, green emission
196 is dominant, where orange luminescence appears above 90 K.
197 The origin of the thermally induced color change is the
198 migration of oxygen vacancies depending on the temperature
199 and position. These results confirm the important role of
200 oxygen vacancies in the performance of SnO, nanowires in
201 optoelectronic devices, photocatalytic materials, and oxygen
202 sensors. Furthermore, the results suggest that the luminescence
203 color can be controlled via control of the distribution of
204 oxygen vacancies in oxides by manipulation of the heat-
205 treatment conditions such as cooling speed, oxygen pressure,
206 and annealing temperature.
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211 Photoluminescence spectra of SnO2 nanowires at
212 different temperatures were deconvoluted using Gaus-
213 sian curves; fitting parameters such as location, full width
214 at half maximum (FWHM), amplitude, and area (Table
215 S1, Table S2, and Table S3); and oxygen K-edge spectra
216 in SnO, taken at 30 K (red) and 300 K (blue) in
217 fluorescence mode (Figure S4) (PDF)
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