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A B S T R A C T

We report an ultraviolet (UV) electroluminescence (EL) in n-SnO2/p-ZnO heterojunction light-emitting diodes
with the nanostructural SnO2 as an n-type layer and the Li-doped ZnO (ZnO:Li) synthesized by high-temperature
high-pressure (HTHP) method as a high hole concentration p-type layer. Two kinds of SnO2 nanostructures
including nanobelts (NBs) and nanowires (NWs) were used to fabricate n-type layers in the heterojunctions. The
two heterojunctions with different SnO2 nanostructures demonstrate different light-emission feature in EL
measurements. The SnO2 NBs/p-ZnO heterojunction shows a blue emission band centered at 416 nm under
forward-bias voltage. A strong UV emission peak located at 391 nm was observed for the SnO2 NWs/p-ZnO
heterojunction. Photoluminescence (PL) spectra indicate that the difference in EL is attributed to morphology-
dependent light-emission feature in nanostructural SnO2 layer. Our results suggest that the nanostructural SnO2/
ZnO:Li heterojunction is a potential and promising system in the UV optoelectronic field.

1. Introduction

Wide-bandgap oxides, as multifunctional semiconductor materials,
have drawn much attention because of their potential applications in
emerging semiconductor fields including transparent electronics, pho-
tovoltaic devices, photocatalysis, light-emitting diodes (LEDs), etc
[1–4]. There are many excellent wide-bandgap oxide candidates in-
volving ZnO, In2O3 and SnO2 for ultraviolet (UV) optoelectronics ap-
plication [5–10]. Among these candidates, SnO2, as an n-type wide-
bandgap semiconductor, has excellent chemical stability, high optical
transparency and low electrical resistivity [11]. However, electron
transition between conduction-band minimum (CBM) and valence-band
maximum (VBM) is forbidden (“forbidden” bandgap) due to the sym-
metry of band structure of bulk SnO2 although it has a direct bandgap.
Therefore, intense band-edge UV emission from bulk SnO2 is not ex-
pected. Nevertheless, it is recently reported that the “forbidden”
bandgap in bulk SnO2 can be allowed through nanoengineering and

dopant engineering [12–15]. For example, SnO2 nanostructures in-
cluding quantum dots and nanowires demonstrated intense UV emis-
sion [15,16]. Thus, introducing nanostructure into SnO2 is one of ef-
fective approaches to eliminate “forbidden” energy gap of SnO2 and
realize its band-edge UV emission. On the other hand, the lack of p-type
SnO2 is another obstacle to develop SnO2-based LEDs. Differing from
SnO2 with the “forbidden” bandgap, ZnO usually can emit strong UV
light owing to its large exciton binding energy. As the development of
reliable p-type doping in ZnO, involving high-temperature high-pres-
sure (HTHP) synthesis of p-type ZnO with hole-concentration [17],
more optoelectronic devices based on p-type ZnO certainly emerge
[18,19]. Therefore, it is expected that n-SnO2/p-ZnO heterojunction
with nanostructural active layer and high hole-concentration injection
layer and could be a promising candidate for the UV photoelectronic
application.

In this paper, to realize UV light emission, we designed and fabri-
cated SnO2/ZnO heterojunction LEDs based on SnO2 nanostructures
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and Li-doped ZnO. The intense UV EL emission from the nanostructural
SnO2 layer was observed. The HTHP-synthesized Li-doped p-type ZnO
as a hole injection layer and the nanostructural SnO2 with “allowed”
bandgap play key roles in realizing UV emission.

2. Experimental process

The SnO2 nanowires (NWs) and nanobelts (NBs) were synthesized
on [111]- oriented silicon wafers using the vapor phase transport
method under optimal growth conditions. High-purity SnO2 (99.99%)
and graphite (99.95%) powders with a mole ratio of 1:12.5 were uni-
formly mixed by ball milling method. The mixture was put into a quartz
tube. The quartz tube was heated to 1050 °C in a tube furnace and kept
for 60min. A mixing gas with 100 SCCM flow of 99.5% Ar and 0.5% O2

was employed as the carrier gas during the whole heating process. The
gas pressure in the tube furnace was controlled at 7mbar and 20mbar
for the SnO2 NBs and NWs, respectively. When the growth process was
completed, the products were naturally cooled down to room tem-
perature. For the fabrication of Li-doped ZnO (ZnO:Li), a homogeneous
mixture of ZnO and Li2O powder with a weight ratio of ZnO to Li2O of
52:1 was pressed into a circular slice. The slice was sintered at 1450 °C
in a molybdenum ampoule under the pressure of 5 GPa and was kept for
15min. After polishing both surface layers of the slice, the p-type
ZnO:Li was obtained. When the preparation of the SnO2 NBs, NWs and
ZnO:Li were finished, an aluminum layer and Ni/Au were deposited
onto the SnO2 NWs (NBs) and ZnO:Li side as metal electrodes using a
thermal evaporation method, respectively. Finally, the NWs (NBs) and
ZnO:Li were bonded together using a clip to form the nanostructural

Fig. 1. Characterizations of the morphology, composition, structural and optical properties of the SnO2 NBs and NWs. SEM images of SnO2 products grown on Si
substrates: (a) SnO2 NBs and (b) SnO2 NWs. The inset in (b) is the TEM image of a single SnO2 NW. (c) XRD patterns, (d) Raman spectra, (e) XPS spectra and (f) RT PL
spectra of the two SnO2 samples.
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SnO2/ZnO:Li prototypical devices.
The crystal properties of the prepared ZnO and SnO2 were measured

by a Bruker D8 Advance powder x-ray diffractometer with Cu Kα ra-
diation of λ=1.5406 Å. The morphologies of the prepared ZnO and
SnO2 were recorded by a Hitachi S4800 field-emission scanning elec-
tron microscope (FESEM). Raman and photoluminescence (PL) spectra
of the samples were characterized by a 325-nm line He-Cd laser. X-ray
photoelectron spectroscopy (XPS) was used to detect the composition
and chemical state of Sn, O and Li. All XPS data were calibrated via
correcting the C 1s peak to 284.6 eV. The current-voltage (I-V) curves of
the SnO2 NWs (NBs)/ZnO:Li heterojunctions were recorded using a
semiconductor characterization system (Keithley 4200).
Electroluminescence (EL) spectra were recorded in a spectrometer using
a current source to excite devices.

3. Results and discussion

3.1. Morphology, structure, composition and optical properties of SnO2 NBs
and NWs

The morphologies of the as-synthesized SnO2 NBs and NWs are
displayed in Fig. 1a and b, respectively. The SnO2 NBs sample consists
of a large quality of ribbon-like structures. The length of nanobelts are
in range of several to more than dozen micrometers. The width, mea-
sured between the two long sides of nanobelts, are 40–400 nm, while
the thickness is 50–60 nm. The average diameter for the SnO2 NWs is
about ~ 60 nm. An enlarged image of the individual nanowire is shown
in the inset of Fig. 1b. The smooth surface can be observed. It is worth
noting that the morphology, shape and size of SnO2 nanostructures are
strongly dependent upon the growth pressure [20]. Shi et al. proposed a

boundary layer theory to interpret the morphology evolution with
growth pressure [21], which involves the pressure-dependent diffu-
sivity of reactant atoms onto the product surface.

The XRD patterns of the SnO2 NBs and NWs are shown in Fig. 1c. All
diffraction peaks are derived from the diffraction of SnO2 with rutile
structure, in agreement with the standard XRD pattern (PDF #880287).
There is no secondary phase in the XRD patterns, indicating that both
SnO2 NBs and NWs are single phase. In order to further confirm the
crystalline properties of SnO2 NBs and NWs, we performed Raman
spectroscopy measurements. It can be found from Fig. 1d that, three
strong Raman peaks are assigned to Eg, A1g and B2g modes of rutile
SnO2. This result indicates that the SnO2 NWs and NBs are single phase
and in accordance with the XRD patterns. The mode A1g peaks are
found at 632 and 622 cm−1 for the SnO2 NBs and NWs, respectively,
which are lower than that of bulk SnO2 of 638 cm−1. It was reported
that the A1g mode is associated to the size of SnO2. When the size of
nanostructural SnO2 decreases, the A1g mode moves to the lower wa-
venumber [22,23]. Therefore, the shift of A1g mode towards to low
wavenumber with respect to bulk SnO2 is ascribed to quantum size
effect.

Fig. 1e shows the XPS spectra of Sn 3d and O 1s states for the SnO2

NBs and NWs. The Sn 3d5/2 peaks of the SnO2 NBs and NWs are located
at around 487.5 eV and 487.1 eV, respectively, indicating the Sn4+ in
the SnO2[24]. The Sn 3d5/2 peak of NBs shows a shift to a higher
binding energy with respect to the NWs, which is due to higher con-
centration of oxygen vacancy (VO) in SnO2 NBs [24]. For both samples,
it is observed that an asymmetric peak shape with a main peak and a
shoulder in the spectra of O 1s, suggesting that oxygen is composed of
different states. To further study the possible states of oxygen, we
performed the peak fitting using Voigt line shape with a Shirley

Fig. 2. Characterizations of the structural and optical properties of the ZnO:Li sample synthesized at high pressure: (a) XRD pattern; (b) Raman spectrum; (c) XPS of
Li 1s and (d) RT PL spectrum.
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background. The two fitting subpeaks are at 530.5 and 532.1 eV, re-
spectively. The main peak at 530.5 eV is due to the oxygen in the lattice
of rutile SnO2. The shoulder located at 532.1 eV is ascribed to the VO on
the surface of nanostructural SnO2 [25,26]. The relative intensity of the
shoulder to the main peak for the SnO2 NBs is stronger than that for the
SnO2 NWs, suggesting higher concentration of VO on the surface of the
SnO2 NBs. Therefore, the different growth pressure can lead to the
difference in VO concentration of the nanostructural SnO2.

To study the luminescent properties of SnO2 NWs and NBs, PL
characterization was carried out. Fig. 1f illustrates the PL spectra of
SnO2 NWs and NBs recorded at room temperature. For the SnO2 NWs, it
is observed that a strong and sharp UV light emission peak centered at
378 nm (3.28 eV in photon energy) and a weak visible light emission
band located at 481 nm (2.58 eV). For the SnO2 NBs, there is a broad
emission band in the violet and UV region. The broad PL emission band
for the SnO2 NBs can be fitted into two emission peaks centered at
382 nm (photon energy of 3.25 eV) and 406 nm (3.05 eV), respectively.
The emission at ~ 380 nm from the SnO2 NWs and NBs has the same
derivation, which is attributed to the band-edge recombination of
conduction-band (CB) to acceptors (eA°) and excitons binding at neutral
donors (D°X) [16,27,28]. The blue emission peak of the SnO2 NBs lo-
cated at 406 nm is related to the oxygen vacancies (VO) on the surface
[24], which agrees with the XPS result. The observation of UV emission
peaks for both nanostructural SnO2 indicate that the band edge dipole-
forbidden rule of bulk SnO2 is broken. The surface defect states play key
role in inducing direct gap transitions and generating possible lumi-
nescence [29–31]. Compared with the SnO2 NBs, the SnO2 NWs exhibit
a higher UV luminescence quality, which lays a solid ground for the

application of intense UV emission.

3.2. Structure, composition and optical properties of ZnO:Li synthesized
using high pressure method

The XRD pattern of the ZnO:Li synthesized by HTHP method is
exhibited in Fig. 2a. All diffraction peaks are ascribed to the hexagonal
ZnO with the wurtzite structure and no impurity phase is detected. The
strong diffraction peaks indicate that the ZnO:Li is well crystallized. To
further confirm the structure of ZnO:Li, we recorded Raman spectrum
of the ZnO:Li, as shown in Fig. 2b. There are four Raman peaks at 331,
379, 437, and 578 cm−1, which are attributed to E2high-E2low, A1

TO,
E2high and A1

LO modes of wurtzite ZnO [32–35], respectively.
Fig. 2c shows the Li 1s XPS spectrum of the Li-doped ZnO. There is

an asymmetry peak with a weak shoulder, which is fitted by two sub-
peaks located at 53.9 and 55.1 eV, respectively. The peak and shoulder
located at 55.1 eV and 53.9 eV are attributed to Li substituting Zn (LiZn)
and interstitial Li (Li) [36], respectively, indicating that the Li im-
purities are doped into ZnO lattice.

The representative PL spectrum of the ZnO:Li measured at room
temperature is shown in Fig. 2d. The spectrum consists of a UV-violet
light emission peak centered at ~ 402 nm (3.08 eV) and a broad visible
light emission band related to deep-level (DL) [37–39]. The strong UV-
violet emission peak is attributed to electron transition from CB to ac-
ceptor defect of Zn vacancy (VZn) which is introduced by Li doping
[40,41].

Fig. 3. Device structure and performances of the n-SnO2 NBs /p-ZnO:Li and n-SnO2 NWs/p-ZnO:Li heterojunction LEDs. (a) Schematic illustration of the SnO2 NBs (or
NWs)/p:ZnO:Li heterojunction. (b) I-V curves of the n-SnO2 NBs/p-ZnO:Li and n-SnO2 NWs/p-ZnO:Li. The inset in (b) shows the I-V curves with Ohmic contacts
between two Al electrodes on the SnO2 NWs as well as between two Ni/Au electrodes on the p-ZnO:Li. EL spectra of the (c) n-SnO2 NBs/p-ZnO:Li and (d) n-SnO2

NWs/p-ZnO:Li heterojunctions. The inset in (d) shows the photograph of the n-SnO2 NWs/p-ZnO:Li heterojunction LED biased under a forward current.

R. Deng et al. Ceramics International 45 (2019) 4392–4397

4395



3.3. Performance of SnO2 NWs (NBs)/ZnO:Li heterojunction LEDs

We fabricated two LEDs with SnO2 NWs/ZnO:Li and SnO2 NBs/
ZnO:Li heterojunctions. The SnO2 NWs (NBs) and ZnO:Li were bonded
together by a binder clip to form SnO2/ZnO heterojunction devices. The
Al and Ni/Au were used as the device electrodes of SnO2 and ZnO sides,
respectively. Fig. 3a shows the schematic of the device structure of LED.
We first recorded the I-V curves of the two devices, as shown in Fig. 3b.
The I-V curve exhibits a p-n junction rectifying behavior for both de-
vices. The inset of Fig. 3b shows the I-V curves between two separated
Al electrodes on the SnO2 NWs as well as between two Ni/Au electrodes
on the p-ZnO: Li. The linear relationship exhibits the good Ohmic
contacts for metal electrode and oxides, implying that the rectifying
behavior originates from the p–njunction instead of the Schottky con-
tacts. The current of SnO2 NWs/ZnO:Li heterojuction is much larger
than that of the SnO2 NBs/ZnO:Li at an identical forward voltage. The
turn-on voltage of the SnO2 NWs/ZnO:Li heterojunction is determined
to be ~ 2.6 V. The voltage value is approximate three times lower than
that (~ 9 V) of the SnO2 NBs heterojunction device. The difference in I-
V curves for both devices is due to the different contact area between
SnO2 NWs (NBs) and the electrodes, which is similar to the previous
results reported by Ref.[41]. The contact area of SnO2 NWs to electrode
is smaller than that of SnO2 NBs counterpart. The electric field across
the device enhances as applying the same voltage on the electrode with
small contact area, which increases the current and lowers the turn-on
voltage and the leakage current [42].

Figs. 3c and 3d show the EL spectra of the two LEDs with SnO2 NBs/
ZnO:Li and SnO2 NWs/ZnO:Li heterojunctions, respectively. It is ob-
served that a broad-band blue-light emission with the center at
~ 420 nm for the SnO2 NBs/ZnO:Li heterojunction. Differing from the
SnO2 NBs/ZnO:Li heterojunction, a rather narrow UV-violet emission
peak is demonstrated for the NWs/ZnO:Li heterojunction. The inset in
Fig. 3d shows the photograph of SnO2 NWs/ZnO:Li heterojunction
under the forward current, capturing the violet light. Under the injec-
tion current of 15mA, the emission peak is located at 391 nm and its
full width at half maximum (FWHM) is ~ 24 nm. It should be noted that
the emission peak in the PL of SnO2 NWs is located at 37 nm and close
to the EL peak position. Thus, when a forward bias is applied on the
LED, the radiative recombination happens in the SnO2 NWs side (as an
active layer) where the electrons recombine with the holes injected
from the p-type ZnO:Li layer. However, the blue emission band in EL
spectra of NBs/ZnO:Li heterojunction is ascribed from radiative re-
combination processing on both sides of the heterojunction by the
comparsion of the EL spectra with PL ones of SnO2 NBs and ZnO: Li.

4. Conclusions

In summary, the SnO2 NWs (and NBs)/ZnO:Li heterojunction LEDs
with high-pressure synthetized ZnO:Li as a hole source were fabricated.
The SnO2 NWs/ZnO:Li heterojunction exhibits the UV emission under
the forward voltage. The UV emission peak is ascribed to that the ra-
diative recombination between injected holes from ZnO:Li side and the
electrons in the SnO2 side. Our results may provide a route to find some
potential applications of ZnO/SnO2 heterojunction in the future display
and solid-state lighting devices.
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