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The effect of annealing on InGaN/GaN multiple quantum wells (MQW) grown by using metalorganic chemical vapor deposition is studied. The samples were annealed at 900 ◦ C for 10, 20, 30, 40,
and 50 min, in a furnace with a N2 atmosphere. The variation of the period in the quantum well
with increasing annealing time was observed by analyzing the satellite peaks in the high-resolution
X-ray diffraction pattern. Also, the photocurrent and the photoluminescence spectral peaks were
red-shifted and blue-shifted, respectively, annealing time. The red-shift is attributed to a decrease
in the quantized energies due to a reduction in the inhomogeneity of the indium content in the
QW. The blue-shift can be understood as being due to on increase in the quantized energies for the
ground state due to the interdiffusion of In and Ga atoms across the barrier/QW interface, which
leads to a change in the potential profile of the conduction and the valence bands.
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tween metals and semiconductors, thermal annealing at
450 – 950 ◦ C is employed. During the expitaxial growth
of InGaN/GaN MQW structures and during the fabrication of devices, InGaN layers undergo several periods of
high-temperature thermal annealing. The distribution of
the indium and the strain in the QW may change during these thermal treatments, leading to a change in the
optical properties. Given the technological importance
of InGaN/GaN MQWs, the diffusion characteristics of
the host and the impurity atoms are of considerable interest. Recently, the interdiffusion of In and Ga in InGaN/GaN MQWs was studied [3–6]. The interdiffusion
of In and Ga in InGaN/GaN MQWs is complicated by
the immiscibility of InN and GaN [7], which can result in
phase separation in thick InGaN layers [8]. InGaN/GaN
MQWs have also been reported to form In-rich InGaN
precipitates after annealing at 1100 ◦ C [5].
In this paper, we report the effect of thermal annealing for various anneal times on the structural and the
optical properties of InGaN/GaN MQWs grown by using metalorganic chemical vapor deposition (MOCVD).
The structural and the optical properties of MQW both
before and after annealing were studied by using highresolution X-ray diffraction (HRXRD), photoluminescence (PL), and photocurrent (PC) measurements. Our
analysis of the satellite peaks in the HRXRD patterns
shows that the quantum-well period fluctuation with increasing annealing time. The photocurrent and the photoluminescence spectral peaks are red-shifted and blueshifted with increasing annealing time. This effect of the

I. INTRODUCTION
GaN and related III-V nitride semiconductors have recently attracted much attention because of their promising material properties for applications in UV-to-blue
light-emitting and detecting devices and in high-power
and high-temperature electronic devices. In particular, InGaN alloys have already been developed as active
layer materials for the fabrication of blue- and greenlight-emitting diodes [1] and violet and blue laser diodes
[2]. However, the growth and the material properties of
InGaN alloys are still not perfectly understood. Highquality GaN epilayers are typically grown at temperatures above 1000 ◦ C in a metalorganic chemical vapor
deposition (MOCVD) system. However, InGaN/GaN
multiple quantum wells (MQWs), which are used as the
active layers for LEDs or LDs, are generally grown in
an intermediate temperature range of 700 ∼ 800 ◦ C in
order to incorporate a sufficient amount of indium in
the InGaN well layers. After the growth of epitaxial
layers, a thermal annealing is employed to convert the
as-grown p-type GaN layer into a uniform highly p-type
GaN layer. To obtain high hole concentrations in the
p-type layer, ion implantation and diffusion techniques
are also considered. A thermal treatment at 1000 ◦ C
after Mg or Zn ion implantation is performed for activation. Diffusion with Mg at 1000 ◦ C can also be used
with the same intention. To realize ohmic contacts be∗ E-mail:
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thermal annealing, which leads to the shifts of the peak
positions, is discussed.

II. EXPERIMENT
InGaN/GaN MQW were grown by using MOCVD.
The precursors of Ga, In, and N were trimethylgallium (TMGa), trimethylindium (TMIn), and ammonia
(NH3 ), respectively. After having been loaded into the
reactor, the substrates were thermally cleaned in a hydrogen ambient for 10 min at 1100 ◦ C; then, a 25-nmthick GaN nucleation layer was deposited at 560 ◦ C. The
InGaN/GaN QW was grown at 770 ◦ C and at 1130 ◦ C.
The cap layer was deposited at a high temperature on
top of the InGaN/GaN MQW. The well number and the
thickness were kept constant at 5 and 15 Å, respectively,
while the thickness of the barrier was kept constant at
85 A. The samples were annealed at 900 ◦ C for 10, 20,
30, 40, and 50 minutes, respectively, in a furnace in a N2
atmosphere.
HRXRD was used to determine the layer thickness and
the indium content by comparing measured and simulated rocking curves. The photocurrents were measured
at room temperature and 77 K, and the photoluminescence was measured at room temperature. Photoluminescence spectra were taken with the 325-nm line of an
18-mW He-Cd laser. The luminescence was analyzed
by using a 1-m double-grating monochromator and was
detected by using a GaAs photomultiplier tube. For the
photocurrent measurements, the sample was cut into 3 ×
3 mm2 pieces, and two coplanar electric contacts with a
1-mm spacing were formed with indium solder. A quartztungsten halogen lamp was used as the photo-excitation
light source. The photocurrent spectrum was analyzed
by using a 500-mm grating monochrometer. The photocurrent signal was picked up with a lock-in amplifier
and then recorded using a computer. A bias of 0.5 V was
supplied by a current source using a Keithley 236 source
measurement unit for the conductivity measurements.

III. RESULTS AND DICUSSION
1. Structural Properties

The structural properties of InGaN/GaAs MQWs
for various annealing times were investigated by using
HRXRD. Fig. 1 shows that the HRXRD pattern for the
(0002) reflection from InGaN/GaN MQWs structures
with the different annealing times. The strongest peak
in each HRXRD pattern is due to the GaN epilayer. In
the HRXRD pattern, InGaN satellite diffraction peaks
are observed. The satellite peaks arise from the periodicity of the QWs. The observed well-defined satellite
peaks imply a coherent periodicity of the InGaN/GaN

Fig. 1. HRXRD spectra of InGaN/GaN MQWs plotted
for various annealing times.

heterostructure and suggest the presence of abrupt interfaces. For instance, the separation between the main
peak (GaN) and the first-order satellite peak characterizes the average MQW mismatch caused by tetragonal
compressive deformation and leads to a determination of
the In molar fractions in the wells. As Fig. 1 shows,
after annealing at a temperature of 900 ◦ C for 10 or 20
min, the diffraction angles of the HRXRD pattern are
decreased. However, after annealing at a temperature of
900 ◦ C for 30, 40, or 50 min, the diffraction angles of
the HRXRD pattern are increased. The change in the
diffraction angles of the HRXRD pattern is consistent
with interdiffusion of In and Ga in the MQW region,
resulting in a broadening of the quantum-well profiles.
From Fick’s law of diffusion, the widths of the quantum
wells evolve according to
q
w = w02 + 4πDt
(1)
where D is the In-Ga interdiffusion coefficient and t is
the annealing time. From the position of the HRXRD
peaks, we can estimate the thickness of one period (barrier and well). In principle, the average In composition
of the QW and the period can be determined from the
relative positions of the 0th and higher order peaks in
the HRXRD patterns. The period (P) is given by
P =

nλ
2(sin θn − sin θ0th )

(2)

where n is the order of the nth satellite peak, θn is its
diffraction angle, and θ0th is the angle of the 0th-order
peak.
From the results of the HRXRD analysis for the asgrown InGaN/GaAs MQWs, P is calculated as about
100 Å. The In composition in well layer was about 35 %,
and the well and the barrier widths were 15 and 85 Å, respectively. After annealing, the diffraction angles of the
HRXRD pattern decreased and increased, implying that
the period (well and barrier) increased and decreased [5].
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After the samples were annealed, the conduction and the
valence band profiles were deformed, leading to a shift
in the diffraction angle. The increase of the diffraction
angle is attributed to a decrease in the quantum well period due to interfacial diffusion of the In and Ga atoms.
Inversely, the decrease in the diffraction angle is related
to an increase in the quantum well period due to a reduction in the inhomogeneity of the indium content in
the quantum well. The reduction in the inhomogeneity of the indium content in the quantum well occurred
in the annealing process before the interdiffusion of In
and Ga atoms within the quantum well. These phenomena might be involved in the structural property changes
in high-indium-content InGaN/GaN QWs after thermal
treatments. This mechanism has been studied theoretically and experimentally [4].

2. PL Spectra

Fig. 2 shows the room-temperature PL spectra for
InGaN/GaN MQWs with different annealing times. All
samples have interference fringe maxima and minima.
The presence of interference fringes indicates that the
MQW samples have good optical properties. The PL
spectra peaks are red-shifted with increasing annealing
time. Those red shifts were particularly notable for annealing times shorter than 30 min. However, the shifts
tended to saturate, and a few blue shifts were observed
when the annealing time became longer than 30 min.
This is contradictory to the blue shifts in the photoluminescence results for the annealed samples [3]. The redshifts of the PL peaks originate from a reduction in the
inhomogeneity of the indium content in the QW, leading
to a reduction of the quantized energies. This mechanism
has been studied theoretically and experimentally [4] and
was confirmed by identifying the intersubband transition
for each PL peak. The conduction band energy and the
quantized energies decrease due to the reduction in the
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inhomogeneity of the indium content in the QW. After
the samples had been annealed for 40 or 50 min, some
PL peaks shift toward shorter wavelengths (blue-shift).
The above phenomena can be understood by using an
increase in the quantized energies for the ground state
due to the interdiffusion of In and Ga atoms across the
barrier/QW interface, leading to a change in the potential profile of the conduction and the valence bands. This
mechanism has been studied theoretically [9] and experimentally [3]. For the excited states, the interdiffusion
may induce an increase in the quantized energies leading to a blue-shift of the peak position. Generally, for
all post-growth modified samples, the blue-shift of the
first electron-heavy hole (e1 -hh1 ) excitonic transition is
stronger than that of the e1 -lh1 ones. Such behavior is
expected and is connected with a change in QW profile caused by atom migration. The change in the QW
profile from square-like to parabolic-like obviously shifts
different energy levels in different ways. In the investigated structures, the blue-shift is associated with the
above discussed shift of energy levels inside the potential
well and with a change in the band gap energy of the
well material.
The value of the band gap depends on the stoichiometry of the well material, which changes during the post
growth modification [10]. For the InGaN/GaN structure,
QW intermixing is a result of interdiffusion of group III
atoms on substitutional lattice sites across heterojunctions. The amount of QW intermixing depends on the
concentration of group III vacancies [11]. The blue-shift
can also be induced by a reduction in the piezoelectric
field due to strain relaxation. The shift of the peak position can be well understood by these mechanisms. The
red-shift occurred in the beginning of the annealing process before the blue-shift, which implies that the interdiffusion of In and Ga atoms within the QW dominated
the shift of quantized levels before the interfacial diffusion of In and Ga atoms. These phenomena might be
involved in changes in the optical properties change of
the high-indium-content InGaN/GaN QW after thermal
treatments [4].

3. PC Spectra

Fig. 2. PL spectra of InGaN/GaN MQWs plotted for various annealing times.

For a more detailed analysis of the optical properties
of InGaN/GaN MQW, photocurrent spectra were measured. Generally, the photocurrent can provide more
information than the PL. The absolute magnitude of
the absorption for a single QW is low: approximately
1 % of the light is absorbed on the step above the lighthole and the heavy-hole transitions. This means that
direct absorption measurements are difficult to perform,
except for systems with many QWs. Alternative methods of probing the absorption spectrum are photocurrent
and photoluminescence excitation (PLE) spectroscopy
[12]. The absorption peaks observed from the photocur-
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Fig. 3. PC spectra of InGaN/GaN MQWs plotted for various annealing times.

Fig. 4. PC spectra of InGaN/GaN MQWs plotted for various annealing times.

rent spectrum are attributed to electron-heavy-hole and
electron-light-hole sub-band transitions.
Fig. 3 shows the room-temperature PC spectra of
as-grown and annealed InGaN/GaN MQWs plotted for
different annealing times. Fig. 4 shows the roomtemperature PC and PL spectral peak energies of InGaN
/GaN MQWs for various annealing times. It is also noted
that the absorption edge [13], as determined by the PC
spectra, following the PL peak, shifts to lower and higher
energy as the annealing time increases. In the PC spectra, three additional transitions related to the MQWs
region are observed, besides the transitions involving the
ground state. The experimental energies were compared
and agree with the results of envelope function calculations for a finite rectangular QW [14, 15]. The lowest
energy peak is identified as the fundamental e1 -hh transition (at 2.78 eV for the as-grown photocurrent spectrum). The second peak detected at higher energy (at
2.91 eV for the as-grown photocurrent spectrum) is attributed to the e1 -lh transition. The third peak detected
at higher energy (at 3.12 eV for the as-grown photocurrent spectrum) is attributed to the e2 -hh transition. The
fourth peak detected at still higher energy (at 3.20 eV
for the as-grown photocurrent spectrum) is attributed
to the e2 -lh transition. This interpretation is based on
the assumption that light and heavy holes are confined
within the well in a type-I band alignment.
The red-shift took place for all of the e1 -hh and e1 lh transition PC peaks after the samples were annealed
for 10, 20, or 30 min. After the samples had been annealed for 40 or 50 min, e1 -hh and e1 -lh transition PC
peaks showed a blue shift. The former red-shift can be
understood by the fact that the reduction of the compositional fluctuation in the MQW results in a decrease in
the quantized energies. The latter blue-shift of the peaks
was attributed to the increase of the quantized energies
for the ground state due to the inter-diffusion of In and
Ga atoms across the barrier/QW interface, leading to a
change in the potential profiles of the conduction and the

valence bands. For the excited states, the interdiffusion
may induce a decrease in the quantized energies leading
to a red-shift of the peak positions. Another probable
reason for the blue-shift of the peaks may be the relaxation of the strain in the MQW, leading to an increase
in the quantized energies.
The second electron-heavy hole (e2 -hh1 ) and second
electron-light hole (e2 -lh1 ) excitonic transition peaks are
red-shifted. The change in QW profile from square-like
to parabolic-like obviously causes different energy levels to shift in different way. In the investigated structures, the red-shift is associated with the above discussed
shift of energy levels inside the potential well and with a
change in the band gap energy of the well structure. The
values of the energy levels depend on the structure of the
well, which changes during the post-growth modification
[10].
Proposed mechanisms may be considered for the diffusion of In atoms in high-indium-content QWs. Meanwhile, the energy difference between the PL peak and absorption edge decreases as the annealing time increases.
A large shift in the main InGaN-related emission peak
with respect to the band edge measured by using PC
spectroscopy is clearly seen for all the samples and can be
attributed to potential fluctuations and to the quantumconfined Stark effect induced by the built-in internal
field due to spontaneous and strain-induced piezoelectric
polarizations in the InGaN QW system. Wurtzite IIInitride quantum well structures exhibit a nonzero macroscopic polarization (spontaneous polarization) even in
equilibrium due to their low-symmetry crystal structure
[16]. Also, the piezoelectric constants being much larger
than in most other semiconductors imply that small
strains can produce unusually large electric field in III nitrides. Also, the spontaneous and the piezoelectric fields
are comparable in magnitude.
Many researchers have reported on spontaneous and
piezoelectric fields in quantum well structures [16–19],
and wider QWs are expected to have lower PL energies
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considering the quantum confinement effect. However
the observed much stronger well-width dependence of
the PL peak energy can only be partially accounted for
by the quantum-size effect. The strong, strain-induced
piezoelectric field due to the lattice mismatch between
InGaN and GaN makes a significant contribution to this
dependence. The PL intensity is also seen to decrease
significantly with the well width. This is another consequence of the piezoelectric field in the QWs. In wider
QWs, the electrons and the holes are more spatially separated due to the piezoelectric field, leading to less overlap
of the electron and the hole wave functions and, hence,
to a weaker oscillator strength for the optical transition
[20].
IV. CONCLUSIONS
The effect of annealing on the structural and the optical properties of InGaN/GaN multiple quantum-wells
(MQWs) grown by using metalorganic chemical vapor
deposition is studied. We performed thermal annealing
treatments on the InGaN/GaN MQWs for various annealing times. For these studies, five-period InGaN/GaN
MQWs samples were grown at 770 ◦ C, and then annealed
at 900 ◦ C for 10, 20, 30, 40, and 50 min in a furnace with
a N2 atmosphere. A variation of period in the quantum
well with increasing annealing time was observed by analyzing the satellite peaks in the HRXRD pattern. The
photocurrent and the photoluminescence spectral peaks
were red-shifted and blue-shifted, respectively, with increasing annealing time. After annealing at a temperature of 900 ◦ C for 10 or 20 min, the positions of the
peaks were red-shifted. However, after annealing at a
temperature of 900 ◦ C for 30, 40 or 50 min, the positions of the peaks were blue-shifted. The red-shift is
attributed to a decrease in the quantized energies due to
a reduction in the inhomogeneity of the indium content
in the QW. The blue-shift is attributed to an increase
in the quantized energies for the ground state due to an
interdiffusion of In and Ga atoms across the barrier/QW
interface, leading to a change in the potential profile of
the conduction and the valence bands.
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