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High-quality nonpolar m-plane GaN-based light-emitting
diode (LED) wafers have been deposited on the LiGa0,(100)
substrates by the combination of pulsed laser deposition and
molecular beam epitaxy technologies. The high-resolution X-
ray diffraction measurement reveals that high-crystalline
quality nonpolar m-plane GaN films have been achieved on
LiGa0O,(100) substrates. Scanning electron microscopy and
atomic force microscopy reveal the very flat surface with a
surface root-mean-square roughness of 1.3 nm for p-GaN in
the nonpolar m-plane GaN-based LED wafer grown on
LiGa0O,(100) substrates. A strong photoluminescence
emission peak observed at 446 nm with a full width at half
maximum (FWHM) of 21.2 nm. Meanwhile, the
electroluminescence spectra of nonpolar m-plane GaN-based
LEDs on LiGa0,(100) substrates show a very slight blue shift
in wavelength and is kept constant in FWHM with the
increase of current from 20 to 150 mA. At an injection
current of 20 mA, the light output power for this nonpolar
LED is 30.1 mW and the forward voltage of 2.8 V in chip size
of 300x300 pm’. Furthermore, the nonpolar m-plane GaN-
based LED on LiGa0,(100) exhibits best external extraction
efficiency value of 50.8%. These results indicate the high
optoelectronic properties of nonpolar LEDs grown on
LiGa0O,(100) substrates. This achievement of the nonpolar m-
plane GaN-based LEDs on LiGa0,(100) substrates brings up
a new possibility for achieving highly-efficient LED devices.

Recently, IlI-nitrides such as AIN, GaN and InN, as well as their
alloys have attracted remarkable considerations due to their
inherent properties, which make them possible for the
applications in light-emitting diodes (LEDs), laser diodes (LDs),
and high electron mobility transistors (HEMTs), etc." So far, c-
plane GaN-based LEDs have already been successfully
commercialized for a wide range of applications, such as general
lighting, backlighting sources for liquid crystal display, and
traffic signals.*® However, for these LEDs, one problem that has
existed from the early days and is becoming enormously
troublesome, is the large internal piezoelectric fields in the

multiple quantum wells (MQWs), which leads to the formation of
quantum confined Stark effects (QCSEs). QCSEs can cause the
separation of the holes and electrons wave functions in the
quantum wells, and thereby reduce the radiative recombination
efficiency ultimately.”” To overcome this problem, devices
prepared on the nonpolar or semipolar orientation have been
considered to be an effective approach to eliminate or reduce the
piezoelectric fields, which can increase the internal quantum
efficiency (IQE) of device to some extent."*'? So far, nonpolar
GaN-based LEDs are usually grown on nonpolar sapphire or GaN
substrates. However, the price for these two substrates are much
expansive than LiGa0,(100), which would increase the cost for
the commercialization of the nonpolar m-plane GaN-based LEDs.

In our previous works,™™ we have already proven that
LiGaO,(100) substrate is very suitable for the growth of high-
quality nonpolar m-plane GaN-based LEDs owing to the small
lattice and thermal expansion mismatches between LiGaO,(100)
and GaN(1-100). Ever since, much effort has been made to
realize the growth of high-quality nonpolar m-plane GaN-based
LED wafers on LiGaO,(100) substrates based on our previous
work.

In this work, we report on the deposition of nonpolar m-plane
GaN-based LED wafers on LiGaO,(100) substrates by the
combination of pulsed laser deposition (PLD) and molecular
beam epitaxy (MBE) technologies for the first time. Detailed
studies using high-resolution X-ray diffraction (HRXRD),
scanning electron microscopy(SEM), atomic force microscopy
(AFM), Hall measurement, photoluminescence (PL), and
electroluminescence (EL) reveal the high structural properties,
surface morphologies, and optoelectronic properties of as-grown
nonpolar m-plane GaN-based LED wafers on LiGaO,(100)
substrates.

In this work, the GaN-based LED wafers were grown in the
ultra-high vacuum (UHV) load-lock chamber at a background
pressure of 1.0x10°8 Torr, where PLD was attached to the MBE
chamber. A 50 nm thick m-plane GaN buffer layer with a full
width at half maximum (FWHM) of 0.55° from its XRD rocking
curve was firstly grown on LiGaO, substrate at a temperature as
low as 200 °C by PLD. Secondly, a 300 nm thick higher-quality
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m-plane GaN with an FWHM of 0.14° was then grown on this
template by MBE at 500 °C. Subsequently, a 3 pm thick m-plane
GaN layer was grown by MBE at 750 °C to further enhance the
crystalline quality of m-plane GaN, ending up with an FWHM of
0.090° from its GaN(1-100) XRD rocking curve. During the
growth of the above layers, X-ray photoelectron spectroscopy
(XPS) was deployed to monitor the surface concentration of each
layer, and no trace of Li was detected, indicating that the initial
low-temperature m-plane GaN buffer layer had effectively
suppressed the Li diffusion from the substrate. A 4 um thick Si-
doped m-plane GaN layer was then grown by MBE at 750 °C.
Afterwards, 7 periods InGaN (3 nm)/GaN (12 nm) MQWs were
grown by MBE at 700 °C, followed by a 20 nm thick AlGaN
layer acting as electron barrier layer. Finally, a 300 nm thick Mg-
doped p-GaN layer was grown at 700 °C on the top. The
specialized electrochemical systems called
electrochemical quartz crystal microbalances (EQCMs) was
utilized in the MBE system to monitor the thickness of as-grown
films.'>'® During the whole process, in-situ refection high energy
electron diffraction (RHEED) was adopted to monitor the growth
conditions. In order to investigate how the LiGaO, substrate
affects the performance of LEDs, another LED wafer with the
identical structure grown on c-plane sapphire substrate under the
same growth conditions was prepared. Fig. 1a shows the structure
of the nonpolar m-plane GaN-based LED wafers grown on
LiGa0,(100) substrates.

Fig.1b illustrates the structure of the nonpolar m-plane GaN-
based LED chips. The as-grown LED wafers were made into
chips with the standard processes. First, the as-grown LEDs were
cleaned by acetone and deionized water in turns. Subsequently,
an inductively coupled plasma reactive ion etching (ICP-RIE)
system was utilized to partially etch the p-GaN layer until the n-
type GaN layer was exposed for n-type Ohmic contact.
Afterwards, the p-GaN layer was activated at 700 °C in N,
atmosphere for 30 min in order to partially repair the damage
induced by dry etching. A 250 nm-thick indium-tin oxide (ITO)
layer was then deposited on the p-GaN layer by an electronic
beam evaporator, followed by the deposition of Cr/Pt/Au
(50/150/2000 nm) metals as n- and p-electrodes in a N,
atmosphere at 500 and 380 °C, respectively. Then, the samples
were subjected to rapid thermal annealing for 1 min at the
temperature of 700 °C in N, atmosphere to enhance the Ohmic
contact. Finally, the wafers were divided into individual chips
with sizes of 300x300 um”. To determine the specific contact
resistance p., current-voltage (I-V) measurements on several
transmission line model (TLM) patterns were carried out by using
the Karl Suss Microtec probe station equipped with a HP 4156B
parameter analyzer at RT, and the spacings between the pads
were 3, 4.5,6,7.5,9,and 10 pm.

The as-grown GaN-based LED wafers were characterized by
HRXRD (Bruker D8 X-ray diffractometer with Cu Ko/ X-ray
source, /=0.15406 nm) for structural properties, and by SEM
(Nova NanoSEM 430 Holland) and AFM (MFP-3D-S Asylum
American) for surface morphologies. The optical properties of
MQWs were studied by 405 nm laser (Y Wafer GS4-GaN-R-405)
with an output power of 20 mW at room temperature (RT). The
optoelectronic properties of GaN-based LEDs were investigated
using the GAMMA Scientific GS-1190 RadoMA-Lite
KEITHLEY 2400 system and the Swin Hall 8800 system.
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Fig. 1. Schematic structures of (a) GaN-based LED wafer grown
on LiGaO,(100) substrate, and (b) its chip.

The surface morphologies of GaN-based LEDs grown on
LiGa0,(100) and c-plane sapphire are studied by SEM and AFM,
as shown in Fig. 2a-d. Pits and black spots can be noticed both in
the Fig. 2a and b. However, the pits and black spots for p-GaN
on c-plane sapphire substrates are much more than that on
LiGa0,(100) substrates. We attribute these differences to the
higher Mg-doping efficiency in nonpolar m-plane p-GaN layers
due to its higher hole concentration.'” The poorer Mg-doping
efficiency in p-GaN grown on c-plane sapphire would introduce
much more defects, such as pits and black spots. In this case, the
surface morphologies for p-GaN grown on c-plane sapphire
substrates are much worse than that on LiGaO,(100) substrates.
Meanwhile, the AFM measurement has revealed that the surface
root-mean-square roughness for nonpolar p-GaN and c-plane p-
GaN are 1.3 and 2.7 nm, as shown in Figs. 2c¢ and d, which is
consistent well with the SEM measurement.

500 nm
—

Fig.2. SEM images for GaN-based LEDs grown on (a)
LiGa0,(100), and (b) c-plane sapphire substrates. AFM images
for GaN-based LEDs grown on (c) LiGaO,(100), and (d) c-plane
sapphire substrates. (e) is the colour scale of AFM images.

The carrier mobility and concentration for the GaN-based LED
wafers grown on LiGaO,(100) and c-plane sapphire substrates are
studied by conventional van der Pauw Hall measurement at RT.
As for the nonpolar m-plane GaN-based LED wafers, the Si-
doped n-GaN layers have an electron mobility and an electron
concentration of 330 cm?/Vs and 5.9x10'® cm™, respectively; and
the Mg-doped GaN layers have a hole mobility and a hole
concentration of 12.5 cm?/V s and 2.8x10'® ecm™, respectively.
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But for the GaN-based LED wafers grown on c-plane sapphire
substrates, the Si-doped n-GaN layers have an electron Hall
mobility and an electron concentration of 315 cm®Vs and
4.0x10'® em™, respectively; and the Mg-doped GaN layers have a
hole mobility and a hole concentration of 9.5 cm*Vs and
4.9x10"7 cm, respectively. Therefore, the electronic properties
for GaN-based LED wafers grown LiGaO,(100) substrates are
much better than that on c-plane sapphire substrates due to its
higher hole mobility and concentration, and is beneficial to the
radiative recombination of carriers in nonpolar m-plane GaN-
based LED on LiGa0,(100) substrate. '™ 22!

The optical properties of as-grown non-polar m-plane
InGaN/GaN MQWs are studied by PL at RT, as shown in Fig. 3.
It can be noted that a sharper and stronger PL peak is observed at
446 nm with an FWHM of 21.2 nm for the nonpolar m-plane
GaN-based LED on LiGaO,(100) substrate when compared with
that grown on c-plane sapphire substrate with an FWHM of 23.5
nm. Meanwhile, this PL FWHM is much smaller than that of the
cubic InGaN/GaN MQWs grown on 3C-SiC(001).2% This
achievement of high-quality MQWs on LiGaO,(100) substrate
can be tentatively attributed to two aspects. One is the adoption of
the LiGaO,(100) substrate, and the other is the combination of
PLD and MBE technologies. The former provides smaller lattice
and thermal expansion mismatches between GaN and
LiGaO,(100) compared with that between GaN and c-plane
sapphire substrate, which is beneficial to the nucleation of GaN
and shows a reduction in the formation of threading
dislocations."*"* Furthermore, it can achieve nonpolar m-plane
GaN-based LED with the absence of the QCSEs, which can
promote the radiative recombination of holes and electrons and
further enhance the IQE when compared with the GaN-based
LED on c-plane sapphire substrate.""""? The latter can effectively
suppress the diffusion of Li atoms from the substrate by using
PLD growth of GaN buffer layer at low temperature.">"
Meanwhile, it is good for us to achieve high-quality nonpolar m-
plane GaN films by using MBE growth with high temperature
and finally to realize the growth of high-quality nonpolar m-plane
InGaN/GaN MQWs.

1200
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800 |
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Fig. 3. RT PL for the InGaN/GaN MQWs on LiGa0O,(100) and
c-plane sapphire substrates

Fig. 4a is the EL spectra of non-polar m-plane GaN-based LED
grown on LiGaO,(100) substrate under various currents at RT.
We can clearly observe that there is a slight blue shift in
wavelength with the increase in current from 20 to 150 mA as
shown in Fig. 4a, which is strictly different from the GaN-based
LED on c-plane sapphire substrate and is consistent with the
results reported by S. Nakamura.>® ?* This slight blue shift in
wavelength can be explained by the band filling of the localized
states induced by the fluctuation of In composition in InGaN
quantum wells." Meanwhile, the dependence of FWHMs on
injection current for GaN-based LEDs grown on LiGaO,(100)

and c-plane sapphire substrates is shown in Fig. 4b. It can be
found that as the increase in current, the EL FWHM for GaN-
based LED on c-plane sapphire substrate gradually increases,
while that for GaN-based LED grown on LiGaO,(100) substrate
keeps constant. This can be ascribed to the absence of QCSEs and
the slight band filling effect in MQWs on LiGaO,(100) with the
increase in current.'"™'? 226 It is known to us that due to the In
composition inhomogeneity and monolayer thickness fluctuation
in the InGaN wells, self-organized In-rich area may be generated
in InGaN active area, leading to the fluctuation of energy band-
gap ultimately.**?” Furthermore, this EL FWHM obtained in
nonpolar m-plane GaN-based LED on LiGaO,(100) substrate is
much smaller than that of semipolar or nonpolar GaN-based LED
on sapphire and nonpolar m-plane GaN-based LED on
LiAlO,(100) substrate, >* ** 2* which may be ascribed to the
smaller lattice and thermal expansion mismatches between GaN
films and LiGaO,(100) substrates when compared with that

between GaN and semipolar sapphire or LiAlO,(100) substrates.
100000
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Fig. 4. (a) RT EL of nonpolar m-plane GaN-based LEDs grown
on LiGa0,(100) substrates with various currents, and (b) the
dependence of FWHM on current for GaN-based LEDs grown on
LiGa0,(100) and c-plane sapphire substrates

The specific contact resistances p, and contact resistances R..
are determined by transmission line model (TLM)
characterization, which is reported in Fig. 5a. After careful study
on the different TLM patterns using the linear square method to
fit the straight lines to the experimental data, the specific contact
resistances p, for the contacts on the p-GaN layers grown on the
LiGa0,(100) and c-plane sapphire substrates are obtained with
values of approximately 4.5x107° and 3.8x10* Q-cm’, and the
contact resistances R, for these two contacts are ~ 2.1 and 5.6
Q'mm, respectively.®3? These results reveal the better Ohmic
contact between nonpolar m-plane p-GaN and p-electrodes. We
ascribe it to the higher hole concentration in nonpolar m-plane p-
GaN layer.”*?! Furthermore, using the same method, the specific
contact resistances p, for the n-GaN layer grown on the
LiGaO,(100) and c¢-plane sapphire substrates are about 9.4x10°
and 6.5x10° Q-cm?, and the contact resistances R, for these two
contacts are 0.5 and 1.5 Q'mm, respectively. Fig. 5b is the light
output power (L) as a function of current (/) for LED chips on
both LiGaO,(100) and c-plane sapphire substrates. It can be
easily noted that the light output power values for both samples
increase monotonously with the increase in current. Moreover, it
also can be found the light output power for LED chip on
LiGa0O,(100) substrate is higher than that on c-plane sapphire
substrate. For example, at current injection of 20 mA, the output
power values for LED chips on LiGaO,(100) and c-plane
sapphire are 30.1 and 19.2 mW, respectively. Meanwhile, this
value of LED chip on LiGaO,(100) is comparable to the best
values ever reported for semipolar or nonpolar LEDs.* ** This

This journal is © The Royal Society of Chemistry [2014]
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great improvement in light output power is mainly attributed to
the uniformity of current spreading in the LED chip on
LiGaO,(100) due to the absence of the QCSEs in MQWs on
LiGa0O,(100) substrate, which enhances the IQE and external
extraction efficiency (EQE).**3® Fig. 5¢ shows the relationship
between forward voltage and injection current for LED chips
grown on LiGaO,(100) and c-plane sapphire substrates. The
forward voltage measured at 20 mA for LED chip grown on
LiGa0O,(100) and c-plane sapphire substrates are 2.8 and 3.1 V,
respectively. We attribute the lower forward voltage for LED
chip grown on LiGaO,(100) substrate to the lower series
resistance in LED chip on LiGaO, (100) substrate of ~ 7 Q
compared with that on c-plane sapphire substrate of ~ 10 Q.* 374
Furthermore, the EQE for LED chips on LiGaO,(100) and c-
plane sapphire substrates are also be studied. Fig. 5d illustrates
the EQE of the nonpolar m-plane GaN-based LED chip grown on
LiGaO,(100) versus current density in the comparison with the
LED chip grown on c-plane sapphire substrate. One can clearly
identify the dramatically decrease in EQE for LED chip grown c-
plane sapphire substrate as the increase in the current density;
while the EQE for LED chip on LiGaO,(100) substrate decreases
much more slowly, and with a relatively high value of 41% even
at the current density of 200 A/cm®. This may be attributed to the
absence of the QCSEs in LED chip grown on LiGaO,(100)
substrate. Moreover, the best value of EQE for LED chip on
LiGa0,(100) is 50.8%, which is comparable with the reported
value of semipolar GaN-based LED chip grown on bulk GaN
substrate,*® #! and is much better than the commercial available
LED chip with the EQE of about 30%.2>4!
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Fig. 5. (a) The I-V characteristics of Cr/Pt/Au contacts on the p-
GaN grown on LiGa0O,(100) and c-plane sapphire substrates,
respectively, measured over Ohmic pads with a spacing of 3 pm.
(b) L-1, (¢) I-V, and (d) EQE-I characteristics of GaN-based LED
chips with the size of 300x300 pm® on both LiGaO,(100) and c-
plane sapphire substrates. The inset photograph in Fig. 5b is a lit-
up LED on LiGaO,(100) substrate working at an injection current
of 20 mA.

To summarize, high-quality nonpolar m-plane GaN-based LED
wafers have been deposited on the LiGaO,(100) and c-plane
sapphire substrates by the combination of PLD and MBE
technologies. The as-grown GaN-based LED wafers have been

characterized by HRXRD, SEM, AFM, Hall, PL and EL
measurement. The SEM and AFM measurements reveal the much
flatter surface for p-GaN layers on the nonpolar m-plane GaN-
based LED on the LiGaO,(100) compared with that on c-plane
sapphire substrates. The Hall measurement indicates the higher
hole mobility and concentration, and is beneficial to the radiative
recombination of carriers. The PL of as-grown nonpolar m-plane
GaN-based LED wafers on LiGaO,(100) substrates shows an
emission peak at 446 nm with a smaller FWHM of 21.2 nm when
compared with that on c-plane sapphire substrate of 23.5 nm.
Meanwhile, the EL spectra of nonpolar m-plane GaN-based
LEDs on LiGaO,(100) substrates show a very slight blue shift in
wavelength and is kept constant in FWHM, indicating that high-
quality nonpolar m-plane GaN-based LEDs on LiGaO,(100) have
been achieved. LED chips with the size of 300300 pm? prepared
on LiGaO,(100) substrates show a light output power of 30.1
mW and a forward voltage of 2.8 V at an injection of 20 mA,
which is a dramatic contrast to the 19.2 mW and 3.1 V for the
identical LED chips on c-plane sapphire substrates. Furthermore,
the nonpolar m-plane GaN-based LED on LiGaO,(100) shows a
best EQE of 50.8%, which is comparable with the best value ever
reported for sempolar or nonpolar GaN-based LEDs. Evidently,
we have prepared high-quality nonpolar m-plane GaN-based
LEDs on LiGaO,(100) substrates, which brings up a new
possibility for achieving highly-efficient LEDs. In addition, we
have also proposed and demonstrated that the methodology by
the combination of PLD and MBE is an effective approach to
achieve high-quality nonpolar m-plane GaN-based LEDs on
LiGa0,(100) substrates. This methodology also sheds light on the
application of other chemically vulnerable substrates for the
fabrication of LEDs.
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