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Abstract: We report on the improvement of light extraction efficiency from 
GaN-based light-emitting diodes (LEDs) using Ni1-xCoxO nanoparticles 
(NPs) formed on the p-GaN layer. After formation of Ni1-xCoxO 
hemispherical lens arrays on the blue LEDs by drop-casting colloidal NPs, 
electroluminescence (EL) and photoluminescence (PL) measurements are 
conducted to investigate the electrical and optical properties. The PL and 
EL intensities from the blue LEDs with the Ni1-xCoxO NPs are 1.74 and 
1.61 times greater, respectively, than a conventional LED. Finally, a hybrid 
approach using ZnO nanorod arrays grown on the NiCoO hemispherical 
lens shows further increase of light extraction by 3.8 and 6.2 times 
compared to LEDs with bare NiCoO NPs and without any NPs, 
respectively. Finite-difference time-domain (FDTD) simulation results also 
agree well with the experimental results. The enhancement of light 
extraction from LEDs with ZnO nanorods and NiCoO NPs can be attributed 
to an enlarged escape angle cone and increased probability of light 
scattering. 
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1. Introduction 

GaN-based nitride compound semiconductors are very attractive materials due to their 
superior material properties and their versatility for use in a variety of optoelectronic 
applications such as light-emitting diodes (LEDs), solar cells, and laser diodes [1]. In 
particular, III-nitride based LEDs have been considered as a candidate of next generation 
solid-state light sources for replacement of general lighting sources such as florescent lamps 
due to their environmentally friendly properties and long lifetime (~40,000 hrs) [2]. 
Currently, the internal quantum efficiency of GaN-based LEDs can exceed 90%, but the 
external quantum efficiency is relatively low due to total internal reflection (TIR) of the 
generated light at the nitride-air interface resulting from their very different refractive indices 
[3, 4]. Many novel methods have been suggested for enhancing light extraction of LEDs 
using nanoparticles, nanowires/nanorods, and various types hemispherical lenses formed on 
the LED surface [5–7]. Of the nanomaterials reported for the improvement of light extraction 
from LED, zinc oxide (ZnO) is one of the most frequently used semiconductor materials due 
to its relatively low production cost and superior optical properties [8]. In this study, we 
investigated the effects of, particularly the improvement of light extraction efficiency, a 
newly suggested combination of NiCoO nanoparticles (NPs) together with ZnO nanorod 
arrays, formed on the p-GaN layer of blue LEDs. NiCoO is a representative p-type material 
consisting of NiO and CoO, which can be a candidate material to replace indium tin oxide 
(ITO) as a transparent conducting layer in visible range due to the similar material properties 
[9]. Significant improvements in light extraction from blue LEDs are achieved by the use of 
bare NiCoO NPs and combination of ZnO nanorod arrays and NiCoO NPs. A theoretical 
analysis is conducted using finite-difference time-domain (FDTD) simulations and those 
results agree well with the experimental results. 

2. Experimental details 

A solution-based synthesis was used to obtain NiCoO NPs; the raw materials were Ni(II) 
acetate tetrahydrate(98.0%), Co(II) acetate tetrahydrate(98.0%), and KOH potassium 
hydroxide(85.0%). The initial stock solutions were made with 150 mL deionized (DI) water, 
dissolving the nickel acetate- and cobalt acetate-based salts in a 70:30 weight ratio. The 
metallic precursor homogeneity was achieved by simply stirring the stock solutions 
continuously for 48 hrs prior to the precipitation reactions. The stock solutions were then 
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treated with drops of 10 M KOH until precipitation ceased. The details for the NiCoO NP 
synthesis can be found in other reference [10]. After synthesis of NiCoO, the NPs are drop-
casted onto the surface of GaN-based LED epi structures grown by metal organic chemical 
vapor deposition (MOCVD) [11]. Finally, ZnO nanorod arrays are formed on top of the 
NiCoO NPs using the hydrothermal method [6]. Photoluminescence (PL) and 
electroluminescence (EL) measurements were conducted to determine the effects of the 
NiCoO NPs and the ZnO nanorod arrays on the light extraction efficiency in LEDs. 

3. Results and discussion 

 

Fig. 1. Schematic diagram of fabricated blue LED structures with ZnO nanorod arrays on Ni1-

xCoxO hemisphere lenses. 

Figure 1 shows a schematic diagram of a blue LED structure with the NiCoO NP 
hemispherical lenses and ZnO nanorod arrays formed on the top-most layer. The layer 
structure of the blue LEDs with 450 nm emission was grown by MOCVD on c-plane Al2O3 
substrates. After coating the NiCoO NPs on p-GaN layer, ZnO nanorod arrays are formed on 
top of the NiCoO hemispherical lens. Before the formation of p-electrode on p-GaN, the 
NiCoO NPs are partially removed. 

To confirm the formation of the NiCoO NPs, x-ray diffraction (XRD) and transmission 
electron microscopy (TEM) measurements were conducted. Figure 2(a) shows the powder 
XRD patterns obtained from the synthesized NiCoO NPs. The XRD spectrum clearly reveals 
diffraction peaks attributable to face-centered cubic structured NiO related to the (111), (220), 
(311), and (222) crystal planes (JCPDS 73-1523). The secondary material peaks were from 
Co3O4, corresponding to the (220), (511), and (440) crystal planes (JCPDS 78-1970). Figure 
2(b) shows TEM images of the synthesized nickel-cobalt oxide particles. As shown in the 
image, the average size of NiCoO is approximately 15 nm, which can be adjusted by the 
specifics of the synthesis method. 
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Fig. 2. (a) Powder XRD patterns and plane indices of the A(NiO) and B(Co3O4) phase in Ni1-

xCoxO NPs. (b) TEM images of the Ni1-xCoxO NPs at low magnification (left) and high 
magnification (right) 

To evaluate the optical properties of the NiCoO NPs, UV-Vis absorption measurements 
are conducted. The UV-Vis spectrum obtained from the NiCoO NPs reveals an absorption 
band edge with an intensity maximum centered around 300 nm, as shown in Fig. 3. Although 
there is a shift in absorption band edge by ligand–metal charge transfer processes [12], 
absorption bands are observed at 320 and 280 nm for the NiO and Co3O4 phases, respectively 
[13, 14]. Furthermore, the optical band gap 

 

Fig. 3. UV-Vis absorbance spectrum of the colloidal Ni1-xCoxO dispersions in solvent. 

of the synthesized oxide nanomaterial was extrapolated to be approximately 2.8 eV (442 nm) 
which indicates that the synthesized NiCoO NPs can be used as a transparent oxide layer in 
the visible range. 

In order to investigate the morphology of the NiCoO NPs and ZnO nanorod arrays formed 
on p-GaN layer, scanning electron microscope (SEM) observations are performed. Figures 
4(a) and 4(b) show SEM image of the NiCoO NP hemispheres formed on the p-GaN layer 
and a distribution of the nanoparticle sizes, respectively. A drop-casting method was used to 
form the NiCoO hemispherical lens. The SEM image shows that the hemisphere-type NiCoO 
NPs are uniformly distributed on the surface. From the SEM images, the average surface 
coverage and diameter of NPs on LED surface were measured as 50~60% and 73 nm, 
respectively. After formation of the NiCoO hemispherical lenses on the LED top surface, the 
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ZnO nanorod arrays are formed on NiCoO NP coated LEDs by the hydrothermal synthesis 
method [6]. 

 

Fig. 4. (a) SEM image of Ni1-xCoxO hemisphere lens coated on top of p-GaN. (b) The 
histogram for the diameter distribution of hemispherical NiCoO NPs. 

 

Fig. 5. SEM images obtained from the ZnO nanorod arrays on(5(a) and 5 (c)) a conventional 
LED and (5(b) and 5(d)) a NiCoO NP/LED. (c) and (d) show magnified SEM images for 5(a) 
and 5(b), respectively. 

Figures 5(a) and 5(b) show ZnO nanorod arrays formed on a conventional blue LED and 
on a NiCoO NP coated LED, respectively. ZnO nanorods grown using a general 
hydrothermal growth condition (6 h at 95°C) show an average diameter and length of 60 nm 
and 1 µm, respectively. Figures 5(c) and (d) show magnified images of Figs. 5(a) and 5(b), 
respectively. Although the some deviation of direction occurred in the ZnO nanorod arrays 
grown on top of the NiCoO NPs, all samples show vertically aligned nanorod morphology 
along the growth direction of the GaN LED epi structures. The formation of NiCoO NPs 
effects on the growth of ZnO nanorods due to its spherical shape. 

To investigate the effects of NiCoO hemispherical lens coatings on the surface of LEDs 
on the light extraction properties from blue LEDs, PL measurements are conducted using a 
325 nm He-Cd excitation source at room temperature. Figure 6 shows the PL spectra of the 
uncoated and NiCoO NP-coated LED samples, whose emission peak wavelength was 
approximately 450 nm in all samples. The integrated PL luminescence intensity for LEDs 
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with the hemispherical NiCoO lens arrays showed a 1.8-fold enhancement over that of the 
uncoated sample. Generally, in the case of GaN-based LEDs, the large refractive index 
difference between GaN (n = 2.5) and air (n = 1) makes it quite difficult for photons to escape 
from the nitride to air. 

 

Fig. 6. The PL spectra of the LEDs with (red line) and without (black line) NiCoO hemisphere 
lens formed on top of p-GaN . 

Specifically, the escape cone angle is very narrow, which means that due to total internal 
reflection, most of the light generated by the active regions is trapped in the higher refractive 
index semiconductor material [15]. The improvement of light extraction in LED with NiCoO 
hemisphere array can be attributed to the effects of the graded refractive index. The refractive 
index of NiCoO is 1.7, intermediate value between those of GaN and air, which results in an 
enlargement of the escape cone and a corresponding increase of light scattering probability in 
the NPs [16, 5]. 

EL measurements are conducted at various injection current levels to show the effects of 
NiCoO NPs as well as that of the combined ZnO nanorod and NiCoO NP structures on the 
light extraction in blue LED with turn-on status. The EL spectra for the various surface nano 
structured blue LEDs (bare ZnO nanorods, bare NiCoO NPs, ZnO nanorods/NiCoO NPs) 
under an injection current fixed at 50 mA are shown in Fig. 7. The EL intensity of LEDs with 
ZnO nanorod/NiCoO NPs is the highest. The integrated EL intensity of the samples covered 
with hemispherical NiCoO lenses and ZnO nanorod/NiCoO hemispherical arrays exhibited 
enhancements of 1.6 and 6.1 times, respectively, over that of the uncoated sample. EL 
intensity measurements were also conducted on LEDs with bare ZnO nanorods, which are 
generally used to make nanohybrid structures. Although the ZnO nanorods/LED structure 
shows a higher EL intensity than the NiCoO NPs/LED structure did, the combined ZnO 
nanorods/NiCoO NPs/LED structure showed a 20% further increase in EL intensity over 
LEDs with bare ZnO nanorods. The increase of light extraction efficiency in blue LEDs with 
the ZnO nanorod/NiCoO NP structures can be explained by a similar mechanism to that used 
for the PL intensity enhancement displayed in Fig. 6. 
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Fig. 7. EL spectra obtained from blue LEDs with different surface nanostructures at an 
injection current of 50mA. 

The enhancement in light extraction from LEDs can be attributed to the enlarged effective 
photon escape cone by the NiCoO hemisphere lens arrays, and additional reduced Fresnel 
reflections at the surface due to a gradual change of refractive indices at, respective, the 
air/ZnO nanorod/NiCoO NP/GaN interfaces [17,18]. In addition, the use of ZnO nanorods on 
NiCoO hemispheres further enhances the light interference and diffusing properties which 
may act on the diffusion center resulting in improvement of the light extraction [19, 20]. 

Finally, for the theoretical consideration of the relationship between various nanostructure 
formation and light extraction from LEDs, FDTD simulations are conducted using a 
Lumerical simulation method. A single polarized dipole source is located at the center of the 
InGaN quantum well active layer, and both the detection plane and line are placed over the 
top surface of the LEDs. The LED structures and the sizes of NiCoO hemisphere and ZnO 
nanorods used in the FDTD simulation are approximately similar to those used in our 
experiments. The light emission output was measured in the top-view direction of the LED 
structures. The simulated results for the electric field intensity, as an indication of light 
extraction are shown in Fig. 8. Figures 8(a)-8(d) indicate the spatial distribution of extracted 
light intensity for LEDs with the different nanostructures, as denoted in the Fig. 8. The 
integrated intensity values are indicated by the round dots in figure with respect to sample 
name. As in the experimental results, the ZnO nanorod/NiCoO NP/LED structure shows 
highest light extraction efficiency compared to the other LED structures. FDTD simulation 
results show that the improvement of light extraction was achieved by using the NiCoO 
hemispherical lenses and the combination of ZnO nanorod arrays on NiCoO NP. The blue 
LEDs with ZnO nanorod arrays on NiCoO NPs show a 10.9-fold light extraction 
improvement over LEDs without any nanostructures. For the bare NiCoO NPs formed on the 
LED surface, the light extraction intensity increased by 1.37 times over the reference LED. 
The simulation results were in good agreement with the experimental results. 

#206971 - $15.00 USD Received 24 Feb 2014; revised 10 Apr 2014; accepted 23 Apr 2014; published 28 May 2014
(C) 2014 OSA 30 June 2014 | Vol. 22,  No. S4 | DOI:10.1364/OE.22.0A1071 | OPTICS EXPRESS A1077



 

Fig. 8. FDTD simulation results for light extraction characteristics as a function of various 
different nanostructures. 

4. Conclusions 

In summary, we report on the improvement of light extraction from blue LEDs using NiCoO 
hemispherical lens arrays both alone and in a hybrid structure with ZnO nanorods. EL 
intensity of the LED with the hemispherical NiCoO lens was 1.61 times greater than the 
reference LEDs. In addition, the combined hybrid structure with ZnO nanorod arrays formed 
on top of the hemispherical NiCoO lenses show a further improvement in light extraction, 
approximately 6.5 times greater than the LED without nanomaterials. The experimentally 
measured results are entirely consistent with FDTD simulations, and the improvements in 
photon extraction can be attributed to the enlarged escape angle and reduction of Fresnel 
reflection loss due to the use of NiCoO and ZnO materials whose refractive indices are 
located between those of GaN and air. 
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