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ABSTRACT: ZnO is a very important material for excitonic ultraviolet
optoelectronic devices operating above room temperature due to its wide band
gap and high exciton binding energy. In this paper, the influences of different
degrees of the localized state on the photoluminescence and electro-
luminescence properties of the ZnO/ZnS core−shell nanowires−GaN
heterojunction are systematically discussed. The physical model for radiative
recombination of localized carriers was proposed to explain these phenomena.
Our results indicate that surface-coating of ZnS nanoparticles on ZnO
nanowires (NWs) is one of the effective ways to manipulate the localized
states, and only the appropriate localized state will result in the optimal
optoelectronic properties.
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1. INTRODUCTION
Highly efficient ultraviolet (UV) emitters are required for
applications in chemical, biological, aerospace, military, and
medical technologies. Because of the wide band gap and high
exciton binding energy, ZnO is considered as a suitable
candidate for optoelectronic devices operating above room
temperature and is a preferred material for UV optoelectronic
devices.1−7 Of the most importance for ZnO-based UV
optoelectronic devices is the introduction of a suitable
heterojunction and the promotion of light efficiency. However,
the ZnO-based homojunction device is difficult to achieve
because it is hard to fabricate stable and reproducible p-type
ZnO. Alternatively, GaN has been chosen as the p-type
supplement for ZnO-based optoelectronic devices,8−10 because
they have the same wurtzite crystal structure and similar lattice
constant. Unfortunately, after years of investigation, this
heterostructure still does not meet the requirements for
practical application, which is due to its low emission efficiency
and undesired emission. The low emission efficiency is due to
the formation of nonradiative recombination centers at their
interface.11,12 While the undesired emission is related to weak
confinement of carriers in n-ZnO, ZnO/GaN heterojunctions
have almost the same barrier heights for electrons and holes
(conduction band offset ΔEc = 0.15 eV, valence band offset
ΔEv = 0.13 eV). Therefore, this heterojunction emits blue light

rather than the ultraviolet.13,14 For a solution to these
problems, insulator layers, electron-blocking layers, hole-
injection layers, etc., have been used to enhance the UV
emission.15−21 These methods indeed improve the UV
emission efficiency to a certain extent, but it still needs further
optimizations. Among them, the introduction of the localized
state is recognized as one of the most effective ways. As is
known to all, localized states are energy “traps” that are formed
by fluctuations of localized potential in the band structure,
which broaden the electronic density of states and are left with
exponential tails in the density of states. They are created
because of alloy fluctuations, interface roughness, and defects,
and the optical properties of structures are strongly influenced
by that. The localized states can trap free excitons to become
localized excitons that show a strong carrier confinement
effect.22−24 It is reported that the exciton localization
phenomenon exists in perovskite materials.25 Moreover, Chen
et al. confirmed that the localized excitons can greatly improve
the emission efficiency and stability of ZnO core−shell
nanowires (NWs).26
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ZnO/ZnS is a very useful heterostructure which is able to
significantly enhance the light emission of ZnO.27 It is known
that the growth of ZnS will passivate the outer surface of ZnO.
Meanwhile, the wider band gap of ZnS will enhance carrier
confinement. Recently, it is also noted that the introduction of
ZnS sometimes will create strong carrier confinement that
generates localized states.28−32 All of these reports suggest that
localized states will introduce luminescent centers for enhanced
emission because they can prevent the carriers from being
captured by the nonradiative recombination center. However, it
is worth noting that the carriers’ localized degree in ZnO core−
shell NWs is sensitive to compositional or structural
inhomogeneities, such as the coverage degree of ZnS
nanoparticles, and they can significantly influence the
optoelectronic properties. Therefore, it is highly desirable and
significant, as well as a big challenge, to develop an effective and
convenient method to manipulate the localized states and
investigate their corresponding properties to achieve optimal
performance of the UV LEDs. Unfortunately, relevant
discussion is still unavailable in the literature up to now.
Here, three different degrees of localized states in the n-ZnO

NWs−p-GaN heterojunction were introduced by using three
corresponding coverage degrees of ZnS nanoparticles on ZnO
NWs. The ZnS nanoparticles can be easily controlled by its
growth cycles, and a higher coverage of ZnS nanoparticles will
give rise to higher degree of localized states. Subsequently,
localized-state-dependent photoluminescence (PL) and electro-
luminescence (EL) from this heterojunction were systemati-
cally discussed. Finally, the optimal degree of localized states
has been used to demonstrate the best UV emission properties.
The physical model for understanding the underlying physical
mechanism of different emission properties was illustrated and
discussed in detail. In addition, the light efficiency of this UV
optoelectronic device is greatly improved.

2. EXPERIMENTAL SECTION
General Considerations. Zinc acetate dihydrate [Zn-

(CH3COO)2·2H2O], hexamethylenetetramine (C6H12N4), sodium
sulfide (Na2S), and zinc nitrate hexahydrate [Zn(NO3)2·6H2O] are
of analytical grade. All chemicals were used without further
purification. Only when the oven achieves the predetermined
temperature was the mixture put into it. Since the ZnO NWs easily
adsorb impurities on the surface, the growth of ZnS nanoparticles
should be carried out as soon as possible. After the completion of the
growth, the samples were dried at 40 °C in the oven, and then placed
in a nitrogen cabinet to prevent the samples from being contaminated.
ZnO NWs were fabricated by the chemical reaction of 0.01 mol/L

Zn(CH3COO)2·2H2O and 0.01 mol/L C6H12N4 solution. The
mixture was placed in a 25 mL Teflon-lined stainless-steel autoclave,
which was then filled with solution up to 75%. The p-GaN/sapphire
substrate is commercially available. After p-GaN substrate was cleaned
by the conventional organic solution steps, the ZnO NWs were
synthesized by typical solvothermal reactions in the oven at 95 °C for
12 h. This sample is named as G-Z.
The chemical reaction scheme and the chemical essence of the

hydrothermal process synthesis are as follows: (1) Hexamethylenetetr-
amine is used as a surfactant.

+ → + ·(CH ) N 10H O 6HCHO 4NH H O2 6 4 2 3 2

+ → ++ −NH H O NH4 OH3 2

(2) The process of Zinc acetate hydrolysis follows.

· + → + ++ −Zn(CH COO) 2H O H O Zn 2CH COO 3H O3 2 2 2
2

3 2

(3) The process of the growth of ZnO nanowires follows.

+ + → ++ − − +Zn 2OH 2H O Zn(OH) (the growth units) 2H2
2 4

2

→ +−Zn(OH) ZnO H O (the process of crystallization)2
2

Moreover, the basic principle of hydrothermal process synthesis is
that, first, zinc acetate is hydrolyzed to produce Zn2+, and
hexamethylenetetramine is hydrolyzed to form OH−. These two
kinds of ions react with water to form Zn(OH)4

2−, which is the growth
unit of ZnO. With the increase of the concentration of the growth
units, the wafer begins crystallization of ZnO when its saturation is
exceeded.

Synthesis of ZnS Nanoparticle Coating on ZnO NWs. The
growth of ZnS nanoparticles was via chemical bath deposition (CBD).
The as-grown ZnO NWs were immersed in 0.16 mol/L sodium sulfide
(Na2S) and zinc nitrate [Zn(NO3)2] solution for 2 h at 60 °C for
completing one cycle of ZnS growth. The increase of coverage degrees
of ZnS nanoparticles can be obtained by repeating the above
procedures. The localized states discussed in this paper can be
changed by this way. The G-Z-S-2, G-Z-S-4, and G-Z-S-6 represent
samples with 2, 4, and 6 growth cycles of ZnS, respectively. Finally, all
the samples were cleaned by deionized (DI) water and dried under 40
°C in an oven for further characterization. The schematics of growth
processes are shown in Figure 1a−e.

Device Fabrication. Corresponding illustrations of light emitting
diodes (LEDs) are illustrated in Figure 2a−d. The magnetron
sputtering technology system was used to deposit the Ni/Au electrode
on GaN. Both the Ni and Au electrode on GaN are about 50 nm,
separately. The top of the ZnO nanowires was contacted with the
indium tin oxide (ITO) layer, which is more conducive to light output
because of its transparent structure.

Figure 1. (a−e) Schematic growth processes.

Figure 2. (a−d) Schematic of ZnO/ZnS core−shell nanowires−GaN
LEDs with different coverage degrees of ZnS nanoparticles.
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Characterization. A Hitachis-4800 field emission scanning
electron microscope (FESEM) equipped with an energy-dispersive
X-ray (EDX) spectrometer (GENE SIS 2000 XMS 60S, EDAX, Inc.)
and X-ray diffraction (XRD) with a Bruker D8 advance X-ray powder
diffractometer with Cu Kα radiation (λ = 1.540 981 Å) were used to
characterize the composition of the samples. The transmission
electron microscopy (TEM) images were obtained using a FEI Tecnai
G2 F20 microscope operated at 200 kV. The HORIBA LabRAM HR
Evolution instrument equipped with a He−Cd laser with line of 325
nm as the excitation source was used to perform photoluminescence
(PL) measurements. The power of the excitation laser is 8 mW, and
the spot size is 0.01 cm2. Electroluminescence (EL) measurements
were performed by a fluorescence meter (F4500 Hitachi).

3. RESULTS AND DISCUSSION
For an investigation of the morphology of ZnS grown on ZnO
core−shell NWs, scanning electron microscopy (SEM)
measurements were carried out, and the images are shown in
Figure 3a−d. Compared with those of the as-grown ZnO NWs,

the rough surface and the detected sulfur content (Figure S1)
of the core−shell NWs indicate the successful growth of ZnS.
Furthermore, it can be seen from the figures that ZnS exists as a
layer of nanoparticles, and both coverage degree and sulfur
content increase with the growth cycles.
A more in-depth morphology measurement of the samples

was characterized by transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM). As shown in Figure 4a,b,
the surface of the ZnO NW is smooth, while the core−shell
NW is rough (the samples of G-Z-S-2 and G-Z-S-6 have similar
structure in Figure S2). In addition, in the close-up regions
(insets of Figure 4c,d), the planar d-spacing of lattice fringes in
the ZnO core is about 0.26 nm, and the shell layer is about 0.32
nm, which confirms the successful growth of ZnS.33−35 In the
HRTEM images of the core−shell NW (inset of Figure 4d), the
ZnS nanoparticles and a fluctuant boundary can be clearly seen
at the interface, which are marked in red dotted lines. This
fluctuant boundary is ascribed to the cluster atoms between
ZnO and ZnS (because of their different lattice constants), and
may be the origin of the localized state.32 For confirmation of
this, temperature-dependent photoluminescence (TDPL)
measurements of ZnO NWs with and without ZnS have been
performed and are shown in Figure S3. The abnormal emission
trend indicates the existence of carrier localization phenomen-
on, because, at low temperature, the emission shows an “S”
shape, while at room temperature, carriers are still captured by
the trap states. Therefore, it can be confirmed that localized
states exist in our samples. For a deeper analysis of the
structures, selected area electron diffraction (SAED) patterns

are shown in Figure 4c,d. In Figure 4c, the ZnO NW possesses
strong and bright diffraction spot arrays along with (002) and
(11 ̅0), implying that ZnO NW is single-crystalline in nature. In
Figure 4d, the core−shell NW has much weaker and blurrier
diffraction spots on the diffraction circles of ZnS (111), (220),
and (311), indicating that the ZnS layer is polycrystalline.36−38

In addition, the strong diffraction spot arrays of ZnO (002) and
(11 ̅0) still exist in Figure 4d, implying that the ZnO core still
holds a better crystal quality in the core−shell NWs. These
results are in accordance with X-ray diffraction (XRD) data in
Figure S4. With the increase of the ZnS nanoparticle, the
diffraction intensity of ZnS (111) will increase, and the full
width at half-maximum (fwhm) will decrease accordingly.32 It is
easier for the polycrystalline structure to create localized
fluctuations at the interface, and it is reported in ref 32 that the
higher degrees of fluctuations of atoms at the interface give rise
to the higher degree of localized states. Therefore, the degree of
localized state in our paper will show a linear relationship with
the coverage degree of ZnS nanoparticles.
According to the SEM and TEM results, the transformations

of the morphologies of core−shell NWs are intrinsically the
evolutions of the coverage degree of ZnS nanoparticles. These
transformations will result in the change of localized state,
which will affect their optoelectronic properties. For an
investigation of the influence of different localized states on
the optical property of ZnO/ZnS core−shell NWs, room-
temperature−PL (RT−PL) measurements were performed. As
shown in Figure 5, the peak position of the UV emission
located at 382.5 nm is ascribed to the near-band-edge (NBE)
emission from ZnO,6 while the peak position centered at
approximately 550 nm comes from the deep level emission
(DLE).26,34,39,40 After the introduction of ZnS nanoparticles
onto the ZnO NWs, the core−shell samples show similar UV
emission.41 It is reported that the localized states can provide
luminescent centers and prevent the carriers from being
captured by nonradiative recombination centers to enhance
the UV emission.22−26 Therefore, as shown in inset of Figure 5,
the fwhm of the UV emissions monotonously increase, which
indicates that the luminescent centers have increased and that

Figure 3. SEM images of as-grown ZnO NWs and the ZnO core−shell
NWs with three coverage degrees of ZnS nanoparticles.

Figure 4. TEM images of individual NWs of the (a) G-Z sample, and
(b) G-Z-S-4 sample. (c, d) SAED patterns from the ZnO NWs and G-
Z-S sample in parts a and b. The insets are corresponding HRTEM
images of G-Z and G-Z-S-4, and the close-up photographs are the
planar d-spacing of lattice fringes of ZnO NW and ZnS nanoparticles,
respectively. The ZnS nanoparticles are marked in red dotted circles,
and the fluctuate boundary at the interface of ZnO and ZnS is marked
in a red dotted line.
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the structures are more inhomogeneous. For the UV intensity,
it shows the trend of increasing first and then decreasing;
namely, the PL intensity from the G-Z-S-6 (with highest degree
of localized state) is the weakest, which implies that there are
different physical mechanisms of the emission. In the sample of
G-Z-S-2, the defect and surface states of ZnO NWs will not be
fully passivated, which gives rise to the weak emission. With the
increase of ZnS, more and more defects and surface states of
ZnO NWs are modified, and the localized states are sufficient
to trap more injected carriers from diffusing to nonradiative
recombination centers. Therefore, the intensity of the device
emission increases. However, with more growth cycles, the ZnS
nanoparticles will form a layer and bring some other defects
near the structure. Therefore, the PL intensity increases first
and then decreases.
For a further investigation of the physical mechanisms, EL

spectra of the devices are shown in Figure 6, which were

measured under forward bias with injection currents from 0.2
to 1 mA at RT. Compared with the G-Z sample which only
emits at 430 nm (Figure S5), all the G-Z-S samples obviously
show 380 nm emissions, implying that it does not come
intrinsically from the ZnO, but should be ascribed to the
emission near the ZnO/ZnS interface.13,14 These UV emissions
are ascribed to strong localization of carriers in the ZnO
surface, which shows the electron-blocking ability in the ZnO/

ZnS core−shell NWs−GaN heterojunction. Moreover, it is
important to note that the EL intensity of the G-Z-S samples is
much higher than that of G-Z, and therefore, the localized
states also exhibit the ability of providing luminescent centers.
However, from both the PL and EL measurements, the
intensity of the G-Z-S-4 is the highest. The main reason for this
observation is that the degrees of the localized states in G-Z-S-2
are low, while they are extremely high for G-Z-S-6. It is known
that EL and PL may be different because their excitation
situation is different. EL needs to consider the carrier diffusion,
while PL needs to consider which part has been excited. In our
case, the carrier diffusion will happen near the interface of NWs
and GaN, while the injected carriers will diffuse from GaN to
NWs; therefore, the emission band of EL is more sensitive to
interface defects. Different ZnS coatings will lead to the change
of defect states, surface states, and localized states, and the EL is
the result of the competition between them. In the sample of
G-Z-S-2, the defect states and surface states of ZnO NWs will
not be fully passivated. Therefore, the carriers will diffuse to
nonradiative recombination which leads to a weak emission.
Furthermore, other supporting information for this claim will
be provided and discussed later.
For a deep analysis of this phenomenon, EL spectra of the G-

Z-S samples under different injection currents were fitted by
three Gaussian peaks. As shown in Figure 7, they are marked by

red, blue, and green, which are located at 380, 430, and about
500 nm, respectively. Compared with the G-Z sample and some
reports on EL from this n-ZnO NWs−p-GaN structure, the
peaks are ascribed to ZnO, GaN, and defect emission,
respectively.11,15−21,42,43 The EL intensity of both the G-Z
sample and these reports are very weak and lack the UV
emission from ZnO NWs. Therefore, among them, the
evolution of the UV emission (the red filled area) is the
most important for discussion of localized states. From Figure
7, it can be seen that, with the increase of injection current, the
intensity of the UV emission becomes stronger, implying that
the number of injection carriers which are captured by localized
states increases. However, as shown in Figure 8a, the UV
emission only appears in the G-Z-S-4 at low injection current of
0.2 mA, and the UV intensity of it is the highest even under
high injection current. This may be the reason that the degree
of localized states in the G-Z-S-4 is optimal, and there is a

Figure 5. RT−PL spectra of G-Z, G-Z-S-2, G-Z-S-4, and G-Z-S-6
samples. The inset is the value of the peak intensity and the fwhm of
different samples.

Figure 6. (a−c) RT−EL spectra of corresponding LEDs of G-Z-S-2,
G-Z-S-4, and G-Z-S-6 were added with injection currents of 0.2−1 mA
under forward bias. (d) Diagram of the integrated EL intensity of each
G-Z-S sample.

Figure 7. (a−c) EL Gaussian fitting spectra in different injection
currents (0.2−0.5 mA) of G-Z-S-2, G-Z-S-4, and G-Z-S-6, respectively.
The P1, P2, and P3 represent the emission of ZnO, GaN, and defect,
respectively.
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competition between radiative and nonradiative recombination
in the samples. A clearer description will be presented in the
following analysis.
For the LED devices, the injection carriers would undergo

both radiative and nonradiative recombination when they pass
through the p−n junction. The radiative recombination is
responsible for emission, while the nonradiative recombination
will result in thermal radiation. For the ZnO/ZnS core−shell
nanowires−GaN heterojunction (schematic diagram is drawn
in Figure 8b), the fluctuant boundary between ZnO core and
ZnS shell induces the localized states. The localized state has
the ability of strong carrier confinement and can trap carriers
from diffusing to nonradiative recombination centers. There-
fore, the EL intensity of the G-Z sample is much weaker than
those of the G-Z-S. The radiative recombination of the G-Z-S
mainly comes from three mechanisms, which have been
schematically described by the energy band diagram plotted
in Figure 8c. They correspond to the emission of the ZnO,
GaN, and defect in Figure 8a, and are denoted by P1, P2, and P3,
respectively. From the figure, the barrier height of the ZnO/
GaN heterojunctions is almost the same, which will result in a
weak confinement of carriers in ZnO. Therefore, if no localized
states exist, there will be only P2 and P3 emission from the
heterojunction.13,14 The introduction of ZnS nanoparticles can
cause energy traps (the localized states) at the interface
between the ZnO core and ZnS shell, which will capture the
carriers to form the P1 transition, as shown in Figure 8b,c. The
different degrees of the localized state are vividly shown in
Figure 8d.30 This shows that higher degree of localized states
will have higher density of energy traps, which will capture
more carriers and thus lead to enhanced emission. However,
according to the PL and EL results, the intensity of emission of
these samples does not linearly increase, and it has been shown
that the G-Z-S-4 sample exhibits the best optoelectronic
properties. Therefore, the model describes the radiative
recombination of the semiconductor, and a competition
between radiative and nonradiative recombination can be
used to explain these phenomena.
The radiative recombination is more preferred for the LED.

However, nonradiative recombination always coexists in
devices. Thus, there is a competition between radiative and
nonradiative recombination. It is noted that the increase of the
radiative process and decrease of the nonradiative process will
be good for device applications. It was reported that the ZnS
layer has the abilities of both the introduction of localized state
and the passivation of surface state. The different coatings of
ZnS will lead to the change of defect states, surface states, and

localized states. Therefore, EL is the result of the competition
of the three. The surface state will be responsible for
nonradiative recombination. It can be concluded that the
surface coverage of G-Z-S-2 is too low to passivate all of the
surface defects. This is why its UV emission could not be
observed under very small injection current (Figure 7a). With
the increase of ZnS growth cycles, more and more defects and
surface states of ZnO NWs are passivated, while localized states
can trap more carriers from diffusing to nonradiative
recombination centers. Therefore, the intensity of emission
increases. Thus, for the G-Z-S-4 and G-Z-S-6 samples, the
surface passivation is effective, and they have shown a very
intensive emission. However, with the growth of ZnS, more and
more defects will be created because of its polycrystalline
nature. For quantification of the radiative recombination of
ultraviolet emission in G-Z-S-4 and G-Z-S-6, the bimolecular
rate equation of radiative recombination in a semiconductor
can be used:44,45

= − = − =R
n
t

n
t

Bn n
d
d

d
d

e h
e h (1)

where R is the radiative recombination rate, ne the electron
concentration, nh the hole concentration, and B the radiative
recombination coefficient, whose typical values are from about
10−11 to 10−9 cm3/s for ZnO.46,47 Since excess carriers are
generated and recombined in pairs (namely, ne = nh), eq 1
becomes R = Bne

2. This equation implies that the radiative
recombination rate R in each localized trap is proportional to
the square of the carrier concentration, which means that the
high localized carrier concentration will lead to a high radiative
recombination rate and thus intensive emission. Therefore, the
UV intensity of G-Z-S-6 is weaker than that of G-Z-S-4 under
the same injection current, which is because the localized
carrier concentration decreases with the increase of the
localized states’ density of state (DOS), as shown in Figure
8d. The G-Z-S-6 has the higher localized states’ density of state
as compared to G-Z-S-4, and as a result the average number of
carriers in each trap is less than G-Z-S-4 under the same
injection current. In addition, the more localized traps in G-Z-
S-6 will lead to wider fwhm values of the emission. Finally, the
degree of the localized states in the G-Z-S-4 is optimal.

4. CONCLUSION

In conclusion, different degrees of the localized state were
successfully introduced to the ZnO NWs. It was found that
higher surface coverage of ZnS nanoparticles will give rise to

Figure 8. (a) EL Gaussian fitting spectra of G-Z-S-4 and G-Z-S-6 at 1 mA. (b) Schematic diagram of ZnO/ZnS core−shell nanowires−GaN
heterojunction in this paper. (c) Energy band schematic diagram of the G-Z-S sample. (d) Different degrees of localized states and the radiative
recombination mechanism of different degrees of localized states.
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higher degree of localized states. The PL and the EL results
reveal that localized states can significantly influence the
optoelectronic properties and is beneficial for emission. From
the bimolecular radiative recombination rate of localized states,
it can be seen that when the concentration of localized carriers
is higher, the luminescence is better. In addition, the localized
carrier concentration decreases with the increase of the
localized states’ density of state. Therefore, extremely high
density of the localized states (G-Z-S-6) is unfavorable for
intensive UV emission, although most of its surface states have
been passivated. Last but not least, the introduced localized
state of G-Z-S-4 is optimal, and only the appropriate localized
states will result in the best optoelectronic properties. This
demonstrates that manipulation of localized states and study of
their corresponding properties in the ZnO/ZnS core−shell
nanowires−GaN heterojunction are significant for their device
applications. The methods will provide useful references for
other materials and promote the developing of high-perform-
ance optoelectronic devices based on localized state.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsanm.8b00123.

Additional illustration of the EDS results, TEM images,
temperature-dependent peak positions, XRD patterns,
and RT−EL spectra (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: zpweicust@126.com.
*E-mail: chen.r@sustc.edu.cn.
ORCID
Xuan Fang: 0000-0003-2290-4951
Yongfeng Li: 0000-0002-9725-0692
Bin Yao: 0000-0003-0748-3220
Rui Chen: 0000-0002-0445-7847
Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work is supported by the National Natural Science
Foundation of China (11574130, 11404161, 61404009,
61474010, 61574022, 61504012, 61674021, 11404219, and
11674038), the Developing Project of Science and Technology
of Jilin Province (20160519007JH, 20160520117JH,
20160101255JC, 20160204074GX, 20170520117JH, and
20170520118JH). R.C. acknowledges the support from na-
tional 1000 plan for young talents and Shenzhen Science and
Techno l o g y Inno v a t i o n Commi t t e e (P ro j e c t s :
KQJSCX20170726145748464, JCYJ20150930160634263, and
KQTD2015071710313656).

■ ABBREVIATIONS
UV = ultraviolet
SEM = scanning electron microscopy
TEM = transmission electron microscopy

HRTEM = high-resolution TEM
NWs = nanowires
TDPL = temperature-dependent photoluminescence
SAED = selected area electron diffraction
XRD = X-ray diffraction
RT = room temperature
PL = photoluminescence
NBE = near-band-edge
DLE = deep level emission
fwhm = full width at half-maximum
DOS = density of state
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