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ABSTRACT

Five period InGaN/GaN MQW LED wafers were grown by low pressure MOCVD on an AIN buffer layer, which
was deposited on a c-plane (0001)-faced sapphire substrate. The effect of growth conditions, such as the well growth
time, growth temperatures, and indium flow rate on the properties of MQW structures were investigated by using
high resolution X-ray diffraction and room temperature photoluminescence. By increasing growth temperature, the
emission wavelengths showed a blue-shift while it red-shifted via an increase in the indium flow rate. The emission
wavelength can be tuned by way of changing the well growth time of the samples.
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1. INTRODUCTION

InGaN/GaN multi quantum well (MQW) structures are
used extensively as the active layer in blue, green, and
yellow light emitting diode applications [1-9]. It is well
known that the structural and optical characteristics of
InGaN/GaN MQWs are quite sensitive to the growth
conditions of the active layer such as the flow rate of the
species of the alloy, growth pressure, well/barrier growth
time, and growth temperature. The slight adjustment of
these conditions, especially of growth time and growth
temperature, could improve the quality of the MQWs.
Additionally, tuning of the emission wavelengths of the
LED structures can be possible by these adjustments.

For the fabrication of optoelectronic devices, InGaN
material has been used as the active material for several
years. Despite the wide use of this material, in growing
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high quality InGaN layer there are still some problems such
as composition inhomogeneity or fluctuation and indium
droplets, indium surface segration etc. Also, the emission
properties and structural quality of the active layers in the
nitride alloys have been affected by piezoelectric effect,
strain relaxation. Many research groups aimed to reduce
these problems and have been studying for improving the
quality of this type of MQW structures by using different
growth conditions, such as selecting the nucleation layer,
well/barrier growth time, growth temperature of the layers
etc. [10-17]. However, the effect of the well layer growth
time on emission and structural properties is not widely
studied. In addition to these, the selection of a buffer layer
is quite important to improve the crystal quality. Recently,
thick SI-GaN layers grown on an HT-AIN buffer
layer/sapphire substrate by metalorganic chemical vapor
deposition (MOCVD) has been shown to have highly
improved quality [11-13].
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In the present study, five period InGaN/GaN MQWs were
grown on a high temperature AIN buffer layer on a sapphire
substrate by using MOCVD under different growth
conditions in order to improve the quality of InGaN/GaN
MQWs for blue LED applications. For the optimization of
the optical properties of LED applications, the effect of the
well growth time, growth temperature, and In flow rate on
the optical and structural properties of InGaN/GaN MQWs
were investigated by using high resolution X-ray diffraction
(HRXRD) and room temperature photoluminescence (RT-
PL). Also, transmittance measurement of InGaN/GaN
samples was determined by UV-VIS spectroscopy at the
room temperature.

2. EXPERIMENTAL

The six LED structures containing five period InGaN/GaN
multi quantum well (MQW) were grown by MOCVD on c-
plane (0001)-faced sapphire substrates with a 10 nm low-
temperature AIN nucleation layer. The AIN nucleation and
the AIN buffer layer were grown on the sapphire substrate
with the aim of the reducing the lattice mismatch.
Hydrogen was used as the carrier gas, in which
trimethylgallium (TMGa), trimethylaluminum (TMALI),
trimethylindium (TMIn) and ammonia (NH3) were used as
source compounds. During the growth, the reactor pressure
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was kept at 200 mbar. A 10nm-thick AIN nucleation layer
was deposited at 840 °C, and then the reactor temperature
was ramped to 1150 °C and a 400 nm AIN buffer layer was
grown, followed by a 2-min growth interruption in order to
reach the optimal growth conditions for GaN. A 340 nm
GaN buffer layer was grown at 1080 °C. A thick n-type
GaN:Si layer with a thickness of 1600 nm was grown on
the GaN buffer layer for all of the samples. Quantum well
layers were formed in a manner that each 2 nm In,Ga; N
active layer was separated from one another by a thin 9 nm
GaN that was grown in different conditions. Finally, a 160
nm thick p-type GaN:Mg cap layer was deposited on the
MQWs at 1030 °C [21].

Samples named A, B, C, and F were grown at the same well
growth time (90 s) and at different growth temperatures,
760 °C, 720 °C, 710 °C, and 660 °C, respectively. The
other sample, named D, was grown by well growth time of
120 s at 710 °C. During the growth of sample E, TMIn
pressure was kept at 1000 mbar while the others were
grown under the TMIn pressure of 600 mbar. Moreover, the
well growth time for sample E was 110 s. All of the grown
structures with different growth conditions are shown in
Fig. 1.
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Fig. 1. Six of the five period InGaN/GaN MQW structures (A, B, C, D, E, and F) that were grown under various growth

temperatures, barrier growth times, and In flow rate.

High resolution X-ray diffraction (HRXRD) is a very useful
technique to determine lattice constants, alloy compositions
and crystalline quality for nitride based semiconductor
alloys. The fundamental optical band edge transition and
impurity related transitions of semiconductors can be
measured by using photoluminescence (PL) spectroscopy
[18, 19]. Also, the analysis of optical absorption spectra is
one of the most productive tools for understanding and
developing the band structure and energy gap of materials
[20]. X-ray measurements were carried out on a D-8 Bruker
high-resolution diffractometer by using CuKay,; (1.540 A)
radiation, a prodded mirror, and a 4-bounce Ge (220)
symmetric monochromator. With the Si calibration sample,
its best resolution was 16 arcsec. Room temperature PL
measurements were performed by using the Jobin Yuvon
Florog-550 system with a 50 mW He-Cd laser (A=325 nm)
as an excitation light source. The transmittance

measurements were examined with a Perkin Elmer 45 UV-
VIS-near-infrared spectrometer, in the wavelength range
from 200 to 1100 nm. In addition, the total QW thickness of
sample C was obtained by using a high resolution scanning
electron microscope (SEM).

3. RESULTS AND DISCUSSION

HRXRD measurements were used to evaluate the quality of
the QWs and the interfaces, determine thickness of the
layers and the In composition in the wells. w-26 scans for
the (0002) reflection from five-period InGaN/GaN MQW
LED structures A, B, C, D, E, and F grown at different well
growth times and growth temperatures were obtained by
using the HRXRD system. The HRXRD profile of the B, C,
and E samples is shown in Fig. 2, respectively, as an
example. The strongest peaks were from the diffraction of
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the thick GaN layer over the buffer layer, while the second
strongest peaks with an angle of 18° were from the AIN
buffer layer. The satellite peaks originated from the
diffraction of the InGaN/GaN MQWs.

GaN

Intensity (arb.u.)

B

16.0 16.5 17.0 175 180 185

20-axis (degree)
Fig. 2. The 26-axis scan for the (0002) reflection of the 5
period MQW samples.

The average indium composition can be calculated from the
angular separation of the O™ satellite peak (SLO) with
respect to the main GaN peak. By using the HRXRD data,
the estimated In compositions of Ga rich well in the
samples A, B, C, D, E, and F are 5.2%, 6.5%, 9.7%, 9.8%,
12.8%, and 12.9%, respectively, by using LEPTOS
simulating software [22]. The lower indium composition of
samples A and B compared to the others can be explained
by the fact that the increase in the volatility of indium along
with the higher growth temperature. When the growth
temperature increased from 660 °C to 760 °C (samples F
and A), the indium mole fraction is also decreased by 40.3
percent. In other words, the average of the indium mole
fraction is decreased via the increase of the growth

1=48.09 nm
2=161.9 nm

100nm

temperature.

The increasing well growth time from 90 s to 120 s for the
samples C and D showed that the indium composition was
slightly increased with increasing growth time. For sample
E, indium content is bigger than sample D with same T,
although well growth time for sample E is smaller than
sample D. At the same time, the sample E was grown at a
higher TMIn flow rate than others. These results indicated
that TMIn flow rate is dominant on the indium mole
fraction.

The full width half maximums (FWHM) of the satellite
peaks in turn point out the high interface quality and good
well periodicity. It was found that the FWHM values of the
satellite peaks were decreased with increasing T, from 660
°C (for F) to 710 °C (for C), 720 °C (for B) and 760 °C (for
A). Therefore, the crystalline quality was improved by
decreasing the indium content [23]. Additionally, the
FWHM of the XRD first satellite peak value (SL-1) of
samples C, D, and E were measured as 336, 353, and 338
arcsec, respectively. The FWHM value of sample C was the
lowest. In other words, the crystalline quality was also
improved via lower well growth time.

Furthermore, the well thickness of samples A-F were
determined by using the HRXRD results as 1.6 nm /8.3 nm,
1.65 nm/8.4 nm, 1.7 nm/8.5 nm, 2.1 nm/9 nm, 2.8 nm/9.2
nm, and 2.9 nm/9.3 nm, respectively. As an example, the
total QW and cap layer thicknesses of sample C were
obtained as 48.09 nm and 161.9 nm by using a scanning
electron microscope (SEM), respectively, as shown in Fig.
3. The total QW and cap layer thicknesses of this sample
were determined by using the XRD data 51 nm and 159
nm, respectively. The obtained results via these two tools
were in good agreement. This indicated that the obtained
thickness values by HRXRD measurements are trusty
although the In,Ga; (N peaks are broadened due to
compositional fluctuations in these material systems.

Fig. 3. High resolution SEM image of sample C. V1 is the total QW thickness and V2 is the cap layer thickness.
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Fig. 4. Room temperature photoluminescence spectra
versus photon wavelength of the samples.

The room temperature PL spectra of the MQW samples A-
F are shown in Fig. 4. The Indium content in InGaN
epilayers decreases due to the increase of T, and decreasing
well growth time, which make wavelength tunability
possible for this set of epilayers. Some impurity peaks were
observed along with band edge peaks for all samples. At
low temperature of 660 °C (sample F), these impurity peaks
were more dominant than the others. Therefore, the FWHM
of the emission peak of the sample F is bigger with respect
to the others. As shown in Table 1, FHWM of the bang
edge emission peak was increased with increasing indium
composition except sample A. The impurity peaks in PL
emission of B and C samples were found out to be weaker
than the other samples. Also, the PL intensity increases and
their FWHM values decrease at high temperatures. Hence,
this shows the improvement in optical quality and is
consistent with the XRD rocking curve results. However, in
case of sample A which has very low indium content, the
emission peak showed different behavior compared to the

other samples. The broadening in the PL peak of the sample
A can be explained by the dominant inhomogenity of
indium content in the well layer. Also, the emission of the
InGaN could not separate from GaN emission because of
the rich Ga content in this layer of the sample.

Also we concluded that the effects of growth conditions on
the tuning of wavelength are as following: Although
samples A, B, C, D, and F were nearly grown under the
same TMIn flow condition (600 mbar), the room
temperature PL emission wavelength peak of sample B that
was grown at 720 °C blue-shifted compared to samples C,
D and F, which were grown at 710 °C as shown in Fig. 4.
This indicates that the decrease in indium incorporation and
the emission wavelength of the QW is blue-shifted. In spite
of that, the growth temperature of sample E was the same
as samples C and D, in which the average of the indium
mole fraction for sample E was increased by the higher
TMIn flow rate to where the peak emission wavelength
showed a AA=12 nm red-shift for sample C. As a result, the
growth temperature and TMIn flow rate have a main role in
indium incorporation during the growth of InGaN/GaN
MQWs. However, despite the growth temperature, the
TMIn flow rate for samples C and D were the same, in
which the RT-PL emission peak of sample D red-shifted
compared to sample C as shown in Fig. 4. In other words,
the emission wavelength was tuned to approximately AA=3
nm when the well growth time was increased by 30 s. This
shifting of the wavelength is small. However, as increasing
of T, caused forming the impurity peaks. It is clear that the
red-shift in the emission wavelength of sample D was
related to the quantum size effect that came from the strain
fluctuations depending on the In composition fluctuation
during the growth of MQWSs [24]. It is well known that the
strain between the well and barrier layers and also
increasing of the barrier layer thickness induce a
piezoelectric field which leads to the anomalous behavior
of the quantum-confined Stark effect [25, 26]. Thus, the
lower PL intensity and red-shift of the emission energy of
sample D can also be explained by the quantum confined
stark effect [25]. On the other hand, the well growth time of
samples C, D, and E was 90, 120, and 110 s, respectively.
The PL peak intensity of these samples increased while the
well growth time was decreased. This can in turn improve
crystal quality [14].

The band gaps of the samples were also determined from
the absorption edges by optical absorption measurements.
The analysis of optical absorption spectra is one of the most
productive tools for understanding and developing the band
structure and energy gap of materials [20]. If epitaxial layer
allows direct transition, the threshold of the fundamental
absorption, is given by the expression:

(ahv)’ = a,(hv - E,),

where E=hvis the photon energy, E, is the optical band gap
and a, is a constant which does not depend on photon
energy and a is absorption coefficient which can calculated
by using the following expression:

1. T
a=—In(-2).
d (T)
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Where, T and 7, are measuring transmittance of the
samples and sapphire substrate, respectively. The thickness
of the layers (d) was determined by using HRXRD
simulation results.

The transmittance spectra of the sample C is presented in
Fig. 5(a). The absorption edge located at 3.41 eV which is

80
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corresponds to the energy bandgap of GaN layers.
Appearing periodic oscillation below this absorption edge
originated from the multi-reflection interference resulting
from 1600 nm GaN layer [27]. In the photon energy region
of 2.8-3.3 eV, the periodicity of the oscillation was broken
and their intensities reduced as seen inset in Fig. 5 (a). The
absorptions in this region originated from excitonic
transitions in the InGaN well layers.
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Fig. 5. (a) Room temperature transmittance spectra of the sample C (the inset represents the transmittance behavior of
excitonic transitions region in the InGaN well layers). (b) Room-temperature optical absorption spectra, (chv)? versus hv, of

GaN layer (the inset is the absorption curve of InGaN layer) for sample C.

Table 1. The band gap energies of all samples.

PL measurement UV-VIS measurement
Sumple | X0 | iGN | Comy | meaN | Gan
A 5.20 3.22 19 3.17 3.39
B 6.50 2.98 12 3.00 341
C 9.75 2.97 17 2.95 341
D 9.80 2.95 16 2.97 3.39
E 12.78 2.89 19 2.83 3.38
F 12.90 2.82 20 2.78 3.38

The band gap of the samples determined from the
absorption edges using plot (ahv)’ versus iv in the Fig. 5
(b). Extrapolating the linear part of each plot towards lower
photon energies, the point of interception with the Av axis
exists at (ahv)’=0 giving the corresponding band gap [20].
As an example, for GaN and InGaN layers band gap
energies in sample C value were determined as 3.41, 2.95
eV, respectively. Obtained this value for InGaN of sample
C by UV-VIS measurement is agreement with obtained
band gap energy value as 2.97 eV from PL measurement.
Obtaining band gap energy values for all of the samples
were given in Table 1 as comparison with PL and UV-VIS
measurement. As a result, the values of the band gap from
both UV-VIS and PL measurements are in good agreement
in each other. However, small differences between the band
gap energies determined by these two techniques can be

attributed to Stokes shift [28].
4. CONCLUSIONS

The effect of growth conditions that included the well
growth time, growth temperatures, and In flow rate on the
optical and structural properties of InGaN/GaN MQW LED
structures, which were grown by MOCVD, was
investigated. It was determined that the optical and
structural qualities of the InGaN/GaN MQW LED structure
are strongly depend on these growth parameters. From the
XRD measurements we determined the well/barrier
thicknesses and indium content of the well layer. The
results show that indium incorporation decreased via low
indium pressure and a high growth temperature. The room
temperature PL peak energy demonstrated a blue-shift with
a decreasing indium flow rate and increasing growth
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temperature. The obtained results show that the changing of
well growth time slightly changed the indium mole fraction
ratio of the structures. In result of this, it did create a little
shifting of the emission wavelength. Therefore, our results
show that the emission wavelength can be tuned by
adjusting the well growth time of the samples. In addition,
absorption edges were determined by using the
transmittance spectra of the samples. Finally, our results
also show that quality InGaN/GaN blue LED MQW
structures can be grown on sapphire with a high
temperature AIN buffer layer by optimizing all the growth
conditions, such as the growth temperature, indium
pressure, and well growth time.
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