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The In-surfactant time-dependent properties were studied for InGaN/GaN multiple-quantumwell (MQW) structures grown by using metalorganic chemical vapor deposition (MOCVD). The
structural properties of the InGaN/GaN MQWs were investigated by using high-resolution X-ray
di raction (HRXRD). For the InGaN/GaN MQWs, an increase in compressive strain was observed
with increasing surfactant time from an analysis of the satellite peaks in the HRXRD. The peaks
observed in the photocurrent spectra were preliminarily assigned to electron-heavy hole (e1 -hh)
and electron-light hole (e1 -lh) fundamental excitionic transitions. The photoluminescence and the
photocurrent peaks were red-shifted with increasing surfactant time.
PACS numbers: 61.10.Kw, 78.55.Cr, 78.66.Fd
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I. INTRODUCTION

GaN and related III-V nitride semiconductors have recently attracted much attention because of their being
promising material properties for applications in UV-togreen light-emitting, devices and in high-power and hightemperature electronic devices. In particular, InGaN alloys have already been developed as active layer materials for the fabrication of blue- and green-light-emitting
diodes and of violet and blue laser diodes. InGaN/GaN
multiple quantum wells (MQWs) are generally grown in
an intermediate temperature range of 700  800  C in
order to incorporate a sucient amount of indium in the
InGaN well layers. Due to the large di erence between
the free binding enthalpys of GaN and of InN, indium
composition uctuations and surface segregation occur
during InGaN growth [1].
During the expitaxial growth of InGaN/GaN MQW
structures, indium surface segregation in the InGaN layers smoothes the interface between the well and the barrier layers. The distribution of the indium and the strain
in the QW may change under these di erent growth
conditions, leading to a change in the optical properties. Given the technological importance of InGaN/GaN
MQWs, In-surfactant growth is of considerable interest. Recently, growth interruption and the surfactant
between the well and the barrier layers were studied [1{
3].
In this study, InGaN/GaN MQWs were grown by us E-mail:
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ing metalorganic chemical vapor deposition (MOCVD)
and In was applied to the growth surfaces as a surfactant. The e ects of the surfactant time of In on the
structural and the optical properties of the MQW were
studied by using high-resolution X-ray di raction (HRXRD), photoluminescence (PL) and photocurrent (PC)
measurements.

II. EXPERIMENT

InGaN/GaN MQWs 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-nm-thick GaN nucleation layer was deposited at 560  C. The InGaN/GaN
QW was grown at 770  C and at 1130  C (InGaN was
grown at 770  C and GaN was at 1130  C). TMIn was
used as the In surfactant's precursor (TMIn was supplied
without TMGa and NH3 ). The cap layer was deposited
at a high temperature on top of the InGaN/GaN MQWs.
The surfactant time was changed from 0 to 30 s at a
growth temperature of 770  C. The number of well and
the thickness of the well were kept constant at 5 and 15

A, respectively and the thickness of the barrier was kept
constant at 85 
A.
HRXRD was used to determine the layer thickness and
the indium content by comparing the measured and the
simulated rocking curves. The photocurrents and the
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Fig. 1. HRXRD(0002) rocking curves of InGaN/GaN
MQWs.

Fig. 2. Photoluminescence spectra of InGaN/GaN MQWs
for versus surfactant times at room temperature.

photoluminescence were 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
quartz-tungsten halogen lamp was used as the photoexcitation light source. The photocurrent spectrum was
analyzed by using a 500-mm grating monochrometer.
The photocurrent signal was picked up with a lock-in
ampli er and then recorded using a computer. A bias
of 0.5 V was supplied by using a current source with a
Keithley 236 source measurement unit for the conductivity measurements.

corresponding to InGaN shifts away from the GaN substrate peak, as expected from the increasing lattice mismatch strain. In the case of InGaN/GaN MQWs, from
an analysis of the HRXRD satellite peaks, an increase
in compressive strain was observed with increasing surfactant time. From the position of the HRXRD peaks,
we could estimate the thickness of one period (barrier
and well). In principle, the average In composition of
the QW and the period could be determined from the
relative positions of the 0th and the higher-order peaks
in the HRXRD patterns. The period (P) is given by

III. RESULTS AND DISCUSSION

The structural properties of InGaN/GaN MQWs for
various surfactant times were investigated by using
HRXRD. Figure 1 shows that the HRXRD patterns for
the (0002) re ection from InGaN/GaN MQWs structures for di erent surfactant times. The strongest peak
in each HRXRD pattern is due to the GaN epilayer. In
the HRXRD pattern, InGaN satellite di raction peaks
are observed. The satellite peaks arise from the periodicity of the QWs. The observed well-de ned satellite
peaks imply a coherent periodicity of the InGaN/GaN
heterostructure and suggest the presence of abrupt interfaces. For instance, the separation between the main
peak (GaN) and the rst-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. With increasing surfactant time, the di raction of the satellite peak

P=

2(sin n

n

sin 0th )

(1)

where n is the order of the nth satellite peak, n is its
di raction angle and 0th is the angle of the 0th-order
peak. From the results of the HRXRD analysis for the
as-grown InGaN/GaAs MQWs, P is calculated as about
100 A. The In composition in the well layer was about
35 % and the well and the barrier widths were 15

A and 85 
A, respectively.
Figure 2 shows the room-temperature PL spectra for
InGaN/GaN MQWs with di erent surfactant 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 surfactant
time. With the results shown above, we suggest that
an improvement in the indium composition abruptness
is responsible for the interface improvement and for the
increasing wavelengths of the PL spectra peaks. Due to
the large di erence between the free binding enthalpies
of GaN and InN, indium surface segregation occurs during InGaN growth [1]. Indium surface segregation has
a great e ect on the indium composition pro le in InGaN/GaN QW structures along the growth direction.
Detailed studies have revealed two principal manifestations of surface segregation: (i) a delayed incorporation
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Fig. 3. Temperature dependence of the photoluminescence spectra of InGaN/GaN MQWs for versus surfactant times.

of indium into InGaN at the growth front of the well
layer and (ii) in penetration into the barrier layer after
the TMIn supply to the growth surface had been terminated. As a result, both interfaces of the InGaN/GaN
QWs have a gradual composition pro le. Introducing In
onto the GaN surface, just before the start of InGaN
growth, provides an In-surfactant layer on the subsequent InGaN layer. This will result in full incorporation
of indium from the start of the InGaN layer growth and
an improved of the abruptness of the inverted interface
[1].
Temperature-dependent PL measurements were carried out on the InGaN/GaN MQWs to investigate
exciton-localization e ect (ELE) as a function of the surfactant times. Based on the band-tail model, the temperature dependent emission energy can be described by
using the following expression [4,5]:

E (T ) = E (0)

T2

t+

2
;
KB T

(2)

The rst term describes the energy gap at zero temperature; and are known as Varshini's tting parameters.
The third term comes from the localization e ect, in
which  indicates the degree of localization e ect; i.e., a
large value of  means a strong localization e ect. KB is

Bolzmann's constant. In addition, this model is based on
the assumption of nondegenerate occupation; the above
expression is valid for the case of low excitation and temperatures over 70 K. For the temperature-dependent PL
measurement, a low excitation power was used.
As the representative case, Figure 3 shows the temperature dependence for with di erent surfactant times.
The emission energy decreases with increasing temperature up to around 100 K and then increases with further
increasing temperature up to about 130 K. After that,
the emission energy decreases with increasing temperature. Figure 4 shows the emission energy as a function
of temperature for di erent surfactant times.
Except for InGaN/GaN MQWs, a temperatureinduced blueshift of the emission energy appears at temperatures higher than 100 K, which is a ngerprint of
the ELE. The tting is made based on Eq. (2) in each
case and the tting parameters are given in Figure 4.
These parameters are obtained based on several samples
grown under identical conditions, yielding average values. In fact, the uctuation of the derived parameters is
very small, which means excellent reproducibility for our
samples. In Figure 4, the  value decreases with increasing surfactant time. The ELE increases with increasing
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Fig. 4. Temperature dependence of photoluminescence
peaks energies of InGaN/GaN MQWs for versus surfactant
times.

surfactant time [6].
For a more detailed analysis of the optical properties of
the InGaN/GaN MQWs, the 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 dicult to perform,
except for systems with many QWs. Alternative methods of probing the absorption spectrum are photocurrent
and photoluminescence excitation (PLE) spectroscopy
[7]. The absorption peaks observed from the photocurrent spectrum are attributed to electron-heavy-hole and
electron-light-hole sub-band transitions.
Figure 5 shows the room-temperature PC spectra
of InGaN/GaN MQWs plotted for di erent surfactant
times. Figure 6 shows the room-temperature PC and
PL spectral peak energies of InGaN/GaN MQWs for various surfactant times. It is also noted that the absorption
edge [8], as determined by the PC spectra, following the
PL peak, shifts to lower energy as the surfactant time is
increased. In the PC spectra, four additional transitions
related to the MQW 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 nite rectangular QW [9, 10]. The lowest energy peak is identi ed as
the fundamental e1 -hh transition (at 2.35 eV for the 0
s photocurrent spectrum). The second peak detected at
higher energy (at 2.63 eV for the 0 s photocurrent spectrum) is attributed to the e1 -lh transition. The third
peak detected at higher energy (at 2.90 eV for the 0 s
photocurrent spectrum) is attributed to the e2 -hh transition. The fourth peak detected at still higher energy
(at 3.25 eV for the 0 s photocurrent spectrum) is attributed to the e2 -lh transition. The fth peak detected

Fig. 5. Photocurrent spectra of InGaN/GaN MQWs for
versus surfactant times at room temperature.

at still higher energy (at 3.60 eV for the 0 s photocurrent spectrum) is attributed to the GaN transition. This
interpretation is based on the assumption that the light
and the heavy holes are con ned within the well in a
type-I band alignment.
A red-shift took place for all of the e1 -hh and e1 lh transition PC peaks with increasing surfactant time.
With the results shown above, we suggest that an improved indium composition abruptness is responsible for
the interface improvement and for the increasing wavelengths the PC spectra peaks. Due to the large di erence
between the free binding enthalpies of GaN and InN, indium surface segregation occurs during InGaN growth
[11]. Indium surface segregation has a great e ect on the
indium composition pro le in InGaN/GaN QW structures along the growth direction. Detailed studies have
revealed two principal manifestations of surface segregation: (i) a delayed incorporation of indium into InGaN
at the growth front of the well layer and (ii) in penetration into the barrier layer after the TMIn supply to the
growth surface had been terminated. As a result, both
interfaces of the InGaN/GaN QWs have a gradual composition pro le. Introducing In onto the GaN surface,
just before the start of InGaN growth, provides an Insurfactant layer to an subsequent InGaN layer. This will
result in full incorporation of indium from the start of the
InGaN layer growth and an improved of the abruptness
of the inverted interface [1].
Proposed mechanisms may be considered for the diffusion of In atoms in high-indium-content QWs. Meanwhile, the energy di erence between the PL peak and
the absorption edge decreases as the surfactant time is
increased. 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 uctuations and to
the quantum-con ned Stark e ect induced by the builtin internal eld due to spontaneous and strain-induced
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ve-period InGaN/GaN MQWs samples were grown at
770  C; then the surfactant was supplied for 10, 20 and
30 s. In the case of InGaN/GaN MQWs, from an analysis
of the HRXRD satellite peaks an increase in compressive
strain was observed with increasing surfactant time. The
photocurrent and the photoluminescence spectral peaks
were red-shifted with increasing surfactant time. We suggest that an improved indium composition abruptness is
responsible for the interface improvement and for the increasing wavelength of the spectra peaks.
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Fig. 6. Measured transition energies of InGaN/GaN
MQWs for versus surfactant times at room temperature.

piezoelectric polarizations in the InGaN QW system.
Wurtzite III-nitride quantum-well structures exhibit a
nonzero macroscopic polarization (spontaneous polarization) even in equilibrium due to their low-symmetry crystal structure [12]. Also, the piezoelectric constants being
much larger than those in most other semiconductors imply that small strains can produce unusually large electric elds in III nitrides. Also, the spontaneous and the
piezoelectric elds are comparable in magnitude.
Many researchers have reported on the spontaneous
and the piezoelectric elds in quantum-well structures
[12{16] and wider QWs are expected to have lower PL
energies, considering the quantum con nement e ect.
However, the observed much stronger well-width dependence of the PL peak energy can only be partially accounted for by the quantum-size e ect. The strong,
strain-induced piezoelectric eld due to the lattice mismatch between InGaN and GaN makes a signi cant contribution to this dependence. The PL intensity is also
seen to decrease signi cantly increasing with the well
width. This is another consequence of the piezoelectric
eld in the QWs. In wider QWs, the electrons and the
holes are more spatially separated due to the piezoelectric eld, leading to less overlap of the electron and the
hole wave functions and, hence, to a weaker oscillator
strength for the optical transition [11].

IV. CONCLUSION

The e ect of surfactant on the structural and the optical properties of InGaN/GaN MQWs grown by using metalorganic chemical vapor deposition were studied. We applied an In surfactant on the InGaN/GaN
MQWs for various surfactant times. For these studies,
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