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Vertically aligned ZnO nanowires have been prepared, and 

intense electroluminescence (EL) has been observed with 

holes injected into the nanowires from p-type ZnO prepared 

via a high pressure high temperature route. The emission can 

be attributed to the radiative recombination between the 10 

electrons in the nanowires and the injected holes, and the 

power of the EL can reach about 10 µµµµW when the injection 

current is 20 mA. The intense emission is believed to be 

resulted from both the relatively high quality of the 

nanowires and the holes injection from the p-type ZnO. 15 

Introduction 

Zinc oxide (ZnO) has long been considered as a promising 
candidate for efficient ultraviolet (UV) light-emitting devices 
(LEDs) and low-threshold lasers due to its wide bandgap and 
large exciton binding energy.1-14  However, although numerous 20 

efforts have been paid, the performance of ZnO LEDs is still far 
below expectation. It is accepted that to realize efficient 
electroluminescence (EL), both high quality active layer and 
efficient carrier injection are necessary. For the high quality 
active layer, self-assembled nanostructures usually have 25 

relatively high crystalline and optical quality. Considering that 
one of the most unique characters of ZnO lies in its rich 
nanostructures,4,15-17 if the nanostructures can be employed as the 
active layer, efficient EL from ZnO may be expected. Carrier 
injection is another necessity for efficient EL. It is known that 30 

ZnO is intrinsically an n-type semiconductor,18 which means that 
there are many electrons, but holes are rare in this material. A 
natural way to achieve hole dominant conduction in ZnO is 
doping. However, the p-type doping of ZnO has long been a 
challenging issue although numerous efforts have been paid.19-23 35 

Many methods including molecular beam epitaxy, metalorganic 
chemical vapor deposition, magnetron sputtering, pulsed laser 
deposition, etc,24-27 have been adopted for the p-type doping of 
ZnO. However, this challenging issue has not been resolved yet, 
and p-type doping is still a huge barrier that hinders the 40 

realization of ZnO based LEDs. Note that the above methods 
employed for the p-type doping of ZnO is usually running at 
moderate temperature and pressure. It is known that temperature 
and pressure are two important parameters that determine the 

thermal dynamics in the growth process of a material, so if high 45 

pressure high temperature can be adopted for the p-type doping of 
ZnO, the growth dynamic during the doping process may be 
altered, and surprising results may be attained. Actually, low-
resistivity p-type ZnO with good stability and reproducibility has 
been prepared in a high pressure high temperature route. 28 50 

Nevertheless, none report on LEDs using the p-type ZnO 
fabricated via such route can be found up to now, which casts a 
shadow whether the p-type ZnO prepared via this route can be 
applied in optoelectronic devices.  
 In this paper, we show that by employing high quality ZnO 55 

nanowires as the active layer of a LED, with holes injected from 
p-type ZnO prepared in a high pressure high temperature route. 
Intense emission can be achieved, and the power of the emission 
can reach 10 µW when the injection current is 20 mA, which is 
amongst the best values ever reported for ZnO-based LEDs.21  60 

The emission is believed to originate from the radiative 
recombination of the injected holes and the electrons in the ZnO 
nanowires.  

Experimental 

The ZnO nanowires were fabricated on a-plane sapphire in a 65 

metalorganic chemical vapor deposition technique. The 
precursors used for the growth of the nanowires are diethylezinc 
and oxygen, and high-purity (9 N) nitrogen was employed as the 
carrier gas to lead the precursors into the growth chamber. Prior 
to the growth, the substrates were pretreated at 700 oC under 3.1× 70 

10-3 Pa for 30 min to remove the absorbed contaminants on the 
substrate surface. During the growth process, the substrate 
temperature was kept at 700 oC and the pressure in the chamber at 
3000 Pa. The p-type ZnO employed as the hole source of the 
LEDs was prepared via a high temperature high pressure method. 75 

99.99% ZnO powder and 99.99% Sb2O3 powder was mixed 
together uniformly, and the mole ratio of Sb2O3 to ZnO is 1: 19. 
The mixture was pressed into a disk with a diameter of 13 mm 
and a height of 5 mm under 0.5 GPa, then the disk was put into a 
Mo ampoule to be sintered isothermally for 15 min under 5 GPa 80 

at 1450 oC. After that, the surface layer of both sides of the disk 
were removed to avoid any diffusion of impurities into the 
sample. When the preparation of the nanowires and the ZnO:Sb is 
finished, an indium layer was deposited onto the ZnO:Sb and the 
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ZnO nanowires acting as electrodes in a thermal evaporation 
method. Then the ZnO:Sb was bonded together with the 
nanowires by a clip to form the ZnO:Sb/n-ZnO nanowire 
structures.  
 The morphology and crystalline quality of the ZnO nanowires 5 

was characterized using a Hitachi S4800 field emission scanning 
electron microscope (SEM) and a FEI Tecnai F20 transmission 
electron microscope (TEM). The structural properties of the 
nanowires and the ZnO:Sb were assessed by a Bruke D8 x-ray 
diffractometer (XRD). The photoluminescence (PL) spectra of 10 

the nanowires and ZnO:Sb were measured using a spectrometer 
employing the 325 nm line of a He-Cd laser as the excitation 
source. The electrical properties of the ZnO:Sb were measured in 
a Lakeshore 7707 Hall measurement system. The Sb 
concentration in the ZnO:Sb was determined by energy-15 

dispersive X-ray spectroscopy (EDS). Current-voltage (I- V) 
characteristics of the ZnO:Sb/n-ZnO nanowire structures were 
studied by a Agilent B1500A semiconductor device analyzer. 
Electroluminescence (EL) measurement of the structures was 
carried out in a Hitachi F4500 spectrometer with a continuous 20 

current power source, and the output power of the LEDs was 
recorded using an OPHIR Nova II power meter. The electrical 
potential distribution and carrier distribution in the ZnO:Sb/n-
ZnO nanowire structures have been simulated using a finite 
difference time domain (FDTD) method.  25 

Results and discussion 

The morphology of the ZnO nanowires is shown in Figs. 1a and 
1b. From the plan-view SEM image in Fig. 1a and the cross-
sectional image in Fig. 1b, one can see that the ZnO nanowires 
were grown vertically on the substrate, and the nanowires are 30 

about 50 nm in diameter and 900 nm in length. Fig. 1c shows a 
typical TEM image of the ZnO nanowires, one can see that the 
nanowires show smooth surface, symbolizing the well-crystalline 
of the nanowires. High resolution TEM image taken from an 
individual nanowire is shown in Fig. 1d. The image shows well-35 

resolved lattice fringes, and the distance between two adjacent 
planes is around 0.26 nm, confirming c-axis growth direction and 
high crystalline quality of the nanowires. 

 
Fig. 1. Plan-view (a) and cross-sectional (b) SEM image of the ZnO 40 

nanowires; (c) TEM image of the ZnO nanowires; (d) High resolution 
TEM image of an individual nanowire. 

Fig. 2a shows the XRD pattern of the ZnO nanowires, 
besides the diffraction from the sapphire substrate, only two 
peaks at 34.44o and 72.54o can be observed, which can be 45 

attributed to the diffraction from the (002) and (004) facet of 
wurtzite ZnO, respectively. The insert of Fig. 2a illustrates the x-
ray rocking curve of the nanowires, and the curve shows a 
Gaussian shape with a full-width half-maximum (FWHM) of 
around 0.59o. To assess the optical quality of the ZnO nanowires, 50 

temperature-dependent PL spectra from 90 K to 300 K were 
recorded, as shown in Fig. 2b. The 90 K PL spectrum shows four 
peaks at around 3.237 eV, 3.313 eV, 3.356 eV and 3.370 eV. 
Among these peaks, the dominant one at 3.370 eV can be 
attributed to the free exciton (FXA) emission of ZnO.29 There also 55 

appears a shoulder at around 3.381 eV, which can be attribiuted 
to the emission of B-excitons in ZnO.29 According to their 
positions, the peaks at 3.356 eV and 3.313 eV can be attributed to 
the emission from donor-bound exciton (DoX) and donor-
acceptor pairs (DAP).29,30 The peak at 3.237 eV has an energy 60 

difference of 76 meV with the DAP emission, which is close to 
the phonon energy of ZnO (72 meV),29 thus this peak may be the 
phonon replica of DAP.30 Although free exciton emission has 
been frequently observed in the low-temperature PL spectra of 
ZnO film and nanostructures, it is usually weak and the spectrum 65 

is usually dominated by emissions from excitons localized by 
impurities.29-31 The dominant free exciton emission at 90 K and 
the appearance of B-exciton emission in our case reveals the high 
optical quality of the ZnO nanowires, which lay a solid ground 
for the intense emission obtained from the nanowires.  70 

 
Fig. 2. (a) XRD pattern of the ZnO nanowires, and the inset shows the x-
ray rocking curve of the ZnO nanowires; (b) temperature-dependent PL 
spectra of the ZnO nanowires.  
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Fig. 3. XRD pattern (a); SEM image (b); temperature-dependent PL 
spectra (c), and EDS spectrum (d) of the ZnO:Sb sample. 

The XRD pattern of the ZnO:Sb is shown in Fig. 3a. All the 
prominent peaks can be attributed to the diffraction from wurtzite 5 

ZnO, while the weak peaks from Sb2O5. Note that all the peaks 
from the ZnO:Sb shift to smaller angle side compared with the 
standard peaks of ZnO, which symbolizes that Sb has been 
incorporated into lattice of ZnO considering that the radius of 
Sb3+ (0.76 Å) is larger than that of Zn2+ (0.74 Å). Also the 10 

appearance of Sb2O5 related peaks indicates that some of the 
Sb2O5 may separate out from the ZnO matrix. The morphology of 
the ZnO:Sb is shown in Fig. 3b, and one can see that dense layer 
has been formed in the ZnO:Sb. Temperature-dependent PL 
measurements from 90 to 300 K are also performed to investigate 15 

the optical properties of the ZnO:Sb, as shown in Fig. 3c. From 
the 90 K PL spectrum, three peaks can be observed at 3.361 eV, 
3.316 eV, and 3.241 eV, respectively. The 3.361 eV and 3.316 eV 
peaks are ascribed to neutral acceptor bound exciton (AoX) and 
electron transition from conduction band to acceptor level 20 

(FA).28,32,33 The peak at 3.241 eV can be attributed to the DAP 
emission.32,33 With the rise of temperature, the FA emission 
disappears gradually, while the AoX and DAP emissions can be 
observed from the 300 K PL spectrum at 3.288 eV (377 nm) and 
3.198 eV (388 nm), respectively. The EDS spectrum of the 25 

ZnO:Sb is shown in Fig. 3d, from which only the signals from Zn, 
O and Sb can be observed, and the Sb content in the ZnO:Sb is 
about 4.38 atom%, in rough agreement with the mole ration of 
Sb2O3 to ZnO in the precursors (1: 19).  
 To act as the hole source for the ZnO nanowires, the ZnO:Sb 30 

should have relatively high hole concentration. To assess the hole 
concentration of the ZnO:Sb, Hall measurement has been carried 
out. It is revealed that the ZnO:Sb behaviors p-type conduction, 
with the room temperature hole concentration and Hall mobility 
of 3.8×1019 cm-3 and 1.9 cm2V-1s-1, respectively. Similar results 35 

have been reported previously,28 and the origin of the p-type 
conductivity in ZnO:Sb is usually attributed to the formation of 
SbZn-2VZn complexes. 34  Such a high hole concentration is 
favorable for acting as a hole source.  

To inject holes into the ZnO nanowires, the p-ZnO:Sb has 40 

been bonded together with the ZnO nanowires by a clip to form 
the p-ZnO:Sb/n-ZnO nanowire structures. Fig. 4a shows the 
schematic illustration of the structure. The structure exhibits an 
obvious rectifying characteristic with a turn-on voltage of about 

4.6 V, as shown in Fig. 4b. The insert of Fig. 4b shows the I- V 45 

curves for In contact on p-ZnO:Sb and n-ZnO nanowires. The 
linear curves reveal that ohmic contacts have been obtained in 
both cases, indicating the rectifying effect comes from p-n 
junctions formed between the p-ZnO:Sb and the n-ZnO 
nanowires.  50 

 
Fig. 4. (a) Schematic illustration of the p-ZnO:Sb/n-ZnO nanowire 
structure; (b) I- V curve of the p-ZnO:Sb/n-ZnO nanowire structure, the 
inset shows the I- V curves of the In contact on the n-ZnO nanowires and 
the p-ZnO:Sb.  55 

   
To test the application of the structure in LEDs, a forward 

bias has been applied onto the structure, and purple emission can 
be observed clearly, as indicated in Fig. 5. Fig. 5a shows the a 
typical optical image of the device, and the output power can 60 

reach 10 µW when the injection current is 20 mA (with a bias 
voltage of around 85 V), which is amongst the highest values 
ever reported for ZnO-based LEDs.21,35Error! Bookmark not 

defined. The EL spectra of the device are shown in Fig. 5b. 
There is a dominant emission band at around 396 nm, and another 65 

weak emission at around 500 nm is also visible. The dominant 
emission can be attributed to the NBE emission, while the weak 
one to the deep-level related emission of ZnO.  

To explore the origin of the EL emission, the room 
temperature PL spectra of the ZnO nanowires and ZnO:Sb has 70 

been measured, as shown in Fig. 5c. It can be found that the PL 
spectrum of the ZnO nanowires shows a strong peak at around 
377 nm, while the deep-level emission is almost undetectable. 
Nevertheless, the spectrum of the p-ZnO:Sb sample is dominated 
by the deep-level related emission of ZnO, while the NBE 75 

emission of ZnO is weak. Note that there appear two peaks for 
the NBE emission of the ZnO:Sb, and the peak at 377 nm can be  
attributed to the acceptor bounded excitonic emission of ZnO, 
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and the shoulder at 388 nm is from the DAP emission based on 
the temperature dependent PL spectra shown in Fig. 3c. One can 
see from Fig. 5 that the EL spectra of the p-ZnO:Sb/n-ZnO 
nanowire structure is similar in shape with the PL spectrum of the 
ZnO nanowires although the peak position is sightly different, 5 

thus the EL emission in the structure may come from the 
radiative recombination of electrons and holes in the ZnO 
nanowires.   

 
Fig. 5. Optical image (a) and EL spectra (b) of the p-ZnO:Sb/n-ZnO 10 

nanowire structure; (c) room temperature PL spectra of the n-ZnO 
nanowires and p-ZnO:Sb. 

   
 In order to understand the emission mechanism of the p-
ZnO:Sb/n-ZnO nanowire structures better, the distribution of 15 

charge carriers and electric potential in the p-ZnO:Sb/n-ZnO 
structure under forward bias has been simulated using the FDTD 
method, as illustrated in Fig. 6. In the p-ZnO:Sb/n-ZnO nanowire 
structures, since the hole concentration of the ZnO:Sb (3.8× 1019 
cm-3) is much higher than the electron concentration in the 20 

nanowires (usually in the order of 1016 cm-3), the depletion area 
of the p-n junction will be distributed mainly in the nanowires, as 
indicated in Fig. 6a. The carrier distribution in the p-ZnO:Sb/n-
ZnO nanowire structure is shown in Fig. 6b, one can see that the 
holes in the p-ZnO:Sb can be injected into the ZnO nanowires. 25 

Therefore, the injected holes will recombine with the electrons in 
the ZnO nanowires, and electroluminescence from the ZnO 

nanowires will be detected. The relatively high structural and 
optical quality of the nanowires may facilitate the occurrence of 
near ultraviolet emission. As for the slightly redshift of the EL 30 

position compared with the NBE emission of ZnO, it may come 
from the heating effect caused by the injection of continuous 
current. Note that none reports on ZnO LEDs p-type ZnO 
prepared via high pressure high temperature method has 
demonstrated before. 35 

 
Fig. 6. Spatial distribution of the electric potential (a) and holes 
concentration (b) in the p-ZnO:Sb/n-ZnO nanowire structure.  

Conclusions 

In summary, ZnO nanowires have been prepared, and with holes 40 

injected from p-ZnO:Sb fabricated via a high pressure and high 
temperature route, bright emission has been observed. The output 
power can reach around 10 µW when the injection current is 20 
mA, which is amongst the best values ever reported for ZnO 
LEDs. The intense emission can be attributed to the relative high 45 

structural and optical quality of the nanowires and the relatively 
high hole concentration of the ZnO:Sb layer. The results reported 
here may provide a facile route to high performance ZnO 
electroluminescence.  
 50 
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Graphic Abstract  
 

 

 

 

Intense electroluminescence has been obtained from ZnO nanowires with 

holes injected from p-ZnO:Sb prepared via high pressure high 

temperature method.  
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