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Abstract: Both of oblique angle deposition and conventional deposition 
techniques were used by a RF sputtering system to grow the slanted (β = 
32°) and planar (β = 0°) n-ZnO films on p-GaN, respectively. These two 
kinds of n-ZnO/p-GaN heterojunctions were then fabricated the light-
emitting diodes (LEDs). The electrical and optical properties of these two 
kinds of LEDs were investigated systematically. The results show that the 
slanted n-ZnO/p-GaN LEDs have a lower turn-on voltage and less leakage 
current than that of planar n-ZnO/p-GaN LEDs. Moreover, different from 
the planar n-ZnO/p-GaN LEDs which emitting colors changes with 
injection current, the slanted n-ZnO/p-GaN LEDs retains UV emissions 
(385-400 nm) under the entire range of injection currents we applied. The 
dominant UV luminescence of slanted n-ZnO/p-GaN LEDs is attributed to 
the ZnO near band edge transitions, indicating the high quality of slanted 
ZnO films and exhibiting the essential property dedicated to nano-sized 
heterojunctions. Hence, we have demonstrated that the slanted n-ZnO/p-
GaN LEDs fabricated by oblique angle deposition have better performance 
than the planar n-ZnO/p-GaN LEDs fabricated by convention deposition 
means. 

©2015 Optical Society of America 
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1. Introduction 

Zinc oxide (ZnO) has attracted great attention recently for the applications of blue/near UV 
optoelectronic devices, e.g. light-emitting diodes (LEDs) [1], due to its unique properties 
such as direct wide bandgap energy of 3.37 eV, large exciton binding energy of 60 meV, and 
high radiation hardness for harsh environment operation [2, 3]. However, the fabrication of 
homojunction ZnO LEDs is hindered by its intrinsic n-type polarity [4] and difficulty to 
achieve reproducible and stable p-type ZnO material [5]. Therefore, alternative approach of 
using ZnO heterojunction structures, which are composed of n-type ZnO and other p-type 
materials, has been proposed [6, 7]. Among them, p-GaN is one of the best candidates in 
consideration of same wurtzite structure and small lattice mismatch of ~1.9%. Since the GaN 
LEDs have been well developed in industry, n-ZnO/p-GaN heterojunction structures are 
typically prepared by deposited n-ZnO film on top of p-GaN using various deposition 
techniques, such as molecular beam epitaxy [8], metal-organic chemical vapor deposition 
(MOCVD) [9], pulsed laser deposition (PLD) [1], atomic layer deposition (ALD) [10], and 
radio-frequency (RF) magnetron sputtering [11]. Among them, sputtering is one of the 
popular techniques for providing high-quality and cost-effective ZnO films. Different from 
techniques of conventional physical deposition with vapor flux normal to the substrate, 
oblique angle deposition (OAD) technique controls the incident angle of incoming vapor flux 
to produce nanostructure thin films. Due to the geometric shadowing effect, OAD has 
successfully produced slanted-nanorod/column oxide layers (TiO2 and SiO2 nanorod arrays) 
[12] rather than planar films produced by conventional physical deposition, and that was 
mainly applied on the photovoltaics because the produced nanoporous film can virtually 
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eliminate the Fresnel reflection over a broadband of solar spectrum by precise control of its 
refractive index through tuning the incident angle of vapour flux. Recently, there are many 
research works about using OAD to grow ZnO nanostructure thin films [13–16]. However, 
most of works focus on the crystalline point of view such as morphology and crystal 
orientation [13, 14]. For the optical properties of OAD ZnO films, their birefringence due to 
anisotropic nanostructure has been investigated [15, 16]. To date, there are only few works of 
using OAD to fabricate ZnO LEDs [17], especially for ZnO/GaN heterojunction LEDs. In 
[17], the slanted n-ZnO/p-GaN nanorod array LEDs were fabricated by the dry etching (to 
fabricate p-GaN nanorods) and OAD of ZnO in sequence. However, since OAD can produce 
nano-rods/columns directly, this motivates us to fabricate the slanted ZnO nanorods on p-
GaN without the need of dry etching step, which can save the cost of nanorod LEDs 
fabrication. However, the feasibility of this ideal depends strongly on the quality and 
performance of ZnO film produced by OAD and how its quality and performance compare 
with the ZnO film produced by conventional method. In addition, the comparison of ZnO 
film produced by conventional method with that produced by OAD is also important and 
might affect the feasibility of our previous proposal [17]. This has not been investigated 
systematically in our previous work, because we cannot produce ZnO nanorods on GaN 
nanorod using conventional deposition method due to no geometric shadowing effect. 

In this work, we used conventional deposition and OAD by RF sputtering to grow the 
planar and slanted n-ZnO films, respectively, on top of p-GaN, which form the nano-sized n-
ZnO/p-GaN heterojunctions for the fabrication of LEDs. The optical and electrical properties 
of these two kinds of LEDs have been investigated systematically. In comparison, the slanted 
n-ZnO/p-GaN LEDs not only show a lower turn-on voltage and less leakage current, but also 
emit strong and stable UV luminescence in the regime of 385-400 nm as we increase the 
injection current. Hence, we have demonstrated that the slanted n-ZnO/p-GaN LEDs have 
better performance than the planar n-ZnO/p-GaN LEDs, and offer a great potential for the 
next generation of high-efficient LED structure. 

2. Experiments 

Figure 1(a) shows the schematic of slanted (β = 32°) n-ZnO/p-GaN LEDs. The conventional 
n-ZnO/p-GaN LEDs have similar design but replace slanted ZnO film with the planar (β = 
0°) ZnO film. Entire ZnO/GaN heterostructures are composed of 2-μm-thick undoped GaN 
buffer layer on top of (0001) sapphire substrate, followed by a 400-nm-thick p-GaN with 
hole concentration of p = 5.5 × 1017 cm−3 and mobility of μp = 6.2 cm2/V-s. Both of GaN 
layers were grown by MOCVD. Then the planar and slanted ZnO films of 300 nm were 
grown on top of p-GaN by conventional deposition and OAD, respectively, using a RF 
sputtering system at room temperature. In the ZnO deposition, the 99%-pure ZnO sputtering 
target with diameter of 76.4 mm is separated from the substrate by a distance of 70 mm. The 
incident angle of ZnO vapor flux to substrate is controlled by the tilting angle of sample 
holder. For the planar and slanted ZnO films, the tilting angle is set at 0 and 60 degree, 
respectively. Before the deposition, the chamber was first pumped down to 5 × 10−6 torr, then 
oxygen (99.99%) and argon gases (99.999%) in the flow ratio of 2 sccm to 20 sccm were 
introduced into the chamber. During the ZnO deposition, the chamber pressure and RF power 
were maintained at 8 × 10−3 torr and 100 W, respectively. The top view of scanning electron 
microscopy (SEM) image of slanted ZnO film is shown in the Fig. 1(b). The surface 
morphology of the slanted ZnO films shows the dome-like feature with different sizes, which 
might relate to the top surfaces of slanted rods/columns. In order to optimize the annealing 
temperature for the deposited ZnO films and examine the quality of ZnO films after 
annealing, another two sets of planar and slanted ZnO films were also grown on sapphire 
substrate directly in the same deposition conditions. Figures 1(c) and 1(d) show cross-
sectional SEM images of the planar and slanted ZnO films on sapphire, respectively. This 
confirms that OAD can produce slanted ZnO rods/columns with titling angle β of 32° respect 
to the surface normal. Both of the deposited planar and slanted ZnO films on sapphire were 
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then annealed at 600–1000 °C with a 100 °C interval for 1min. under a nitrogen atmosphere. 
These films were analyzed by θ-2θ scan of X-ray diffraction (XRD). The possible stacking 
way of wurtize lattice for slanted ZnO nano-column/rod is schematically drew and also 
inserted in Fig. 1(d). Further studies are needed to understand the detail and exact stacking 
mechanisms and configurations of wurtize lattice for our slanted ZnO nano-column/rod. The 
LEDs with chip size of 300 μm × 400 μm were then fabricated by regular photolithography 
and deposition of Ni (10nm) and ITO (250nm) in sequence for the electrical contacts. After 
2-minute rapid thermal process at temperature of 450 °C in nitrogen ambient (500 torr), the 
linear current-voltage characteristics can be obtained. The specific contact resistances of 
ITO/Ni/p-GaN and ITO/Ni/n-ZnO are 5.02 × 10−4 and 9.66 × 10−4 Ω-cm2, respectively, 
which is acceptable in terms of the metallization scheme of LEDs. It shall be addressed that 
to make a fair comparison of device’s performances between planar and slanted ZnO/p-GaN 
LEDs, the fabricated processes of both samples are identical except the shape of ZnO films. 

 

Fig. 1. (a) The schematic of the slanted n-ZnO/p-GaN LEDs. (b) The top-view SEM image of 
the slanted ZnO film. The cross-sectional SEM images of (c) planar and (d) slanted ZnO 
films. The slanted ZnO rods/columns exhibit titling angle of 32° respect to surface normal. 
The possible stacking way of wurtize lattice for slanted ZnO film is also shown. The scale bar 
is 100 nm. 

To characterize the crystallinity, electrical, and optical properties of the samples, X-ray 
diffraction (XRD), Hall measurement, current-voltage (I-V) curve, photoluminescence (PL) 
measurement, and electroluminescence (EL) measurement were conducted. The crystallinity 
of sample was analyzed by θ-2θ scan of XRD using Kα line with wavelength of 1.54Å. The 
electrical carrier concentration and mobility were extracted by a Hall measurement system 
using van der Pauw method. The current versus voltage (I-V) curve was measured by a 
Keithley 2400 SourceMeter at room temperature in dark environment to minimize the effect 
of ambient light. For the PL measurement, a HeCd laser (λ = 325nm) was used the optical 
pumping source, and the laser’s output power and beam size on the sample is 1.6mW and 
1.0mm, respectively. By assuming all the pumping photons can excite electrons to 
conduction band without any loss, the pumping carrier density is estimated to be ~2.75 × 
1017/cm2-sec. The emission lights from samples were collected and then sent into a 
monochromator equipped with a photomultiplier (PMT) detector. For the EL measurement, 
the setup is similar to the PL measurement but replaces the optical pumping source with an 
electrical bias. 
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3. Results and discussions 

 

Fig. 2. (a) The XRD curves for the as-grown and post-annealed samples of planar (top) and 
slanted (bottom) ZnO films on sapphire. The inset of top panel shows the zoom in of planar 
ZnO (002) peak. (b) The FWHM of (002) peak and average grain size of planar (top) and 
slanted (bottom) ZnO films versus RTA temperature. The dashed lines are the guides to eye. 

Figure 2(a) shows the θ-2θ scan of XRD for the as-grown and post-annealed samples of 
planar (top) and slanted (bottom) ZnO films on sapphire. Two diffraction peaks around 2θ = 
34.5° and 2θ = 41.68° are observed, corresponding to the (002) plane of ZnO and (006) plane 
of sapphire, respectively. The observation of (002) peak of ZnO indicates that the films grow 
along the c-axis of wurtzite structure and retain c-axis orientation after anneal. The intensity 
of all slanted ZnO (002) peaks is comparable with the intensity of sapphire (006) peak; 
however, the intensity of all planar ZnO (002) peak is much weaker than that of sapphire 
(006) peak. The zoom in of planar ZnO (002) peak is shown in the inset of the top panel of 
Fig. 2(a). Accordingly, the slanted ZnO films have better crystalline quality than that of 
planar ZnO films. The intensities of (002) peak for both planar and slanted ZnO films show 
the overall trend of increase as annealing temperature increases, suggesting that better 
crystalline ZnO film can be obtained at higher annealing temperature which provides 
sufficient thermal energy for deposited atoms to diffuse, and thus redistributes them much 
orderly [18, 19]. In addition, as the annealing temperature increases, the full width at half 
maximum (FWHM) of ZnO (002) peaks decreases as well (plotted in Fig. 2(b)), indicating 
the average grain sizes along <002> ZnO films become larger. The grain sizes of ZnO films 
were calculated using Scherrer’s equation and also plotted in Fig. 2(b). The grain size along 
<002> of slanted ZnO films grows slower (from 30 nm to 40 nm) than that of planar ZnO 
film (from 30 nm to 90 nm) at high annealing temperature. This probably is because, for the 
film deposited by OAD, the separation of nano-columns/rods is usually larger than that of 
film deposited by conventional means [20]. Hence, the increasing rate of grain size along 
<002> of slanted ZnO film is slower. Here has to note that the nano-columns/rods for planar 
and slanted ZnO films are parallel and inclined, respectively, to the surface normal direction 
(i.e. parallel to <002>); therefore, the derived grain size along <002> for slanted ZnO film 
cannot directly reflect the grain size along the axis of slanted columns/rods, which is 
different from that of planar ZnO films. 
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Fig. 3. The carrier concentration and mobility as function of RTA temperature for the (a) 
planar ZnO films and (b) slanted ZnO films. The carrier concentration and mobility of both 
as-grown samples are also plotted in the figure for comparison. 

 

Fig. 4. (a) I-V curves of the slanted and planar ZnO/p-GaN LEDs. The inset shows the semi-
log plot of the same I-V curves. (b) Normalized output power and wall-plug efficiency as 
function of injection current for planar and slanted ZnO/p-GaN LEDs. The dashed lines are 
guides to eye. 

The electrical properties of ZnO films are also important for making LEDs. The Hall 
measurement shows both of the planar and slanted ZnO films with n-type conductivity. This 
agrees with the intrinsic n-type polarity of ZnO, and confirms that both of the planar and 
slanted ZnO films can be integrated with p-GaN to fabricate heterojunction LEDs. Figures 
3(a) and 3(b) show the carrier concentration as function of annealing temperature (800–1000 
°C) for the planar and slanted ZnO films, respectively. In general, the carrier concentrations 
of the planar and slanted ZnO films increase as annealing temperature increases and then 
reach a level between 1019–1020 cm−3 at high annealing temperatures. The increase of carrier 
concentration is observed commonly in post-annealed ZnO films [21] and might relate to the 
formation energies of defects/impurities associated with the n-type carriers [22]. The 
mobility for the planar and slanted ZnO films are plotted in Figs. 3(a) and 3(b) as well, 
respectively. The mobility of planar ZnO film reaches to a value around 20 cm2/V-s as 
annealing temperature higher than 800 °C. For the slanted ZnO film, the mobility increases 
as annealing temperature increases. The observation of mobility variation probably is due to 
the scattering of high carrier concentration (of order around 1020 cm−3) [23]. Since the current 
will inject longitudinally and then spread laterally for the both planar and slanted n-ZnO/p-
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GaN LEDs, the out-of-plane mobility is also important as in-plane mobility (extracted from 
Hall measurement). But since sapphire is an insulator, we are unable to extract the out-of-
plane mobility for the samples of ZnO film on sapphire by using the methods we know 
(which are for materials grown on conducting substrates). Besides the (out-of-plane and in-
plane) mobility, the carrier concentration as well as other factors, such as nano-sized effects, 
might also affect the performance of the planar and slanted n-ZnO/p-GaN LEDs. However, 
more investigations are needed in order to find out the dominant effect. 

Based on the results of ZnO films on sapphire, the annealing conditions for ZnO films on 
p-GaN was set at 1000 °C for 1 min. Therefore, now we can discuss the ZnO/p-GaN 
heterostructures and devices. First, we investigate the electrical properties of the devices. 
Figure 4(a) shows the I-V curves of planar and slanted ZnO/p-GaN LEDs. The slanted 
ZnO/p-GaN LEDs have a turn-on voltage of 5 V, which is smaller than that of planar ZnO/p-
GaN LEDs (10 V). Therefore, for same injection current, the slanted ZnO/p-GaN LEDs only 
need a smaller forward bias. Moreover, due to the inherent type-II band-alignment at the 
ZnO/GaN interface, the reverse currents of n-ZnO/p-GaN LEDs (shown in the inset of Fig. 
2) could be greater than forward currents at the same absolute biases because of the carrier 
tunneling through the heterojunction [9]. Nevertheless, the slanted ZnO/p-GaN LED still 
exhibits a smaller leakage current (4.4 × 10−5 A) at −5 V than that of planar ZnO/p-GaN LED 
(1.9 × 10−4 A), suggesting it has better crystalline quality and less defect-related tunneling 
leakage than planar ZnO/p-GaN LEDs. 

Figure 4(b) plots the normalized output powers for the slanted and planar ZnO/p-GaN as 
function of injection current. The output powers are normalized to the maximum output 
power we measured. Additionally, the wall-plug efficiency was calculated and also plotted in 
Fig. 4(b). The output power of planar ZnO/p-GaN LED saturates as injection current larger 
than ~20 mA. In consequence, its wall-plug efficiency reaches maximum as injection equal 
to 10 mA and then decreases as injection current increases. For slanted ZnO/p-GaN LED, on 
the other hand, the output power keeps increasing as injection current increases within the 
range we measured, although the increasing rate decreases at high injection current. 
Therefore, the wall-plug efficiency of slanted ZnO/p-GaN LED achieves its maximum value 
at injection current of 10 mA and then decreases but slower than that of planar ZnO/p-GaN 
LED as injection current increases. The possible reason for the change of output-power 
increasing rate and efficiency drooping at high injection current could be attributed to the 
device’s overheating. This indicates that the slanted ZnO/p-GaN LEDs are better than planar 
ZnO/p-GaN LEDs for operating at high current. It shall be noted that although the junction 
area of the slanted ZnO/p-GaN LED is much smaller than that of the planar ZnO/p-GaN LED 
due to its porous geometry, the output powers of both devices are still comparable especially 
under high current operation. 

 

Fig. 5. Normalized PL spectra of planar and slanted ZnO /p-GaN heterostructures and p-GaN. 
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Next, we will examine the optical properties of fabricated LEDs. The normalized PL 
spectra of planar and slanted ZnO/p-GaN heterostructures are plotted in Fig. 5. The PL 
spectrum of p-GaN without ZnO film on top was also measured and is plotted for a 
comparison. The p-GaN shows an emission peak of wavelength around λ = 440 nm, which is 
commonly observed in p-GaN and typically attributed to the transition from conduction band 
or shallow donor to Mg acceptor levels in p-GaN. The PL spectrum of planar ZnO/p-GaN 
heterostructure also exhibits a dominant peak of wavelength around 440 nm with a small 
shoulder around λ = 380 nm. The emission peak of 440 nm is from the p-GaN since it has 
same peak position and similar line shape with p-GaN. The small peak around λ = 380 nm is 
attributed to the near-band-edge (NBE) transition of ZnO (shallow donor to valance band) [7, 
24]. For the slanted ZnO/p-GaN heterostructures, a sharp and dominant peak with FWHM of 
30 nm at λ = 380 nm is observed, which is also from the NBE transition of ZnO. In addition, 
different from the planar ZnO/p-GaN heterostructures, the PL signal from underneath p-GaN 
of the slanted ZnO films is not clearly seen. This is because the slanted ZnO film absorbs 
most of pumping light and results in weaker excitation to the p-GaN. This indicates that the 
slanted ZnO films on top of p-GaN have better quality than planar ZnO films on top of p-
GaN. Moreover, the dominant emission peak around 380 nm of slanted ZnO/p-GaN 
heterostructures indicates that slanted ZnO/p-GaN heterstructures are more suitable for UV 
emission devices than planar ZnO/p-GaN heterostructures. 

Finally, we will further investigate the electroluminescence of planar and slanted ZnO/p-
GaN LEDs. The normalized EL spectra of planar and slanted ZnO/p-GaN LEDs for various 
injection currents are plotted in Figs. 6(a) and 6(b), respectively. The obtained EL spectra 
under different injection currents are then converted into 3D contour images as shown in 
Figs. 6(c) and 6(d) for planar and slanted ZnO/p-GaN LEDs, respectively. For planar ZnO/p-
GaN LEDs, the EL spectra show only one broad emission peak of wavelength around 600 
nm (2.07 eV) for injection current less than 20 mA. When injection current reaches 30 mA, 
another emission peak around λ = 400 nm (3.1 eV) starts to emerge out, and its intensity 
increases as injection current increases and becomes dominant as injection current larger than 
40 mA. The peak of 630 nm probably relates to the transition of electron from ZnO 
conduction band to the deep defect level [25, 26]. The peak around 400 nm appeared at high 
injunction current should originate from the NBE transition of ZnO. For the slanted ZnO/p-
GaN LEDs, the EL intensity become stronger as injection current increases, and show a 
dominant peak around 390 nm and a weak peak around 490 nm. Again, the 390 nm emission 
should be dominated by the NBE emission of slanted ZnO. The emission of 490 nm is 
probably related to the radiative interfacial recombination of the electrons from n-ZnO and 
holes from p-GaN [24], or to the energy transition from a shallow donor level to the Vzn level 
[22]. It should be noted that as the ODA creates slanted ZnO nanorods on the planar p-GaN 
layer, we should consider the hetero-junction structure with nano-sized geometry. The 
density of states (DOS) and the radiative recombination rate of injected carriers are hence 
quantized and enhanced while considering the quantum confinement effect. Consequently, 
most of injected electrons were confined within the slanted ZnO nanorods, and eventually 
recombined radiatively to emit ultraviolet light, even the electron concentration and mobility 
of the slanted ZnO film are both larger than those of p-GaN layer. Again, further studies are 
necessary to understand and confirm the recombination detail of injected carriers for such 
slanted ZnO/p-GaN hetero-junction LEDs. The peak position and FWHM of dominant peak 
for the planar and slanted ZnO/p-GaN LEDs are summarized in the inset of Fig. 6(b). The 
FWHM of planar ZnO/p-GaN LEDs emission depends on the emission colors. However, the 
FWHM of slanted ZnO/ p-GaN LEDs emission is narrow and retains around 15 nm. The 
dominant peak of the planar ZnO/p-GaN LEDs changes from 600 nm to 400 nm at high 
injection current. However, the slanted/p-GaN LEDs retain emission around 385-400 nm 
within the entire injection we applied. The small red shift of emission peak probably is due to 
overheating at large injection current. The photographs of planar and slanted ZnO/p-GaN 
LEDs under injection current of 30 mA are shown in the inset of Fig. 6(b) as well, which 
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emit reddish and bluish-white color, respectively. Accordingly, the slanted ZnO/p-GaN 
LEDs are more suitable for UV emission than the planar ZnO/p-GaN LEDs. 

 

Fig. 6. The EL spectra of the (a) planar and (b) slanted ZnO/p-GaN LEDs under various 
injection currents. The position and FWHM of dominant peak versus injection current for the 
planar and slanted ZnO/p-GaN LEDs are shown in the inset of (b). The photographs of the 
planar and slanted ZnO/p-GaN LEDs under 30 mA are also shown in the inset of (b). (c) and 
(d) show the 3D contour images of EL spectra for the planar and slanted ZnO/p-GaN LEDs, 
respectively. 

4. Conclusion 

In conclusion, we compared the planar and slanted ZnO/p-GaN LEDs which are fabricated 
by conventional method and oblique angle deposition using RF sputtering system. Their 
electrical and optical properties were investigated systematically. Comparing with the planar 
ZnO/p-GaN LEDs, the slanted ZnO/p-GaN LEDs not only have smaller turn-on voltage but 
also retain bluish-white color luminescence within the injection current we applied. The 
results suggest that the slanted ZnO/p-GaN LEDs are more suitable for UV emission devices 
than the planar ZnO/p-GaN LEDs. This probably because the slanted ZnO films have better 
crystalline quality than planar one; however, a more detailed investigation, such as changing 
the slanted angles β and annealing temperatures and then investigating the evolution of these 
ZnO films, is needed in order to understand the mechanism and the dominant effect on the 
emission of the planar and slanted n-ZnO/p-GaN LEDs. 
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