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A Ga-doped ZnO nanorod array has been synthesized on a p-
GaN/Al2O3 substrate by a hydrothermal method at low
temperature. The structures and morphologies of the samples
were measured by XRD and FE-SEM. The results show that the
Ga-doped ZnO nanorods have excellent crystallinity and good
epitaxial relationships with the substrate. With increasing Ga
doping, the ZnO nanorods will grow along the [001] direction
rapidly resulting in a decreasing average diameter. At the same
time, the incorporation of Ga also signicantly affects the
optical and electrical properties of the n-ZnO nanorods/p-GaN
heterojunction light-emitting diode. From the photo-
luminescence spectrum, it was found that Ga doping can be
effectively regulated by the UV and visible emission peak
intensity ratio of the ZnO nanorods. The I–V characteristics
curve indicates that the n-ZnO nanorods/p-GaN heterojunction
light-emitting diode will have better conductivity with
increasing Ga doping concentration. Finally, the heterojunction
light-emitting diode achieves green light emission under
forward bias.
1. Introduction

One-dimensional nanostructures such as nanorods (NRs) and
nanowires (NWs) have been extensively studied,1–3 since their
high crystallinity can provide an effective electron conduction
path,4 and the vertical arrangement of NRs/NWs can also reduce
the light of lateral scattering and enhance the light extraction
efficiency,5,6 which makes it better than traditional planar p–n
junction light-emitting diodes (LEDs).

ZnO has wide application prospects in the elds of LEDs,
LDs and solar cells because of its wide direct band gap (3.37 eV)
and high exciton binding energy (60 meV) at room
ineering in Advanced Materials, Ministry

ology, Taiyuan 030024, China. E-mail:

nce and Technology, Taiyuan University of

hemistry 2017
temperature.7–9 For the application of ZnO-based optoelectronic
devices, it is necessary to fabricate both n-ZnO and p-ZnO. In
recent years, although certain progress has been made in
fabricating p-ZnO and even ZnO-based p–n homojunction
LEDs, it is still difficult to prepare stable and reproducible high-
quality p-type ZnO, which hinders the development of ZnO p–n
homojunction LEDs.10,11 So far, many efforts have been devoted
to developing ZnO-based p–n heterojunction LEDs with ZnO as
the n-type layer, combined with other p-type layers, such as p-
Si,12 p-GaN,13 p-AlGaN,14,15 and p-GaAs.16 Among them, it is
important to explore a material that matches GaN, because both
GaN and ZnO have the same crystal structure (hexagonal
wurtzite), with a smaller lattice mismatch (1.8%) and with
a similar room temperature wide band gap (3.4 eV).17,18

However, since the energy barrier of the n-ZnO/p-GaN junc-
tion interface leads to the low injection efficiency of carriers, the
emission efficiency and output power of the heterojunction LED
cannot meet the requirements of high performance devices.19

This problem can be improved by adding metal elements, such
as Al, Ga, In and so on because these elements could form
a doping level in the conduction band.

Ga doping can achieve smaller lattice distortions in Gax-
Zn1�xO than Al or In doping under high doping concentrations
because the bond length of Ga–O (1.92 Å) is closer to the bond
length of Zn–O (1.97 Å) than that of Al–O (2.70 Å) or In–O (2.1
Å).20 Zehao et al. prepared Ga doped ZnO NR photodetectors
with a smaller dark current and faster response speed by a low
temperature hydrothermal method.21 He et al. synthesized
individual heavily Ga-doped ZnOmicrowires via chemical vapor
deposition methods, and bright, stable, and near-infrared light-
emission from electrically biased individual Ga doped ZnO
microwires was achieved.22 Studies have shown that Ga doping
can signicantly affect the growth behavior as well as the optical
and electrical properties and defect states of ZnO NRs.23

Although there are a lot of reports on this issue, a disagreement
still exists because the growth of NRs is sensitive to the doping
concentration, reaction time, temperature and so on.24,25 In
addition, little attention has been paid to the effect of Ga doping
RSC Adv., 2017, 7, 49613–49617 | 49613
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on the photoelectric properties of n-ZnO NRs/p-GaN hetero-
junction LEDs.

In this work, a Ga-doped ZnO NR array has been synthesized
on a p-GaN/Al2O3 substrate. The effects of Ga doping concen-
tration (0–3%) on the growth behaviour of ZnO NRs have been
investigated and the photoelectric properties of the GaxZn1�xO
NRs/p-GaN heterojunction LED are discussed.
Fig. 2 XRD patterns of the ZnO NR arrays with different Ga doping
concentrations. The inset shows the enlarged view of the (002) peak.
2. Experimental

Ga-doped ZnO NRs were synthesized on p-GaN/Al2O3 (001)
substrates by a low temperature hydrothermal growth process.
The Mg-doped p-GaN lm was grown on c-Al2O3 substrates
using metal organic chemical vapor deposition. To grow more
regular ZnO NRs on the p-GaN substrates, a ZnO seed layer was
deposited on the substrate.26 The seed layer was then immersed
in an aqueous solution containing a mixture of 0.075 M
Zn(NO3)2$6H2O and equivalent molar hexamethylenetetramine
(HMT, C6H12N4) at approximately 95 �C for 4.5 h. To obtain the
Ga-doped samples, Ga(NO3)3$xH2O was added to the aqueous
growth solution with nominal concentrations of 1 to 3 mol%.
Hereaer, undoped ZnO and Ga-doped ZnO are denoted as UZO
and GZO, respectively. To investigate the electrical properties of
the heterojunction, Au electrodes were deposited onto the ZnO
and GaN lms by thermal evaporation. We rst lled the gap of
the nanorods with photoresist before depositing the electrodes
to ensure that the electrode would have direct contact with the
top of the nanorod. A schematic diagram of the structure of the
heterojunction LED is shown in Fig. 1.

The crystal structure of the sample was analyzed using
a Japanese Y-2000 type X-ray diffractometer (Cu Ka ray, l ¼
0.15418 nm), the morphology of the samples was analyzed by
JEOL JSM6700F eld emission scanning electron microscopy
(FE-SEM), and the optical properties of the samples were
analyzed by a Nanometrics Corporation NAN-RPM2000 Photo-
luminescence (PL) spectrometer (excitation wavelength: 266
nm). The electrical properties of the samples were tested with
the FS-TL series LED test equipment.
3. Results and discussion

The inuence of Ga doping on the structural properties of n-
ZnO NRs was investigated by XRD and FE-SEM. Fig. 2 shows
Fig. 1 Schematic diagram of the structure of the heterojunction LED.

49614 | RSC Adv., 2017, 7, 49613–49617
the XRD patterns of the n-ZnO NRs/p-GaN arrays with respect to
the Ga doping concentration and its inset shows the enlarged
view of the (002) peak. Strong diffraction peaks at 34.4� and
34.5� can be assigned to ZnO (002) and GaN (002) correspond-
ing to JCPDS 36-1451 and JCPDS 50-0792, respectively. This
indicates that all samples exhibit a wurtzite hexagonal structure
regardless of the growth conditions. Beyond that, the (002)
diffraction peaks of all samples are sharp and the NRs have
a [001] growth direction, indicating that the ZnO NRs have
excellent crystallinity and a good epitaxial relationship with the
p-GaN epitaxial lm. No additional peak related either to Ga or
its oxides was detected, which indicates that the Ga atoms have
been solid-solved into the interior of the ZnO lattice. As can be
seen in the enlarged view of the (002) peaks, the ZnO (002) peak
position does not show obvious displacement with the increase
of the Ga doping concentration, indicating that Ga doping does
not cause lattice mismatch.

Fig. 3(a)–(d) exhibit the plan-view SEM images of the
morphologies of the UZO and GZO NRs, and Table 1 presents
the distribution of the different elements (Zn, O and Ga) in the
UZO and GZO NRs detected by EDS. For all samples, the
hexagonal-shaped NRs were vertically grown on the p-GaN lm,
which is consistent with the XRD results. The average diameter
and the number of NRs per unit estimated from the corre-
sponding SEM images are plotted in Fig. 3(e). It can be seen
intuitively that the average diameter and the density both
Fig. 3 Plan-view FE-SEM images of the GZO NRs with different Ga
concentrations: (a) 0%, (b) 1%, (c) 2%, and (d) 3%, and (e) variations of
the average diameter and density.

This journal is © The Royal Society of Chemistry 2017
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Table 1 The distribution of elements Zn and Ga detected by EDS

UZO GZO 1% GZO 2% GZO 3%

Zn atomic percent 55.3% 55.1% 53.4% 48.2%
Ga atomic percent 0% 0.2% 0.4% 0.7%
Ga/(Ga + Zn) ratio 0% 0.4% 0.7% 1.4%
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decrease as the Ga concentration increases. In addition, the
uniformity of the NRs deteriorates with increasing doping
concentration. It has been reported that the ZnO NRs will grow
along the [001] direction rapidly with Ga doping, thus there is
a decrease in the average diameter.27 Moreover, the incorpora-
tion of Ga ions inhibits the formation of the ZnO nuclei,21 so the
density of the NRs decreases with increasing Ga doping
concentration. These results demonstrate that the growth
behavior of the ZnO NRs is signicantly affected by Ga doping.
The comparison of the EDS data with different doping
concentration shows that with an increase in doping concen-
tration, the ratio of Ga to Zn in the ZnO NRs increases, indi-
cating that Ga atoms have been incorporated into the ZnO NRs
effectively.

Fig. 4 depicts the photoluminescence spectra of p-GaN (a)
and n-ZnO NRs/p-GaN with different Ga doping concentrations
(b). p-GaN has a relatively sharp UV emission peak at 360 nm.
Fig. 4(b) shows two emission peaks for all samples: a strong UV
emission peak located at 358 nm and an almost negligible
visible emission peak at about 620 nm. The UV emission peak is
attributed to the recombination of free excitons through a near
band edge exciton–exciton collision process, and the visible
emission peak is associated with the electron–hole recombi-
nation at deep levels caused by intrinsic defects such as oxygen
vacancies and/or zinc interstitials.21 In this experiment, the low
intensity of the defect emission peak indicates that the
prepared ZnO NRs have good crystallinity and excellent optical
efficiency. A similar result was obtained by Rogers et al.28 They
reported a ZnO/GaN p–n heterojunction LED using a pulsed
laser, and the PL showed a main peak at 375 nm and a negli-
gibly low green emission. With increasing Ga doping concen-
tration, the intensity of the UV peak of the ZnO NRs rst
increases and then decreases, reaching a maximum peak in the
GZO 1% sample. The illustration in Fig. 4(b) is a visible emis-
sion peak magnied 50�, and its intensity decreases with the
increase of Ga doping. It is generally believed that the ratio of
Fig. 4 Photoluminescence spectra of the p-GaN (a) and the n-ZnO
NRs with different Ga doping concentrations (b).

This journal is © The Royal Society of Chemistry 2017
the UV peak to the visible emission peak is related to the crystal
quality of the sample: the larger the ratio, the higher the crystal
quality. Therefore, when the Ga doping concentration is 1%, the
sample has the best crystalline quality, which is in agreement
with the XRD results. When the Ga doping content increases
further, the UV peak intensity reduces because of the intro-
duction of more nonradiative recombination centers. There-
fore, the incorporation of Ga can affect the crystal quality of
ZnO. Beyond that, there was a small redshi of the peak in the
UV emission, which can be ascribed to the Ga-doping induced
band gap renormalization effect.29

Fig. 5 exhibits the I–V characteristics of the ZnO NRs/p-GaN
heterojunction with different Ga doping concentrations. The
inset shows the I–V characteristics of Au/GaN and Au/ZnO,
indicating that there is good ohmic contact between the elec-
trode and the material. p-GaN acts not only as a ZnO NR buffer
layer, but also as a p-type hole injection layer. And the hole
concentration of the p-GaN is about 4.0 � 1017. The curves of all
samples show rectication characteristics. The current
increases with increasing voltage and at the same forward bias,
the higher the Ga doping concentration, the greater the current
of the heterojunction. This phenomenon indicates that the
electrical conductivity of the ZnO NRs increases with the
increase of the Ga content. This is because the increasing Ga
doping concentration results in the number of carriers (elec-
trons) increasing in the ZnO NRs, thus reducing the resistance
of the heterojunctions.

It is observed that the heterojunction LED luminescence is
on the ZnO side when a forward bias is applied. Fig. 6(a) shows
the electroluminescence spectra of the 1% GZO nanorods/p-
GaN heterojunction when the bias voltage is 30 V (a) and the
emission peak is centered at 520 nm at a reverse bias voltage of
30 V. Fig. 6(b) is the CIE 1931 color coordinate measurement for
the heterojunction LEDs at 30 V when the Ga doping content is
1%, and the chromaticity coordinate is (0.3228, 0.4591). As the
image illustrates in the inset of Fig. 6(b), the EL emission is
clearly seen by the naked eye. Similar results for the light
emission of an n-ZnO NRs/p-GaN heterojunction LED have been
reported. Fu et al. demonstrated a ZnO NRs/p-GaN hetero-
junction LED, and observed green emission centered at 519 nm
at a reverse bias voltage of 3.5 V that originated from oxygen
vacancies near the heterojunction interface.30 The origin of the
EL emissions can be determined from the energy band diagram
Fig. 5 I–V characteristics of the n-ZnO NRs/p-GaN heterojunction
LED with different Ga doping concentrations. The inset shows the I–V
characteristics of Au/ZnO and Au/GaN.

RSC Adv., 2017, 7, 49613–49617 | 49615
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Fig. 6 Electroluminescence spectra of the 1% GZO nanorods/p-GaN
heterojunction when the bias voltage is 30 V (a) and the chromaticity
coordinates of the light emission from the LED operated at 30 V (b).
The inset of (b) shows the image of the device at the corresponding
voltage.

Fig. 7 The energy band diagram of the n-ZnO NRs/p-GaN hetero-
junction without applying a voltage (a) and applying forward bias (b).
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shown in Fig. 7, combined with the photoluminescence spectra
of the p-GaN and the n-ZnO NRs/p-GaN with different Ga
doping concentrations as shown in Fig. 4.

The electron affinities of ZnO (cZnO) and GaN (cGaN) are 4.35
and 4.2 eV. The conduction band offset is DEc ¼ cZnO � cGaN ¼
0.15 eV, and the valence band offset is DEv ¼ Eg ZnO + DEc � Eg
GaN ¼ 0.12 eV, according to the Anderson model. Although the
electron mobility is greater than that of the hole, the holes in p-
GaN are more likely to be implanted into ZnO due to the fact
that the barrier of the holes is smaller than that of the electrons
and the depth of the depletion layer required for the holes is
much smaller than that of the electrons. When a forward bias is
applied, the electrons injected into the ZnO conduction band
are easily occupied by the low-energy electrons associated with
the defects, and are recombined with the holes injected from
GaN into the ZnO valence band and into ZnO intrinsic holes.
4. Conclusions

A GaxZn1�xO NRs/p-GaN heterojunction LED has been fabri-
cated. Test results show that Ga doping can signicantly affect
the growth behavior of ZnO NRs and the photoelectric proper-
ties of the n-ZnO NRs/p-GaN heterojunction LED. When the Ga
doping concentration is 1%, the crystal quality and optical
properties of the sample are optimal. Heterojunction LEDs have
better conductivity with the increase of Ga doping concentra-
tion. A strong green emission is obtained when the Ga doping
concentration is 1%. The origin of the EL emission is supposed
to be attributed to the defects in the heterojunction combined
49616 | RSC Adv., 2017, 7, 49613–49617
with an energy band structure diagram. This method provides
a meaningful approach for the preparation of ZnO-based
optoelectronic devices achieving excellent performance.
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