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F

or practical solid-state lighting, one needs to deliver large power into large-size

devices. The inputted electrical power will be partially converted into output light
while the remaining power will be converted into heat. Without a good thermal
property, the generated heat can easily fail the devices. Thus, it is extremely important
to enhance thermal properties of high power LEDs. However, the reflective index of
sapphire is higher than that of air. This will result in Fresnel reflections, most of the
generated lights in the active layer are absorbed inside LEDs and then converted into
heat. Rough sapphire surface is a simple technique and has been used to destroy the
total internal reflection [1]. It has been reported that one can increase the light extraction efficiency of GaN-based
LEDs by using SiO2, ITO, and SiNx nanopillars [2]–[4]. Recently, using ZnO nanopillars to increase the light
extraction of GaN-based LEDs has been reported due to simplicity and cost effectiveness [5]–[10]. Among these,
the solution approach based on soft chemical technique has attracted increasing attention in recent years. In this
paper, we reported the ZnO nanorods on the top of sapphire surface to enhance light extraction. The ZnO nanorods
were formed by successive ionic layer adsorption and reaction (SILAR)-based and hydrothermal method (Hm).
This method is simple, low cost, with high reliability and large area growth. The detailed procedure will be
reported.

Fig. 1. Output power as a function of injection current for the five LEDs.
Fig. 1 shows the light output power–current characteristics of the five LEDs. With 350 mA current injection, it was
found that the output powers were 361.7, 420.7, 426.8, 448.2, and 430.4 mW for LED I, LED II, LED III, LED IV,
and LED V, respectively. It was also found that LED II, LED III, LED IV, and LED V were significantly larger
than that of LED I. It was found that LED IV was also 24% larger than that of LED I. This improvement can be
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attributed to the fact that the ZnO nanorods on the top of sapphire can reduce Fresnel reflection, and such a result
suggests that SILAR with four cycles is the best choice. Our result is similar to that of an approach [5]. According
to the reference, they proposed an two-step hydrothermal method to form ZnO nanorods, The first step is to dip the
substrate into zinc acetate dihydrate [Zn(Ch3COO) 2.2H2O] dissolved in an ethanol solution followed by annealing
at 100 °C for 3 min. After the formation of ZnO seed layers, the ZnO nanorods were formed in solution of zinc
nitrate hexahydrate and hexamine dissolved in DI water at 95 °C for 3 h. Compared with our method, we used
SILAR and Hm, especially, our Hm only needs 1.5 hour with SILAR four cycles. We not only can form ZnO
nanorods but also can control ZnO nanorods from the loose to dense. In 2011, Dai et al. has demonstrated that
vertical ZnO nanorods can enhance the light extraction of GaN-based LEDs by finite difference of time domain.
From their simulated results, the vertical ZnO nanorods can reduce the light reflection. Once again, their simulated
results agree well with our experimental results [7].

Fig. 2. Spatial profiles of light emission intensity taken from LED III, LED IV, and LED V under an injection
current of 350 mA in the (a) x-direction and (b) y-direction.

Fig. 3. Light output patterns measured from the two LEDs.
Fig. 2(a) and (b) show the spatial profiles of light emission intensity taken from LED III, LED IV, and LED V
under an injection current of 350 mA, in the x-direction and y-direction, respectively. It can be seen again that the
output intensity of LED IV was larger than that observed from LED III and LED V. Fig. 3 shows light output
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patterns measured from LED I and IV. During measurements, we injected a 350mAdc current into the two
LEDs.With 350 mA current injection, it can be seen clearly that the FC LED without ZnO nanorods (i.e., LED I)
was in the near horizontal direction. On the other hand, the EL intensity observed from the FC LED with the ZnO
nanorods (i.e., LED IV) in the near vertical direction was larger than that observed from the FC LED without ZnO
nanorods. The ZnO nanorods can effective guide internal light to escape from the sapphire.
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