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Abstract

This study investigates the optoelectronic characteristics of gallium nitride (GaN)-based thin-film light-emitting
diodes (TF-LEDs) that are formed by a two-step transfer process that involves wet etching and post-annealing. In
the two-step transfer process, GaN LEDs were stripped from sapphire substrates by the laser lift-off (LLO) method
using a KrF laser and then transferred onto ceramic substrates. Ga-K nanorods were formed on the surface of the
GaN-based TF-LEDs following photo-assisted chemical etching and photo-enhanced post-annealing at 100 °C for
1 min. As a result, the light output power of GaN-based TF-LEDs with wet etching and post-annealing was over
72% more than that of LEDs that did not undergo these treatments.
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Background
Flip-chip LEDs have been extensively utilized for back-
lighting in LCD televisions because they effectively
increase the intensity of back-light source and reduce the
cost of fabrication from LCD [1–5]. In the past, their use
has been limited by their high unit price. The aims of the
experimental stage are high reliability and low equipment
cost. However, with the evolution of metal electrode mate-
rials and constant improvement in relevant processes,
flip-chip LED technology has matured into something
quite different from traditional LED technology [6–10].
Recently, thin film LEDs have attracted considerable
attention as components in light sources for portable elec-
tronic devices because they are flat.
Gallium nitride (GaN)-based LEDs are stripped from

sapphire substrates using the laser lift-off (LLO) method
because sapphire exhibits poor heat dissipation. The
substrates are fabricated by utilizing wafer bonding (or
electroplating) and LLO methods [11–15]. After sap-
phire substrate has been removed from the GaN epitax-
ial layer, the exposed GaN surface is roughened by
chemical etching using dilute aqueous KOH to improve
its light extraction efficiency [16–20]. In this study, after

wet etching and post-annealing at 100 °C for 1 min,
nanorods grew on the surface of n-GaN. The hexagonal
pyramid structure differed from that generally obtained
using the KOH wet etching method. Finally, the opto-
electronic characteristics of the GaN-based thin-film
light-emitting diodes (TF-LEDs) that were fabricated
with various etching times were examined.

Methods
The GaN-based LED epitaxial wafer consisted of a 3-μm-
thick GaN:Si layer, seven pairs of undoped InGaN/GaN
multiple quantum wells, and a 0.25-μm-thick layer of
GaN:Mg, in that order, on a (0001)-oriented patterned sap-
phire substrate with a 30-nm-thick GaN buffer layer that
had been grown by metal-organic chemical vapor deposition
(MOCVD). LED chips were then fabricated. First, the wafer
was etched using the inductively coupled plasma reactive
ion etching (ICP-RIE) method until the sapphire substrate
formed a mesa array of size 20 mil × 40 mil. Then, the sur-
face of the p-type GaN layer was partially etched using the
ICP-RIE method until the n-type GaN layer was exposed.
Thereafter, a reflective conductive ITO/Ag (100 nm/
500 nm) film layer was formed on the p-type GaN layer. Cr/
Au (50 nm/2000 nm) electrodes were formed simultan-
eously on the ITO/Ag film and the exposed n-type GaN
layer on the front of the wafer. The thickness of the wafer
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was lapped down to approximately 120 μm. GaN-based
LEDs were mounted on a silicone plate (OE-6650) that was
used as the temporary substrate, and this silicone substrate
was heated to 120 °C for 60 min to cure LED chips. Subse-
quently, a KrF excimer laser with a wavelength of 248 nm
and a pulse energy of 100~700 mJ was used to separate the
sapphire substrate from the epitaxial LED structure. The
laser beam was incident from the polished back surface of
the sapphire substrate onto the sapphire/GaN epilayer inter-
face. This process is the so-called laser lift-off (LLO) process.
The sapphire/GaN epilayer interface absorbed the energy of
the KrF laser beam, producing a high temperature such that
the GaN buffer layer between the sapphire substrate and the
GaN epilayer dissolved and the GaN epilayer was stripped
from the sapphire substrate. The GaN-based thin-film LEDs
(TF-LEDs) were thus formed. Finally, the GaN-based

TF-LEDs were transferred onto a ceramic substrate, and
then, the silicone temporary substrate was removed using
acetone.
The GaN-based TF-LEDs were etched by dipping them

in a KOH solution under illumination from a 300-W
halogen lamp; this process is the so-called photo-assisted
chemical etching (PCE) process. The GaN-based TF-LEDs
were dipped in 3 M KOH solution for the 10, 20, or
30 min. The surface morphologies that were obtained
following various periods of etching were observed. The
PEC process was carried out using 3 M KOH and various
etching times at 40 °C under illumination. Finally, photo-
enhanced post-annealing (PA) was performed at 100 °C for
1 min to form Ga-K nanorods on the surface of the n-GaN
layer. Figure 1 schematically depicts the procedure for pre-
paring GaN-based TF-LEDs on ceramic substrates. The
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Fig. 1 Preparation of GaN-based TF-LEDs on ceramic substrates
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photograph on the bottom-right of Fig. 1 is a top-view
SEM image of the surface of the GaN-based RF-LED fol-
lowing the PEC process and the PA process. The chip size
was 20 mil × 40 mil. The current-voltage (I-V) and optical
characteristics of the GaN TF-LED following the PCE
process were measured.

Results and discussion
The degradation in the light extraction efficiency of
GaN-based LEDs following the LLO process is observed.
A roughing process was performed after the LLO
process to enhance the light extraction efficiency.
Figure 2a, c presents top-view SEM images of the GaN-

based TF-LEDs after the PCE process with various etch-
ing times without post-annealing. The hexagonal pyra-
mid structure was not obvious after etching for 10 min,
but was clearly present after etching for 20 or 30 min.
Figure 2d–f presents top-view SEM images of Ga-K
nanorods that formed on the surface of the n-GaN
epilayer. They were formed by the PCE process for 10,
20, and 30 min, respectively, followed by post-annealing
treatment at 100 °C for 1 min. The density of the
nanorods increased with the etching time. The nanorods
were formed by post-annealing (PA), which caused the
Ga in the KOH solution to react with K, and re-
crystallize on the surface of the n-GaN layer.

Fig. 2 a–c Top-view SEM images of GaN-based TF-LEDs following PCE for 10, 20, and 30 min. d–f Top-view SEM images of GaN-based TF-LEDs
following PCE for 10, 20, and 30 min and post-annealing at 100 °C for 1 min
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Figure 3a plots the light output power as a function of
the injection current for the GaN-based TF-LEDs with
and without LLO, PCE, and post-annealing (PA). The
light output power of all of the samples increased
linearly with the injection current, suggesting the lack of
a heat effect in all of the GaN-based LEDs in this work
with injection currents in the range 0–100 mA. At an
injection current of 100 mA, the light output power of
the GaN-based flip LEDs that had not undergone the
LLO process was around 21.7 mW. The LLO process re-
duced the light output power of the GaN-based TF-LED
to 11.5 mW because it reduced the amount of light that
escaped from the top surface of the GaN-based TF-LED,
as shown in Fig. 3b.
Therefore, GaN-based TF-LEDs must undergo a sur-

face roughing process to improve their light output
power. The GaN-based TF-LEDs herein were placed in a
beaker that contained KOH solution for various periods
to produce a rough surface, as presented in Fig. 2a–c.
The light output power of the GaN-based TF-LEDs
following the PCE process for 30 min at an injection

current of 100 mA was 25.9 mW, which was around
19.4% greater than that of flip LEDs.
Photo-enhanced PA at 100 °C was conducted for

1 min after the PCE process. Numerous nanorods are
observed on the surface of the n-GaN epilayer, as
presented in Fig. 2d–f. These nanorods were crystal-
line Ga-K, as revealed by EDX spectroscopy. The
TF-LED that underwent the PCE process for 30 min
and the PA process had the highest light output
power, which was 37.4 mW at an injection current of
100 mA, which was around 72% more than that of
the GaN-based TF-LEDs that had not undergone PCE
and PA following the LLO process. In contrast, the
light output power of the TF-LED that underwent the
PCE process for 30 min and not underwent the PA
process was 25.94 mW at an injection current of
100 mA. Therefore, nanorods on the surface of the
LEDs are estimated to yield a light output power that
is approximately 44% greater than that achieved with
hexagonal pyramids, revealing better light scattering
and light extraction efficiency.
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Figure 4a plots the I-V characteristics on a linear scale.
The forward bias of the GaN-based flip LED that had
not undergone the LLO process was approximately
2.95 V at an injection current of 100 mA. After the LLO
process, the GaN-based TF-LED was formed. The for-
ward bias increased slightly to 3.0 V because the contact
resistance between the n-GaN epilayer and electrode
was increased by residues of Ga2O3 on the surface of the
n-GaN epilayer [21]. GaN was dissolved into Ga and N2

because a high temperature was generated by the KrF
laser. Then, the metal Ga was oxidized and formed
Ga2O3 on the surface of the n-GaN epilayer. The
GaN-based TF-LEDs were underwent PCE as a surface

roughing process to enhance their light output power.
The forward bias of the GaN-based TF-LEDs following
PCE and PA processed increased from 3.25 to 3.65 V as
the etching time increased for 10 to 30 min because the
thickness of the n-GaN epilayer was reduced, increasing
the resistance effect of the GaN-based TF-LEDs, as
shown in Fig. 4b.

Conclusions
In summary, a process for the fabrication of a thin-film
LED using laser lift-off and surface roughening processes
was presented. GaN-based TF-LEDs were etched using a
photo-assisted chemical (PEC) process to remove the
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residues from the surface. At an injection current of
100 mA, the light output power of the GaN-based flip
LEDs that had not undergone the LLO process was
approximately 21.7 mW. The LLO process reduced the
light output power of the GaN-based TF-LED to
11.5 mW. The TF-LED that underwent the PCE process
for 30 min and the PA process had the highest light out-
put power of 37.4 mW at an injection current of
100 mA, which was approximately 72% greater than that
of GaN-based TF-LEDs that had not undergone PCE or
PA following the LLO process. The Ga-K nanorods on
the surfaces of the GaN-based TF-LEDs that were pre-
pared by the PCE process and PA process improved
their light output power.

Abbreviations
I-V: Current-voltage; LLO: Laser lift-off; PA: Post-annealing; PCE: photo-assisted
chemical etching; SEM: scanning electron microscope; TF-LED: Thin-film
light-emitting diode

Acknowledgments
The authors gratefully acknowledge the financial support from the Ministry
of Science and Technology of the Republic of China under Contract No. NSC
105-2221-E-027-055.

Funding
This work was supported by the financial plan of the Ministry of Science and
Technology of the Republic of China.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
LCC wrote the paper, designed the experiments, and analyzed the data.
WWL and TYL prepared the samples and did all the measurements. All
authors read and approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Received: 3 October 2016 Accepted: 27 December 2016

References
1. Steigerwald DA, Bhat JC, Collins D, Fletcher RM, Holcomb MO, Ludowise MJ,

Martine PS, Rudaz SL (2002) Illumination with solid state lighting
technology. IEEE J Sel Top Quantum Electron 8(2):310–20

2. Huang SH, Horng RH, Wen KS, Lin YF, Yen KW, Wuu DS (2006) Improved
light extraction of nitride-based flip-chip light-emitting diodes via sapphire
shaping and texturing. IEEE Photon Technol Lett 18(24):2623–5

3. Chong WC, Lau KM (2014) Performance enhancements of flip-chip light-emitting
diodes with high-density n-type point-contacts. IEEE Electron Device Lett
35(10):1049–51

4. Kondoh Y, Watanabe S, Kaneko Y, Nakagawa S, Yamada N. Nitride semiconductor
light emitting device having a silver p-Contact. U.S. Patent. 2001;6(194):743.

5. Tadamoto K, Okagawa H, Ohuchi Y, Tsunekawa T, Imada Y, Kato M, Taguchi T
(2001) High output power InGaN ultraviolet light-emitting diodes fabricated
on patterned substrates using metalorganic vapor phase epitaxy. Jpn J Appl
Phys 40(6B):L583

6. Narukawa Y, Narita J, Sakamoto T, Deguchi K, Yamada T, Mukai T (2006)
Ultra-high efficiency white light emitting diodes. Jpn J Appl Phys 45:L1084

7. Fujii T, David A, Schwach C, Pattsion PM, Sharma R, Fujito K, Margaligh T
(2004) Micro cavity effect in GaN-based light-emitting diodes formed by
laser lift-off and etch-back technique. Jpn J Appl Phys 43(3B):L411–3

8. Cho HK, Kim SK, Bae DK, Kang BC, Lee JS, Lee YH (2008) Laser liftoff GaN
thin-film photonic crystal GaN-based light-emitting diodes. IEEE Photon
Technol Lett 20(24):2096–8

9. Kang JM, Choi JH, Kim DH, Kim JW, Song YS, Kim GH, Han SK (2008)
Fabrication and thermal analysis of wafer-level light-emitting diode
packages. IEEE Electron Device Lett 29(10):1118–20

10. Kudryk YY, Zinovchuk AV (2011) Efficiency droop in InGaN/GaN multiple
quantum well light-emitting diodes with nonuniform current spreading.
Semicond Sci Technol 26(9):095007-1–095007-5

11. Miskys CR, Kelly MK, Ambacher O, Stutzmann M (2003) Freestanding GaN-
substrates and devices. Phys Stat Sol (c) 6:1627–50

12. Ambacher O, Brandt MS, Dimitrov R, Metzger T, Stutzmann M, Fischer RA,
Miehr A, Bergmaier A, Dollinger G (1996) Thermal stability and desorption of
Group III nitrides prepared by metal organic chemical vapor deposition. J
Vac Sci Technol B 14(6):3532

13. Basting D, Pippert K, Stamm U (2002) History and future prospects of
excimer laser technology. Proceedings of SPIE - The International Society for
Optical Engineering 4426:25–34

14. Chu CF, Lai FI, Chu JT, Yu CC, Lin CF, Kuo HC (2004) Study of GaN light-emitting
diodes fabricated by laser lift-off technique. Jpn J Appl Phys 95:3916–22

15. Cheng JH, Wu YS, Peng WC, Ouyang H (2009) Effects of laser sources on
damage mechanisms and reverse-bias leakages of laser lift-off GaN-based
LEDs. J Electrochem Soc 156:H640

16. Wuu DS, Hsu SC, Huang SH, Wu CC, Lee CE, Horng RH (2004) GaN/Mirror/Si
light-emitting diodes for vertical current injection by laser lift-off and wafer
bonding techniques. Jpn J Appl Phys 43:5239–42

17. Chen LC, Lin WW, Chiou CA (2014) Relaxation of stress in GaN-based light-emitting
diodes on stainless steel substrate by plasma etching using a mask of silver
nanoparticles. Sci Adv Mater 6(6):1179–83

18. Lin BC, Chiu CH, Lee CY, Han HV, Tu PM, Chen TP, Li ZY, Lee PT, Lin CC, Chi
GC, Chen CH, Fan B, Chang CY, Kuo HC, Lin BC, Chiu CH, Lee CY, Han HV,
Tu PM, Chen TP, Li ZY, Lee PT, Lin CC, Chi GC, Chen CH, Fan B, Chang CY,
Kuo HC. Performance enhancement of GaN-based flip-chip ultraviolet light-
emitting diodes with a RPD AlN nucleation layer on patterned sapphire
substrate. Opt Mater Express. 2014;4(8):1632.

19. Huang HW, Chu JT, Kao CC, Hseuh TH, Lu TC, Kuo HC, Wang SC, Yu CC
(2005) Enhanced light output of an InGaN/GaN light emitting diode with a
nano-roughened p-GaN surface. Nanotechnology 16(9):1844–8

20. Horng RH, Chuang SH, Tien CH, Lin SC, Wuu DS (2014) High performance
GaN-based flip-chip LEDs with different electrode patterns. Opt Express
22(S3):A941–6

21. Lee WC, Wang SJ, Uang KM, Chen TM, Kuo DM, Wang PR, Wang PH (2010)
Enhanced light output of GaN-based vertical-structured light-emitting diodes
with two-step surface roughening using KrF laser and chemical wet etching.
IEEE Photo Tech Lett 22:1318–20

Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com

Chen et al. Nanoscale Research Letters  (2017) 12:35 Page 6 of 6


	Abstract
	Background
	Methods
	Results and discussion
	Conclusions
	Abbreviations
	Acknowledgments
	Funding
	Competing interests
	Authors’ contributions
	Ethics approval and consent to participate
	References

