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Abstract—Detailed investigations of laser-debonded GaN-based
light-emitting diodes (LEDs) grown by metal–organic chemical
vapor deposition (MOCVD) on sapphire substrates were reported.
The debonded surface was roughened by photoelectrochemical
(PEC) etching in a mixture of potassium hydroxide (KOH) and
peroxydisulfate (K2S2O8) solution. The power for the laser-
assisted debonding process has been systematically optimized. The
data show that as long as the laser power does not exceed the op-
timal value, there is no degradation in the current–voltage (I–V )
characteristics, the brightness, as well as the low-frequency noise
properties of the devices. The roughness of the debonded surface is
systematically varied using different etching times. Experimental
results demonstrate strong dependencies of the luminous intensity
of the device on the roughness of the debonded surface. A 60%
improvement in the luminous intensity of the debonded and rough-
ened LED compared to the original on-sapphire device was ob-
served. This increase in the extraction efficiency is attributed to the
reduction in the total internal reflection at the roughened GaN/air
interface.

Index Terms—Gallium nitride, hexagonal pyramid, laser de-
bonding, light emitting diodes, low-frequency noise, roughening.

I. INTRODUCTION

THE III-nitrides are materials of choice for the development
of many important optoelectronic and electronic devices

[1]–[4]. Their large direct band gaps have been utilized for the
development of light-emitting diodes (LEDs) for applications
in full-color displays, traffic signals, and automotive lighting.
Recent development of GaN LEDs demonstrates an efficacy
of 74 lm/W for packaged white-light LEDs [5]. It has been
pointed out that further enhancements in the efficacy will have
to be achieved for the GaN LEDs to be widely used in general
lighting. Hence, it is crucial that the overall efficiency of the
device be improved.

Sapphire is the most commonly used substrate for the growth
of GaN-based LEDs due to its relative low price and its stability
at high temperatures. A number of issues arise due to the use
of sapphire substrates, including thermal dissipation, current
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crowding effects, and low extraction efficiency ηex [6]. Much
effort had been devoted for the improvement of ηex in the past
decade. It is known that the geometric shape of the device
surface plays a critical role in determining the efficiency in the
escape of light from the device. Die shaping in the form of an
inverted truncated cone has shown to significantly improve the
extraction efficiency of LEDs [7]–[9]. Unfortunately, this is not
possible for GaN-based LEDs grown on sapphire substrates due
to the hardness of sapphire.

Fujii et al. demonstrated that conelike structures may be
formed on n-GaN surface by photoenhanced chemical wet
etching with a potassium hydroxide (KOH) solution and the
light extraction efficiency of the roughened LEDs is signif-
icantly enhanced by 2–3 times [10]. However, this is not
achieved without penalty. The removal of the undoped GaN
using the inductively coupled plasma (ICP) etching technique
may induce radiation damage on the LED, which may lead to
device reliability problems. Other techniques such as the use
of transparent conductive layers for current spreading in the
p-contact [11], [12] and the deposition of reflective metallic
layers on the GaN surface as light reflectors in flip-chip bonded
devices [13] have also proved to be successful in increasing
the light extraction efficiency to a certain extent. Due to the
large difference in the refractive indexes between GaN and
the dielectric encapsulation, which is typically used in LED
packaging, the extraction efficiency of the conventional top-
emitted LEDs remains to be quite poor [14]. It has been
shown that while the use of the flip-chip bonding technique
may significantly improve the current spreading and the ef-
ficiency of thermal dissipation for GaN LEDs on sapphire,
the improvement in the extraction efficiency of the devices
remains to be quite limited. Using the reported values of the
refractive indexes for GaN (nGaN = 2.4) and the sapphire
substrate (nSa = 1.8), a critical angle of 48.5◦ and a trans-
mission efficiency of 13.8% across the GaN/sapphire interface
can be obtained. The majority of the emitted photons are inter-
nally reflected and eventually lost through various reabsorption
processes.

In this paper, we investigate the improvement in ηex by
laser-assisted debonding of the sapphire substrate, followed
by photoelectrochemical (PEC) etching, to give high surface
roughness at the debonded GaN surface. Studies have shown
that a roughened surface has the potential of substantially
reducing the total internal reflection. The optical properties of
the devices are characterized by detailed examination of the
electroluminescence (EL) spectra before and after the laser
debonding process for different etching times. The results
are correlated to the surface morphology of the etched GaN
surface.
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Fig. 1. Laser debonding and surface roughening processes.

II. EXPERIMENT

Standard multiple quantum well (MQW) LED structures
were grown by metal–organic chemical vapor deposition
(MOCVD), and the structure consists of a 1-µm-thick un-
doped GaN layer, followed by a 1-µm-thick n-type layer, a
GaN/InGaN MQW, and a 1-µm-thick p-type layer. Ohmic
contacts to the n- and p-layers are fabricated on the same side of
the devices. The LED structures were then flip-chip bonded to
a silicon substrate using an AD819-11TS thermosonic flip-chip
bonder. Laser-assisted debonding of the sapphire substrates was
accomplished using a Lambda Physik excimer laser operat-
ing at a wavelength of λ = 248 nm. At such wavelength, the
sapphire substrate is transparent, and the radiation is absorbed
by a thin GaN layer with a thickness of about 200 nm at the
GaN/sapphire interface. Wong et al. [15] showed that when
GaN is irradiated with a KrF excimer laser at a fluence of
400 mJ · cm−2 or above, local heating of a thin layer of GaN
at the sapphire/GaN interface results in the decomposition of
the material into metallic Ga and N gas. This will serve as
a sacrificial layer for the debonding process, and the exact
thickness of this layer is found to depend on the actual laser
power used. Since the melting point of metallic Ga is about
30 ◦C, it is found that when the material is warmed to about
40 ◦C–50 ◦C, the GaN film can be easily separated from the
sapphire substrate. The debonding/PEC wet-etching process is
illustrated in Fig. 1.

We investigated the roughening of the debonded surface
of a device by PEC etching using a 2 M KOH and 0.05 M
peroxydisulfate (K2S2O8) solution. A 16-mW HeCd laser emit-
ting a coherent light at 325 nm was used as the light source.
The surface morphology is monitored with a scanning electron
microscope (SEM) and a Veeco NT 8000 optical profiler over
a large area. The luminance/current–voltage (I–V ) characteris-
tics were measured using a Keithley 2400 sourcemeter and an
Oriel MS 260I monochromator with an integrating sphere and
charge-coupled device (CCD) detector.

III. RESULTS AND DISCUSSIONS

To optimize the laser power, we investigated the amount
of GaN decomposed due to a single laser pulse, using a KrF
excimer laser, as a function of laser energy density, which
varies from 100 mJ · cm−2 to 1 J · cm−2. The decomposition
of the GaN material is attributed to the absorption of photon
energy, which produces a local heating at the GaN/sapphire
interface. Chu et al. [16] showed that GaN breaks down into
metallic Ga and N gas when the local temperature exceeds
1000 ◦C during the laser illumination process. The amount of
GaN decomposed in a single laser pulse is directly proportional
to the thickness of the sacrificial layer, which is measured using
a profilometer. Our study shows that no detectable material
removal is obtained when the laser energy density falls below
300 mJ/cm2. For higher energy densities, some metallic Ga
droplets are observed at the interfacial region, and a fluence of
400 mJ · cm−2 corresponds to the minimum laser power that
can achieve a clean separation of the sapphire substrate from
the GaN layer. The corresponding thickness of the sacrificial
layer is found to be 180 nm.

Theoretical analysis of the temperature distribution within
the GaN LED during the laser illumination process can be
performed by solving the following differential equation using
the finite-element technique:

∂T

∂t
=

α

ρCP
I(z, t) +

1
ρCP

∂

∂z

(
κ
∂T

∂t

)
. (1)

Here, ρ is the density, CP is the specific heat, κ is the thermal
conductivity, α is the optical absorption, and z is denoted as the
distance from the GaN/sapphire interface. The incident power
density is given by I(z, t) = I0(t)(1 −R)e−αz , where I0(t) is
the output laser power density and R is the GaN reflectivity.
For an energy density of 400 mJ · cm−2 and a pulse duration of
25 ns, the solution for T is shown in Fig. 2. The results indicate
that the maximum temperature drops rapidly from 1340 to
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Fig. 2. Temperature variation of the irradiated GaN film using a laser energy
density of 400 mJ · cm−2 at a time of 25 ns from the instance of illumination,
as a function of the distance from the GaN/sapphire interface.

below 1273 K within 200 nm from the interface, which is
in good agreement with our experimental measurement of the
thickness of the sacrificial layer.

To investigate the degradation of the device properties due
to the laser illumination process, we have studied the I–V and
low-frequency noise properties of two devices being debonded
using two different energy densities of 400 (device I) and
500 mJ · cm−2 (device II). In Fig. 3, we present the I–V
characteristics before and after laser debonding of the devices.
Experimental data show that there is no degradation in the
I–V characteristics for device I before and after laser-assisted
debonding. However, when a fluence of 500 mJ · cm−2 is used,
substantial degradation in the I–V properties for device II is
observed. Tavernier and Clarke [17] pointed out that damage-
free GaN films can be obtained when the laser energy density is
just sufficient to decompose the GaN material at the interface.
This facilitates debonding without generating any appreciable
vapor pressure. It is, therefore, believed that when excessive
laser power is used, the material degradation arises from the
large amount of nitrogen gas emitted from the decomposition
of the excessive amount of GaN, leading to the mechanical
fracture of the GaN film [18].

The material quality of the device is also investigated by the
measurement of low-frequency excess noise. This is because
the current noise power spectral density SI(f) of the device
in low-frequency regime is found to be directly proportional
to the trap density NT in the active region. Based on the
thermal activation model, flicker noise arises from the thermally
activated trapping and detrapping of carriers by localized states
with activation energy E. The current noise power spectral
density is given by

SI(f) = 4
V 2

R2
dN

2

∫
x

∫
y

∫
z

∫
E

NT (x, y, z, E)

× τ

1 + ω2τ2
dx dy dz dE (2)

in which NT (E) is the trap density per unit energy, V is the dc
voltage applied across the device, Rd is the device resistance,

Fig. 3. I–V characteristics of the LED before and after laser debonding at
(a) a optimal laser energy density of 400 mJ · cm−2 and (b) a laser energy
density of 500 mJ · cm−2.

N is the total number of carriers in the active region, and τ is
the thermally activated fluctuation time constant given by

τ = τ0 exp
(
E

kBT

)
(3)

where τ0 is the inverse attempt rate and kB is Boltzmann’s
constant. The Lorentzian in (2) peaks sharply at Ep =
−kBT ln(τ0ω), indicating that the SI(f) observed at a particu-
lar frequency f and temperature T is caused by the capture and
emission of carriers by localized states with activation energy
Ep. If NT (E) remains constant at around Ep, then SI(f) is
shown to be proportional to 1/fγ , where γ = 1. On the other
hand, it has been shown that ifNT (E) increases in E, then γ >
1 and if NT (E) decreases in E, then γ < 1. The experimental
values of SI(f) measured from devices I and II before and
after laser debonding are shown in Fig. 4. The data indicate that
room-temperature low-frequency fluctuations are dominated by
flicker noise over the frequency range of our measurements.
No g-r bumps are observed in our data. Curves A1 and A2,
which are measured from device I, clearly show that there is
basically no increase in SI(f) after laser debonding. However,
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Fig. 4. Room-temperature SI(f) measured from devices I (curves A1 and
A2) and II (curves B1 and B2). Curves A1 and B1 represent the data taken
before laser debonding, and curves A2 and B2 represent the data taken after
laser debonding.

device II indicates substantial increase in room-temperature
SI(f) before and after laser debonding as shown in curves B1
and B2, respectively. The result stipulates substantial increase
in the defect density for device II.

We performed electrodeless PEC etching of the debonded
surface of the GaN LEDs using a mixture of 2 M KOH/
0.05 M K2S2O8 solution. Undoped GaN is chemically inert,
and to the best of our knowledge, there is, so far, little report on
the wet etching of undoped GaN. In the previous investigation,
ICP etching was employed to remove the undoped layer so as
to expose the underlying n-GaN, and the KOH solution was
then used to roughen the n-GaN surface. However, the damages
induced by the ICP etching technique on the GaN material
and their devices have aroused much concern [19]–[21]. In our
studies, we demonstrate that the PEC etching technique, at the
mentioned conditions, can be utilized to roughen an undoped
GaN layer to form hexagonal pyramid structures. This leads
to an increase in the light extraction efficiency of the LED.
The success of this PEC technique would not only open up
another alternative for GaN etching but also eradicate any risks
of material damages associated with ICP etching.

The debonded surface consists of unintentionally doped GaN
material. The etching of GaN is a two-step process: In the first
step, GaN is oxidized following

2GaN + 6OH− + 6h+ −→ Ga2O3 + 3H2O + N2 (4)

which indicates that the presence of holes is crucial for the
reaction. The holes are typically supplied by a cathode in
a conventional electrochemical cell. This is followed by the
dissolution of the Ga2O3 layer. For electrodeless PEC etching,
the use of a mixture of KOH and K2S2O8 eliminates the need
for a physical connection between the sample and the cathode,
as K2S2O8 is an oxidizing agent that facilitates the generation
of a hole in the valence band. The illumination of the etched
surface by the HeCd laser greatly enhances the etch rate.

In Fig. 5, we present some SEM pictures of the debonded
GaN surface after being etched in the 2 M KOH/0.05 M

Fig. 5. SEM pictures showing the etched surface morphologies with different
etching times. (a), (b), (c), and (d) are the top view and (e), (f), (g) and (h)
are taken at an inclined angle of 30 degrees from the parallel direction of the
roughened surface.

K2S2O8 mixture for different durations, which clearly indicate
increasing surface roughness with etching time. In Table I, we
indicate the root-mean-square (rms) roughness of the etched
GaN surface, as measured by the optical profiler. It is clear
from Figs. 5(a) and 5(e) that the as-debonded surface exhibits
relatively smooth morphology and is free from any surface
cracking. The 15-min etched sample [Fig. 5(b) and 5(f)] shows
some hillock-like structures on the etched surface, and each of
them has been correlated to be a threading dislocation center
[22], [23]. Hexagonal pyramid structures are formed for etch
times that are greater than 30 min [Figs. 5(c) and 5(g)]. Signif-
icant roughening of the GaN surface is seen with an etch time
of 40 min [Figs. 5(d) and 5(h)], which reveals larger pyramidal
structures with a size of 100–400 nm. This may potentially lead
to significant improvement in the light extraction efficiency of
the LEDs.

The emission spectra for devices with different etch times,
in which curves A, C, and D correspond to etch times of 15,



2270 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 53, NO. 9, SEPTEMBER 2006

TABLE I
RMS ROUGHNESS OF THE ETCHED GaN SURFACE

Fig. 6. EL spectra of the GaN LEDs with different etching times.

30, and 40 min, respectively, are shown in Fig. 6. Curve B
is the control, corresponding to the emission spectrum of the
device before laser debonding. The experimental data indicate
substantial enhancements in the EL spectra for laser-debonded
devices with etching times greater than 30 min. Using an
integrating sphere, we obtain the luminous intensity of the
devices, and the results are shown in Fig. 7 as a function of
the rms roughness.

The separation of the GaN films from the sapphire substrates
eliminates any total internal reflection that might have taken
place at the GaN/sapphire interface. However, the data show
that there is no improvement in the overall extraction efficiency
unless the debonded surface is roughened by PEC etching. This
is because of the large difference in the refractive index between
the GaN and air, which is even greater than that between the
GaN and the sapphire substrate. This explains the initial drop
in the light output for device A, as shown in Figs. 6 and 7. The
improvements in light extraction efficiency in the roughened
devices are due to the fact that when there is an incident
light ray on the pyramid/air interface, it may either transmit
across the interface or be totally internally reflected within
the pyramid structure. In this case, the reflected ray undergoes
multiple reflections within the pyramid with an increasing angle
of incidence with each reflection; eventually, the light ray will
exit the pyramid.

The experimental results in Fig. 7 demonstrate an improve-
ment of over 60% in the luminous intensity after 40 min of
PEC etching. Fig. 8 indicates that the increase in light extraction
due to surface roughening can be observed at different current
levels, and it is interesting to note that the data in Fig. 8 do
not show any trend in saturation. This indicates the possibility
of further improvements in the luminous intensity. To achieve
this, the design of the LED structure may have to be modified

Fig. 7. Luminous intensity as a function of the rms roughness of the debonded
GaN surface.

Fig. 8. Light output intensity as a function of injection current at different
etching times.

such that an n-doped GaN layer is used in place of the undoped
GaN layer in the LED structure. This will greatly enhance the
etching rate and thereby substantially reduce the etching time
needed for the formation of the hexagonal pyramids.

In addition, a slight peak shift from 460.6 (device B) to
459.2 nm (devices A, C, and D) in the EL spectra is observed for
such devices after laser debonding. Two possible mechanisms
may give rise to such a shift, namely 1) MQW structures
intermixing due to thermal annealing as well as strain relaxation
after laser debonding, and 2) strain relaxation of the GaN
film due to the separation from the sapphire substrate. Based
on the experimental results, strain relaxation would be more
reasonable in this case since the results on thermal analysis in
Fig. 2 show that the MQW structure, which is roughly 2.5 µm
away from the sapphire/GaN interface, remained basically at
room temperature during the debonding process. In contrast,
the high-resolution X-ray diffraction (XRD) measurements in
our recent studies show that both in-plane and out-plane strains
are released after the GaN LED is separated from its sapphire
substrate. This result corroborates with the study by Lee et al.
on the strain properties in GaN films, which have indicated that
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the strain relaxation of GaN film would lead to a decrease in
piezoelectric field, thus resulting in a blue shift in the emission
spectra [24].

IV. CONCLUSION

We have studied the optoelectronic properties of laser-
debonded GaN-based LEDs grown on sapphire substrates. We
demonstrated that there is no degradation in the device proper-
ties, as long as the optimal energy density for the laser pulse is
used. We have also demonstrated significant improvements in
the extraction efficiency for the debonded devices when PEC
etching is applied to the debonded GaN surface. The etching of
the GaN results in the formation of hexagonal pyramidal struc-
tures on the GaN surface, resulting in substantial roughening
of the GaN surface and, hence, reduction in the total internal
reflection at the GaN/air interfaces. An improvement close to
60% in the luminous intensity of the device is observed.
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