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Abstract: We report on the effect of inserted photonic crystalline (Ph-C) in the GaN epitaxial layer on the incorporation of the in-
dium component for the InGaN-based green LED. The adoption of Ph-C in the GaN layer shifted the Raman peak value of E,
mode of GaN to lower frequency and resulted in a tensive stress relief. The stress relief can be attributed to strained lattices
restoring in the matrix of Ph-C and the GaN pseudo-epitaxy over the air-void of the Ph-C. Moreover, the HRXRD rocking curves
and AFM results show that the insertion of Ph-C also improves the crystal quality. With the inserted Ph-C, the indium compon-
ent in the multiple quantum wells of the green LED (Ph-C LED) was enhanced. This resulted in a 6-nm red-shift of the peak
wavelength. Furthermore, the LOP of the Ph-C LED was enhanced by 10.65% under an injection current of 20 mA.
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1. Introduction

Nitride-based materials have been reported to be a prom-
ising semiconductor for high brightness light-emitting di-
odes (LED), and high power and high frequency device, due
to their direct and wide bandgap (0.6-6.2 eV)!"l. InGaN-based
multiple quantum well (MQW) green LEDs have been widely
used in full color display, landscape lighting, and traffic light
due to their merits of high efficiency, long life time and small
size. Although great progress has been achieved in the fabrica-
tion of green LEDs, enhancing the incorporation of indium
component for the In-rich InGaN/GaN MQW was one of the
bottlenecks for making long-wavelength and high-perform-
ance green LEDs. One of the obstacles to incorporation of In
components is the mismatch stress in the epitaxial layer,
which originates from both the lattice mismatching and
thermal expansion coefficients difference in the c-plane
between GaN and sapphire substratel? 3. The dominant
strain in the GaN grown on the c-plane sapphire origins from
the thermal coefficient incompatibility (62%), and lattice con-
stant difference (13%)!"L. In order to grow a thicker GaN layer
on a sapphire substrate, compressive stress was generated dur-
ing the cooling down process mainly because of the differ-
ence of the thermal expansion coefficients. In the GaN epilay-
er grown on a 2-inch sapphire substrate, the compressive
stress and wafer bending can reach ~200 MPa and ~60 um,
which is not satisfactory for the massive production. The
stress, due to the hetero-epitaxy of GaN on a foreign sub-
strate, has a great effect on the incorporation of the indium
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component for the In-rich InGaN-based green LED 55,

Many methods have been proposed and employed to re-
lax the stress in the GaN epilayer grown on sapphire sub-
strate, such as by using AlGaN/AIN transition layer!®, low-
temperature AIN layer], AIN/GaN superlattice (SLS)® 9,
patterned sapphire substratel'% 11, |aser treatment, nanopil-
larsl'2, carbon nanotubes!'3), V-grooves!'¥, step-graded
In,Ga;_N/GaN layer!'%], high-energy electron irradiation('?},
dislocation glide!'”), pre-strained interlayer('8], indium surfact-
ant!'9 and etc. This paper aimed to investigate a new stress re-
lief method by inserting Ph-C into the GaN epilayer grown on
sapphire to improve the incorporation of indium component
for InGaN-based green LEDs.

2. Experiment

A control sample and a GaN sample introducing Ph-C
(Ph-C sample) were grown on c-plane sapphire substrates in
a Veeco metal-organic chemical vapor deposition system.
First, two GaN/sapphire templates were grown: The sapphire
substrates were cleaned at 1015 °C in H, atmosphere, fol-
lowed by the growth of GaN buffer layer at temperature of
560 °C (about 30 nm thick); Subsequently, a 2 um undoped
GaN was grown at a temperature of 1150 °C. Then, a 1 um
thick un-doped GaN epilayer was grown directly on the GaN
template for the control sample. For the Ph-C sample, the fab-
rication process started with the spinning of 600 nm thick
photoresist on the GaN/sapphire template, followed by the
transfer of monolayer of polystyrene sphere on the surface of
the photoresist; Subsequently, the UV-exposure was conduc-
ted and followed by the inductively coupled plasma (ICP) etch-
ing, forming nano-voids with a diameter of about 200 nm
and a depth of 400 nm. Then, cleaning of the etched wafer
and regrowth of GaN on the Ph-C were conducted with the
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Fig. 1. (Color online) Schematic of the fabrication process flow to realize Ph-C sample.

Fig. 2. The cross-sectional scanning electron microscope of the Ph-C
sample.

Fig. 3. (Color online) Atomic force microscopes surface topography of
(a) control sample, (b) Ph-C sample, (c) control sample after KOH etch-
ing, (d) Ph-C sample after KOH etching.

same growth condition as the control sample. The InGaN-
based green LED epitaxial structure was then grown on the
two templates. At first, a 200 nm n-GaN layer was grown on
the n-GaN/sapphire substrate at 900 °C. Then, an InGaN/GaN
MQWs sample consisting of eight pairs of 3.5 nm undoped In-
GaN wells and 15 nm Si doped GaN barriers was grown. Mg-
doped p-AlGaN EBL with a uniform aluminum content of
20% was grown directly on the MQWs. The thickness of the
p-AlGaN EBL was 30 nm for both samples. On top of the EBL,
a 120-nm thick p-type GaN was grown. Detailed information
about the experiment process can be found in the early
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Fig. 4. (Color online) Raman spectra of control sample and Ph-C
sample measured at room temperature.

works of our team[20-22],
3. Results and discussion

A schematic diagram of the fabrication process flow to
realize Ph-C sample is shown in Fig. 1. The GaN grown on Ph-
C completely coalesces in the lateral direction, with a thick-
ness of 0.1 um in the vertical direction, which is measured by
the cross-sectional scanning electron microscope (SEM)
shown in the Fig. 2. As depicted in Figs. 3(a) and 3(b), atomic
force microscope (AFM) measurement shows that the root-
mean-square (RMS) roughness of the Ph-C sample surface is
about 0.194 nm (Fig. 3(b)), while that of the control sample is
0.317 nm (Fig. 3(a)), indicating an improvement of the sur-
face roughness. Figs. 3(c) and 3(d) showed the AFM images
of both control sample and Ph-C sample after KOH etching.
The Ph-C sample owns a lower density of etched pits after
KOH etching, in comparation with the control sample. The pit
density, which is often considered equal to the density of
threading dislocations(?3, is estimated to be 7.1 x 10° and
3.3 x 10° cm~2 for the control sample and Ph-C sample, re-
spectively. These results suggest that the inserting of Ph-C
can effectively improve the surface quality, through the bend-
ing of the threading dislocation and the reduction of the dislo-
cation penetration to the surface.

Raman measurements performed with a laser of excita-
tion wavelength of 514 nm at room temperature is present in
the Fig. 4. It is well known that GaN epilayer grown on non-nat-
ive substrates, has stress-change-related lattice vibration, ori-
ginating from the thermal coefficient difference and lattice mis-
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matching between sapphire and GaN layer. Therefore, the
peak value of the E, (high) mode shifts to a higher (lower)
value when the GaN layer is under compressive (tensive)
stress. The strain in GaN layer can be estimated by the shift
value of the E; model?4, It can be seen in Fig. 4, the peak val-
ues of E, mode of the two samples are smaller than that of
the stress-free GaN, indicating both of the samples are under
tensive stress states. Compared with the peak value (560.1
cm~") of control sample, that of Ph-C sample shifts to higher
value (561.3 cm™'), indicating reduction of tensive stress in
the GaN layer. The relation between stress in the GaN layer
and the E, mode of peak value shift is given by
Awg, = 2.560,,, where the Awg, is the difference between the
measured E, value and that of the stress-free GaN layer
(567.6 cm~") and o,, is the stress in the C-plane, respectively!2 251,
Compared with the E; mode of the stress-free GaN, the E,
mode peak shifts are 6.3 and 7.5 cm~ for Ph-C sample and con-
trol sample, respectively. As a result, the tensive stress was re-
duced from 2.93 to 2.46 GPa for the Ph-C sample. It is quite
clear that a tensive stress relief of 0.47 GPa is realized by insert-
ing the Ph-Cinto the GaN layer.

Two reasons may contribute to the strain relief for the
Ph-C sample: (1) The strain in the GaN Ph-C was partially re-
laxed in the ICP process. The stress was relieved in three mech-
anisms in the ICP process(?6l: 1) The sidewall of the tensive mat-
rix (the un-etched region in the Ph-C) moves outwards due to
the asymmetric strain at the free surface of the edge, with
the underneath GaN layer distorted, partially decreasing the
deformation of the crystal lattices in the matrix and then relax-
ing the strain. 2) The sidewall of the matrix moves outwards,
keeping the underneath GaN layer un-distorted. 3) The side-
wall of the matrix and the underneath GaN layer under the
sidewall bend down, accompanied by the central portion bul-
ging upwards. The combination of these effects results in the
GaN matrix curving upwards. Therefore, the highest in-plane
tensive stress appears at the bottom of the matrix, decreas-
ing along the c-axis and being in a relaxation state at the mat-
rix surface. Furthermore, the stress in the matrix surface de-
creases lateral toward the matrix sidewall in the c-plane. As a
result, the strain relief in the matrix reduces the lattice deform-
ation in the GaN subsequently grown on the matrix and then
its stress. (2) The GaN wings by lateral growth have smaller
stress due to its hanging over the air-void. After the re-
growth of the GaN epilayer with the nanoscale lateral epitaxi-
al technique on the Ph-C, most parts of the wings, except the
coalescence boundaries, are under unstrained states in the c-
plane, due to their hanging freely above the air-void of the
Ph-C, which means a reduced average strain value in the up-
per GaN epitaxy layer.

Fig. 5(a) shows the HRXRD 26-w patterns of the two LED
samples. Generally, the position difference between the Oth
satellite peak and the GaN peak was related to the average In
composition across the active region?7l, The larger the posi-
tion difference, the more the In incorporation. It can be seen
that the Oth satellite peak of the Ph-C shift leftward com-
pared with the controlled sample, which indicated that In in-
corporation was enhanced.

Beside the stress relief, the inserted Ph-C also have an in-
fluence on the crystal quality. The AFM results show that the
pits were reduced at the surface of the Ph-C sample, which
means a reduction of the threading dislocations. To further

Journal of Semiconductors doi: 10.1088/1674-4926/43/7/072801 3

[ =
@"E conrol LED
t Ph-C LED
[ 3
d 0™ satellite peak
g
-
F
5
Ewy
/
- f
([ "
I . |
10" K 1 |
N T
-5000 ~400H <3000 <2(HH) =1000 o 1000 2000
Omega-2theta (arcsec)
)

—— Control sample
- Ph-C sample

130.6 arcsec

Intensity (a.u.)
~

b 1 1
400 =300 =200 =104 o 100 200 0 400
Omega (arcsec)

Control Sample
Ph-C Sample

=
=
T

369.8 arcsec

321.2 arcsec

Intensity (a. u.)

Ay
1500 =1000 =500 1] 500 1000 1500
Omega (arcsec)

Fig. 5. (Color online) (a) HRXRD 26-w patterns of the two LED samples.
(b) HRXRD (002) rocking curves of the Ph-C sample and the control
samples. (c) HRXRD (102) rocking curves of the Ph-C sample and the
control samples.

prove the improvement of the crystal quality, HRXRD rocking
curves measurement of GaN for symmetric (002) and asymmet-
ric (102) planes were conducted to confirm the reduction of
the dislocations, which is shown in Figs. 5(b) and 5(c). It can
be seen that the full width at half maximum (FWHM) of the
(002) and (102) plane for control sample are 130.6 and 369.8
arcsec, respectively, while that of Ph-C sample are 120.4 and
321.2 arcsec, respectively. It is well known that the FWHM of
the GaN (102) plane is ascribed to the existence of threading
dislocation in the epilayer, which means that the observed re-
duction in the FWHM of the (102) plane of Ph-C sample is at-
tributed to the reduction of threading dislocations!28l. The re-
duction of the threading dislocations in the Ph-C sample can
be attributed to two reasons: (1) the air-voids of the Ph-C
stopped the threading dislocations, originating from the GaN
template, from propagating into the upper layers; (2) the later-
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Fig. 6. (Color online) (a) PL spectra of compared LED and Ph-C LED
measured at room temperature. (b) EQE of compared LED and Ph-C
LED measured under different injection currents. (c) LOP of com-
pared LED and Ph-C LED measured under different injection currents.

al coalescence of GaN grown on the Ph-C results in a bend-
ing of dislocations stemming from the matrix surface, which
is a common phenomenon in epitaxial lateral overgrowth.
These results are consistent with the AFM findings that the
GaN crystal quality is significantly improved by inserting Ph-C
into the GaN layer.

Fig. 6(a) shows the room temperature PL spectra of the
Ph-C LED and the compared LED. The PL peak position of Ph-
C LED and the compared LED is 525.9 and 519.9 nm, respect-
ively, thereby with a peak wavelength red-shift of 6 nm for
Ph-C LED. The luminescence energy change can be attrib-
uted to the strain-related compositional variation. The LOP
and EQE as a function of forward current density for Ph-C
LED and the compared LED is shown in the Fig. 6(b). At the for-

ward current of 20 mA, a 5% increasing in the output power
is achieved by inserting a Ph-C structure. The Ph-C LED shows
a 10.65% enhancement of the EQE under the injection cur-
rent of 20 mA. The improvement of the EQE suggests that
the inserted Ph-C layer prevented the dislocation defect from
penetrating upward into the multi-quantum-well region. In ad-
dition, the inserted photonic crystal in the n-GaN also im-
proves the diffuse reflection of photons in the substrate direc-
tion, which improves the light extraction efficiency of LED,
then enhancing the external quantum efficiency of LED.

4, Conclusion

In conclusion, we investigated the effect of the inserted
Ph-C in the GaN epitaxial layer on the incorporation of indi-
um component for the InGaN-based green LED. The Raman res-
ults show that the E, mode value shifts to the higher value in
the Ph-C sample, indicating that the tensive stress was re-
laxed in the Ph-C sample. HRXRD results showed that the inser-
tion of the Ph-C also reduced the dislocation density which
was consistent with the AFM results. The HRXRD results also re-
veals that the In incorporation in the active region was en-
hanced for the Ph-C LED, resulting in a 6 nm red-shift of the
PL peak wavelength. Moreover, the LOP of the Ph-C LED was
enhanced by 10.65% under the injection current of 20 mA.
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