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The enhancement of external quantum efficiency in InGaN/GaN multiple quantum well (MQW) light-emitting diodes (LEDs)
with a titanium dioxide (TiO2) textured film has been observed. The output power values of conventional and TiO2 textured
LEDs at an injection current of 20mA are 6.25 and 8mW, respectively. The external quantum efficiencies of the conventional
and TiO2 textured LEDs at an injection current of 20mA are 11.5 and 14.8%, respectively. The external quantum efficiency of
the TiO2 textured LEDs at an injection current of 20mA is 28% higher than that of the conventional LEDs. A higher-output-
power InGaN/GaN MQW LED has been obtained by coating with a TiO2 textured film. [DOI: 10.1143/JJAP.47.5438]
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1. Introduction

Nitride-based compound semiconductors have been de-
veloped for use in high-performance optical devices such as
light-emitting diodes (LEDs), laser diodes (LDs), photo-
conductive detectors, and photovoltaic detectors operating in
the blue-ultraviolet (UV) range of the light spectrum. GaN-
based blue and green LEDs are used in full color displays
and traffic light lamps. The output power of LEDs depends
on the external quantum efficiency and is suppressed by the
total internal reflection between the semiconductor and air.1)

The achievement of a high extraction efficiency is an
important issue in this drive to improve the output power in
LEDs. Previously, it was reported that a high brightness in
LEDs was achieved using a patterned sapphire substrate
(PSS) technique2–9) to improve output power. However,
such methods are complex and expensive. Recently, a high
extraction efficiency in LEDs grown10) and processed11–13)

with a textured surface to enhance light scattering has been
reported. This may result in the induction of reverse leakage
current and a higher operation voltage. In this work, we have
developed a new approach to fabricate high-external-
quantum-efficiency blue LEDs using a titanium dioxide
(TiO2) textured film. The output power, external quantum
efficiency, and atomic force microscope (AFM) morphology
of InGaN/GaN MQW LEDs with a TiO2 textured film will
be discussed.

2. Experimental Procedure

Samples were all grown on c-face (0001) sapphire
substrates by metal organic chemical vapor deposition
(MOCVD). The LED structure comprises a low-temper-
ature-GaN buffer layer, a 2-mm-thick unintentionally doped
GaN layer, a 2-mm-thick nþ-GaN:Si layer, five periods of
InGaN-GaN multiple quantum wells (MQWs), and a 0.2-
mm-thick pþ-GaN:Mg layer. A detailed schematic of the
structure of the TiO2 textured InGaN/GaN MQW LEDs is
shown in Fig. 1. The device mesa layer was defined by ICP
etching. The device size was 1:5� 10�3 cm2. Mixed solu-
tions containing TiO2 powder (1 g) and isopropanol (25ml)
were prepared. The TiO2 mixed solutions were then spun
and coated onto the p-GaN surface. The TiO2 textured

density was about 2:6� 108 cm�2. The indium tin oxide
(ITO) was evaporated onto the p-GaN surface and covered
the TiO2 textured film. Then, samples were subsequently
alloyed at 600 �C in N2 ambient. Cr–Pt–Au contacts were
evaporated onto the n-GaN layer as a bonding pad and
n-type ohmic contacts. The InGaN/GaN MQW LEDs
were characterized by current–voltage (I–V) measurements
performed with a Hewlett-Packard 4156 semiconductor
analyzer. The output power characteristics were analyzed
with an integrated sphere detector.

3. Results and Discussion

Figures 2(a) and 2(b) show AFM images of conventional
and TiO2 textured InGaN/GaN MQW LEDs. In Fig. 2(a),
the conventional InGaN/GaN MQW LED morphology is
planar and smooth. The TiO2 textured InGaN/GaN MQW
LED is shown in Fig. 2(b). The thickness of the TiO2

textured film is about 500 nm. It is known that the external
quantum efficiency of LEDs is limited by the total internal
reflection at the semiconductor and air interface. The
refractive index of TiO2 is approximately 2.114–16) and is
just between those of GaN and ITO, which are 2.4 and 1.9,
respectively. In the process, the textured TiO2 film is
embedded between GaN and ITO films. The textured surface
may reduce the internal reflection on the surface; thus, more
light can be extracted. A higher external quantum efficiency

n+-GaN:Si
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p+-GaN:Mg

TiO2 texturedPad

Pad
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Fig. 1. Schematic structure of TiO2 textured InGaN/GaN MQW LEDs.
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for InGaN/GaN MQW LEDs induced by coating with a
TiO2 textured film can be expected. The I–V characteristics
of the TiO2 textured InGaN/GaN MQW LEDs are shown in
Fig. 3. In the forward-biased region, the curves are match
quite well for samples with and without TiO2. With the
nanoscaled TiO2 film, a higher conductivity can be observed
owing to the enhancement of the charge transport behavior
on the nanoscale between different materials.17) In addition,
the conductivity of the nanoscaled TiO2 film increases under
photon illumination.18) The nanoscaled TiO2 film showed
well behavior in conductivity and no significant current
difference in the forward-biased region. In the reverse-biased
region, the current is the same within �3V. When biased at
�5V, the sample with TiO2 shows weaker leakage current
characteristics. According to data of GaN-based devices
grown on a sapphire substrate using epitaxial lateral over-
grown (ELOG) techniques, dielectric mask may suppress
threading dislocation and decrease leakage current.19,20) In
this work, the partially TiO2 textured film on top of the p-
GaN surface may effectively cover and suppress threading
dislocation or decrease the number of defects due to the
insulating material.

The output power values and external quantum efficien-

cies of the conventional and TiO2 textured InGaN/GaN
MQW LEDs are shown in Fig. 4. The output power values
of the conventional and TiO2 textured InGaN/GaN MQW
LEDs at an injection current of 20mA are 6.25 and 8mW,
respectively. The external quantum efficiencies of the
conventional and TiO2 textured InGaN/GaN MQW LEDs
at a wavelength of 460 nm are 11.5 and 14.8%, respectively.
Therefore, the external quantum efficiency of the TiO2

textured InGaN/GaN MQW LEDs is 28% higher than that
of the conventional InGaN/GaN MQW LEDs. A higher
output power in InGaN/GaN MQW LEDs can be obtained
by coating with a textured TiO2 film on top p-GaN surface.
The thermal effects and output power saturation phenomen-
on for the InGaN/GaN MQW LEDs are obvious in Fig. 4.
It was known that the saturated output power of LEDs
increases as the applied injection current increases owing
to less heat forming in devices.21) The saturated injection
currents of the conventional and textured LEDs were 200
and 280mA, respectively. We found out that applying a
higher injection current leads to a higher saturated output
power in TiO2 textured InGaN/GaN MQW LEDs. Less heat
will thus generate in the TiO2 textured InGaN/GaN MQW
LEDs.

(a) (b)

Fig. 2. AFM images of (a) conventional LED (b) TiO2 textured InGaN/GaN MQW LED.
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Fig. 3. Current–voltage characteristics of TiO2 textured InGaN/GaN

MQW LEDs.
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Fig. 4. Output power and external quantum efficiency values of conven-

tional and TiO2 textured InGaN/GaN MQW LEDs.
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The polar radiation pattern of the InGaN/GaN MQW
LEDs coated with a TiO2 textured film is wider than that of
the conventional LEDs, as shown in Fig. 5. In general, the
output power and external quantum efficiency values of
LEDs is limited by the total internal reflection between
the semiconductor and air interface for a flat surface.1) A
reduction of the total internal reflection effect and an
increase in the level of surface light scattering induced by
forming an appropriate TiO2 textured densities at a top p-
GaN surface can be anticipated. Light escapes from the
LEDs into air much more easily with a textured surface. The
higher output power of the InGaN/GaN MQW LEDs with
the wider polar radiation pattern induced by coating with an
appropriately textured TiO2 film was observed. This result is
in good agreement with those of other reports on the PSS
technique22,23) and epitaxial growth surface roughness.24)

Figure 6 shows the results of room temperature reliability
tests on the conventional and textured LEDs burned and
measured at injection currents of 50 and 20mA, respective-
ly. The decay of normalized light intensity for the textured
LEDs was 6% less than that for the conventional LEDs
(12%) after 840 h. This result can be attributed to the less
heat generated in the TiO2 textured InGaN/GaN MQW
LEDs and the better I–V characteristics of such LEDs.

4. Conclusions

The improvement of external quantum efficiency of
InGaN/GaN MQW LEDs coated with a TiO2 textured film
has been studied. The output power values of the conven-
tional and TiO2 textured InGaN/GaN MQW LEDs at an
injection current of 20mA are 6.25 and 8mW, respectively.
The external quantum efficiencies of the conventional and
TiO2 textured InGaN/GaN MQW LEDs at an injection
current of 20mA are 11.5 and 14.8%, respectively. The
external quantum efficiency of the TiO2 textured InGaN/
GaN MQW LEDs at an injection current of 20mA is 28%
higher than that of the conventional InGaN/GaN MQW
LEDs. A higher output power and wider polar radiation
pattern in InGaN/GaN MQW LEDs are effectively obtained
by coating with a TiO2 textured film.

1) S. Riyopoulos, J. Cabalu, and T. Moustakas: Proc. SPIE 6013 (2005)

60130G.

2) C. I. H. Ashby, C. C. Mitchell, J. Han, N. A. Missert, P. P. Provencio,

D. M. Follstaedt, G. M. Peake, and L. Griego: Appl. Phys. Lett. 77

(2000) 3233.

3) K. Tadatomo, H. Okagawa, Y. Ohuchi, T. Tsunekawa, Y. Imada, M.

Kato, and T. Taguchi: Jpn. J. Appl. Phys. 40 (2001) L583.

4) S. Sano, T. Detchprohm, S. Mochizuki, S. Kamiyama, H. Amano, and

I. Akasaki: J. Cryst. Growth 235 (2002) 129.

5) Y. P. Hsu, S. J. Chang, Y. K. Su, J. K. Sheu, C. T. Lee, T. C. Wen,

L. W. Wu, C. H. Kuo, C. S. Chang, and S. C. Shei: J. Cryst. Growth

261 (2004) 466.

6) W. K. Wang, D. S. Wuu, W. C. Shih, J. S. Fang, C. E. Lee, W. Y. Lin,

P. Han, R. H. Horng, T. C. Hsu, T. C. Huo, M. J. Jou, A. Lin, and Y. H.

Yu: Jpn. J. Appl. Phys. 44 (2005) 2512.

7) Y. J. Lee, J. M. Hwang, T. C. Hsu, M. H. Hsieh, M. J. Jou, B. J. Lee,

T. C. Lu, H. C. Kuo, and S. C. Wang: IEEE Photonics Technol. Lett.

18 (2006) 724.

8) Z. H. Feng, Y. D. Qi, Z. D. Lu, and K. M. Lau: J. Cryst. Growth 272

(2004) 327.

9) J. Wang, L. W. Guo, H. Q. Jia, Z. G. Xing, Y. Wang, J. F. Yan, N. S.

Yu, H. Chen, and J. M. Zhou: J. Cryst. Growth 290 (2006) 398.

10) C. H. Kuo, S. J. Chang, and S. C. Chen: J. Cryst. Growth 285 (2005)

295.

11) S. J. Lee: Opt. Eng. 45 (2006) 014601.

12) W. C. Peng and Y. S. Wu: Appl. Phys. Lett. 88 (2006) 181117.

13) C. F. Lin, Z. J. Yang, J. H. Zheng, and J. J. Dai: J. Electrochem. Soc.

153 (2006) G39.

14) D. Pamu, K. Sudheendran, M. G. Krishna, K. C. J. Raju, and A. K.

Bhatnagar: Vacuum 81 (2007) 686.

15) R. Dannenberg and P. Greene: Thin Solid Films 360 (2000) 122.

16) M. H. Suhail, G. M. Rao, and S. Mohan: J. Appl. Phys. 71 (1992)

1421.

17) G. R. Gu, Z. He, Y. C. Tao, Y. A. Li, J. J. Li, H. Yin, W. Q. Li, and

Y. N. Zhao: Vacuum 70 (2003) 17.

18) A. M. Eppler, I. M. Ballard, and J. Nelson: Physica E 14 (2002) 197.

19) Y. B. Lee, T. Wang, Y. H. Liu, J. P. Ao, Y. Izumi, Y. Lacroix, H. D.

Li, J. Bai, Y. Naoi, and S. Sakai: Jpn. J. Appl. Phys. 41 (2002) 4450.

20) A. D. Hanser, O. H. Nam, M. D. Bremser, D. B. Thomson, T. Gehrke,

T. S. Zheleva, and R. F. Davis: Diamond Relat. Mater. 8 (1999) 288.

21) Y. C. Lin, S. J. Chang, Y. K. Su, T. Y. Tsai, C. S. Chang, S. C. Shei,

C. W. Kuo, and S. C. Chen: Solid-State Electron. 47 (2003) 849.

22) D. S. Wuu, W. K. Wang, W. C. Shih, R. H. Horng, C. E. Lee, W. Y.

Lin, and J. S. Fang: IEEE Photonics Technol. Lett. 17 (2005) 288.

23) Y. J. Lee, J. M. Hwang, T. C. Hsu, M. H. Hsieh, M. J. Jou, B. J. Lee,

T. C. Lu, H. C. Kuo, and S. C. Wang: IEEE Photonics Technol. Lett.

18 (2006) 1152.

24) Y. P. Hsu, S. J. Chang, Y. K. Su, S. C. Chen, J. M. Tsai, W. C. Lai,

C. H. Kuo, and C. S. Chang: IEEE Photonics Technol. Lett. 17 (2005)

1620.

0

30

60

90

120

150

180

 Conventional LEDs
 Textured LEDs

Fig. 5. Polar radiation patterns of InGaN/GaN MQW LEDs with textured
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Fig. 6. Room temperature life test of conventional and textured LEDs

burned and measured at injection currents of 50 and 20mA.

Jpn. J. Appl. Phys., Vol. 47, No. 7 (2008) K.-C. HUANG et al.

5440

http://dx.doi.org/10.1117/12.629518
http://dx.doi.org/10.1117/12.629518
http://dx.doi.org/10.1063/1.1325394
http://dx.doi.org/10.1063/1.1325394
http://dx.doi.org/10.1143/JJAP.40.L583
http://dx.doi.org/10.1016/S0022-0248(01)01838-3
http://dx.doi.org/10.1016/j.jcrysgro.2003.09.046
http://dx.doi.org/10.1016/j.jcrysgro.2003.09.046
http://dx.doi.org/10.1143/JJAP.44.2512
http://dx.doi.org/10.1109/LPT.2006.871136
http://dx.doi.org/10.1109/LPT.2006.871136
http://dx.doi.org/10.1016/j.jcrysgro.2004.08.070
http://dx.doi.org/10.1016/j.jcrysgro.2004.08.070
http://dx.doi.org/10.1016/j.jcrysgro.2006.02.020
http://dx.doi.org/10.1016/j.jcrysgro.2005.08.050
http://dx.doi.org/10.1016/j.jcrysgro.2005.08.050
http://dx.doi.org/10.1117/1.2151194
http://dx.doi.org/10.1063/1.2199613
http://dx.doi.org/10.1149/1.2128107
http://dx.doi.org/10.1149/1.2128107
http://dx.doi.org/10.1016/j.vacuum.2006.04.005
http://dx.doi.org/10.1016/S0040-6090(99)00938-4
http://dx.doi.org/10.1063/1.351264
http://dx.doi.org/10.1063/1.351264
http://dx.doi.org/10.1016/S0042-207X(02)00618-8
http://dx.doi.org/10.1016/S1386-9477(02)00383-1
http://dx.doi.org/10.1143/JJAP.41.4450
http://dx.doi.org/10.1016/S0925-9635(98)00341-0
http://dx.doi.org/10.1016/S0038-1101(02)00440-9
http://dx.doi.org/10.1109/LPT.2004.839012
http://dx.doi.org/10.1109/LPT.2006.874737
http://dx.doi.org/10.1109/LPT.2006.874737
http://dx.doi.org/10.1109/LPT.2005.851989
http://dx.doi.org/10.1109/LPT.2005.851989

	c_1
	c_2
	c_3
	c_4
	c_5
	c_6
	c_7
	c_8
	c_9
	c_10
	c_11
	c_12
	c_13
	c_14
	c_15
	c_16
	c_17
	c_18
	c_19
	c_20
	c_21
	c_22
	c_23
	c_24

