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Peak splitting in the low temperature photoluminescence �PL� spectra of c-plane InGaN/GaN single
quantum well samples was observed. For the k �c configuration, the splitting peaks show a variation
in relative intensity as the excitation power is tuned. For the k�c configuration, a strong
polarization dependence of the luminescence distribution and intensity was spotted. The PL spectra
was analyzed with a calculation model based on the k ·p effective mass theory, and the splitting
peaks were identified as free-exciton transitions between the conduction subband C1 and two groups
of valence subbands, the �HH1 ,LH1� and the �HH2 ,LH2 ,CH1�, respectively. © 2008 American
Institute of Physics. �DOI: 10.1063/1.3007985�

GaN and InGaN have attracted considerable interests for
the applications in the blue-green light emitting diodes
�LEDs� and the laser diodes since their first realization.1,2 In
order to understand the light emission dynamics of the GaN
based materials, much work has been done to analyze the
emission spectra, including studying the polarization depen-
dent optical properties of each valence band in a bulk GaN
crystal.3–6 However, very few reports on the observation of
the fine valence band structure in that of an InGaN/GaN
quantum well �QW� sample have been addressed so far,7

which leaves the band structure and the optical properties of
the InGaN/GaN QW an open question. The reported splitting
peaks spotted in the photoluminescence �PL� spectra8,9 vary
both in the peak position and in the relative strength, and
they were not attributed to the fine valence subband emis-
sions. The lack of such reports is mainly due to the complex-
ity in the mechanism of the optical transitions in the nitrogen
containing materials, which are always under the influence of
the strain induced polarization. Also they are sensitive to
many parameters.10 Studying the valence band structure and
the optical properties of the InGaN/GaN QW samples is of
great importance since it helps to understand the light emis-
sion mechanism and the material properties. Thus it is in-
dicative to both material growth and device designing.

The sample used in this work was grown by the
metal organic vapor phase epitaxy on a �0001� sapphire
substrate. The epitaxial structure consists of a 3-�m-thick
GaN bulk layer on top of a GaN nucleation layer, a strained
single InGaN/GaN QW deposited at about 740 °C, and a
10-nm-thick GaN capping layer. The well structure is nomi-
nally 1.4 nm In0.15Ga0.85N /1.6 nm In0.23Ga0.77N /1.4 nm
�In0.15Ga0.85N, whose strain was controlled by optimizing
the growth conditions. The stepping band profile was specifi-
cally chosen because we assume it could incorporate more
subbands of QWs into the light emission based on the theo-
retical simulation, and at the same time avoid growing a
broad well, which is known to be detrimental to the quantum
efficiency. To measure the PL spectra, the sample was
mounted onto the cold finger of a close-loop helium cryostat,

and a 325 nm He–Cd laser with a maximum cw power of
25 mW was used as the source.

In the experiment scheme, we employed both the k �c
and the k�c configurations by rotating the sample stage to
different directions. A polarizer was used to switch between
the E �c �TE mode� and the E�c �TM mode� emissions. A
depolarizer is used to eliminate the polarization dependence
of the spectrometer’s sensitivity.11,12

Figure 1�a� shows the low temperature �10 K� PL spectra
measured for the k �c configuration. No polarization depen-
dence was observed for this configuration. The linewidth of
the dominant band-edge emission peak of the InGaN QW
sample is estimated to be about 35 meV, which is among
the narrowest PL peak linewidths reported so far for the
InGaN QW samples with a commensurate emission peak
wavelength.13,14 As is clearly resolved in Fig. 1�a�, the domi-
nant InGaN peak splits into two components, denoted as the
peak �1� and the peak �2� free-exciton �FX� transition. On the
lower energy side, there are a series of electron-longitudinal
optical �LO� phonon coupling replicas with an equal spacing
of about 90 meV.15 It is interesting to notice the variation in
the relative intensity of the peak �1� and the peak �2� emis-
sion lights measured under different excitation powers. Un-
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FIG. 1. The measured PL spectra for �a� the k �c configuration and �b� the
k�c configuration at 10 K. The splitting main peaks are marked as P�1�,
i.e., the peak �1� FX transition, and P�2�, i.e., the peak �2� FX transition.
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der excitations below 13 mW, the peak �2� FX transition is
strong and is rising fast. However, under high excitations
where the blueshift is significant, the intensity of the peak �1�
FX transition becomes greater than that of the peak �2� tran-
sition. For the reasons to be given later in this letter, we
assume that the peak �1� emission is due to the C1-HH1 and
the C1-LH1 FX transitions together, and the peak �2� emis-
sion is due to the C1-HH2, the C1-LH2, and the C1-CH1 FX
transitions together. Here C, HH, LH, and CH mean the con-
duction band, the heavy hole, the light hole, and the crystal-
field split hole, respectively. The subscript n means the nth
subband.

The result of the PL measurement in the k�c configu-
ration is plotted in Fig. 1�b�. The splitting peaks of the emis-
sion are still discernable for the E�c polarization, whereas
the peak �1� FX transition with a lower energy vanished for
the E �c polarization. This reveals that the peak �1� FX tran-
sition is mainly TE polarized, while the peak �2� FX transi-
tion contains both TE and TM polarized components.

Also seen in Fig. 1�b� is that the intensity of the emission
is strongly polarization dependent. The polarization degree is
depicted and compared with the calculation result later in
Fig. 3�c�. Here the polarization degree is defined as

� =
I� − I�

I� + I�

, �1�

where I� and I� are the spectrally integrated PL intensities of
the E�c and the E �c polarizations, respectively.11

The QW sample with double barriers used in this work
was modeled with the basis-function expansion method
within the k ·p theory.16–19 The band parameters used in this
letter could be found in the references.20–24 Figure 2 shows
the transition energies at zone center versus the effective
electric field. Transitions with the lowest energies are
C1-HH1, C1-LH1, C1-HH2, C1-LH2, and C1-CH1. The
C1-HH1 and the C1-LH1 transitions are very close in band-
edge energy, with an energy gap of only 10 meV, which is
much smaller than the PL linewidth of each individual emis-
sion. As a result, they should appear as one single peak in the
PL spectra. And we denoted them collectively as the group
�1� transitions. On the other hand, the C1-CH1, the C1-HH2,

and the C1-LH2 transitions are very close to each other. Thus
they are denoted collectively as the Group�2� transitions. It
should be noted that the actual effective electric field in the
QW area is induced by the piezoelectric polarization and is
affected by the carrier screening, which make the effective
electric field hard to determine precisely.25 The published
value varies dramatically for different samples with different
structures.25–28 Coarse estimations of the electric fields in our
experiments are 1.0, 0.9, and 0.8 MV/cm for the excitation
power of below 1.5, 13, and 23 mW, respectively. The mea-
sured peak positions are depicted as scatter triangles and
circles in Fig. 2. We can see a good fit between the transi-
tions of subband groups and the measured peaks.

Figures 3�a� and 3�b� depict the calculated momentum
matrix elements at the zone center versus the effective piezo-
electric field for the E�c �TE mode� and the E �c �TM
mode� transitions, respectively. Based on our assumption, the
difference in the polarization states of the two splitting peaks
observed in Fig. 1�b� could be explained through this figure.
The group �1� emission is composed of the C1-HH1 and the
C1-LH1 transitions both of which have strong TE mode but
weak TM mode matrix elements as shown in Fig. 3. Thus it
is dominantly TE polarized. On the other hand, the C1-HH2
and C1-LH2 FX transitions also have significant TE mode
matrix elements, while the C1-CH1 transition has a strong
TM mode matrix element. Thus the group �2� emission in-
cludes both TE and TM components. This is understandable
considering the different origins of the valance bands from
the atomic orbitals.12,29 The drastic relative intensity varia-
tion between the C1-LH2 and the C1-CH1 is caused by the
subband mixing.

The polarization degree was calculated within this theo-
retical framework by

� =
�n

Px
C1−VBn − �n

Pz
C1−VBn

�n
Px

C1−VBn + �n
Pz

C1−VBn
, �2�

where Px and Pz are the x �TE� and the z �TM� components
of the momentum matrix element, respectively. VBn refers to
the HH1, LH1, HH2, LH2, and CH1 subbands. The calculated
polarization degree is shown as an insert in Fig. 3�c�. The
measured polarization degrees are also shown in this figure

FIG. 2. The calculated transition energies at the zone center vs the electric
field in the InGaN/GaN QW. Both the measured peak positions and the
calculated result are depicted. The reference energy is set at Ev

0 of an un-
strained GaN material.

FIG. 3. The calculated �a� TE and �b� TM mode momentum matrix elements
squared for the transitions between the conduction subband C1 and the top
valence subbands in the InGaN/GaN QW. The inset �c� depicts the measured
and the calculated polarization degree �.
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as scatter dots. The good accordance again testifies our as-
sumption that the splitting peaks observed in the PL spectra
are due to the different valence subband FX transitions.

The variation in the peak �1� and the peak �2� emission
intensities could also be interpreted. As is resolved in Fig.
3�a�, the matrix elements of the �n=1 transition under the
electric field around 1.0 mV/cm surpasses that of �n=0 tran-
sitions. Here it is the electric field that breaks the even sym-
metry of the square well potential, causing a significant de-
crease in the �n=0 transition rate and making the �n=1
transitions possible. In addition, according to the reported
results,30,31 the HH2 and the LH2 subbands could have a
larger density of states than the HH1 and the LH1 subbands
along the transverse direction. As a result, with the excitation
power increased, it is possible for the peak �2� emission to
rise fast and be relatively stronger. However when the exci-
tation is tuned even higher, the blueshift becomes significant,
which means the carrier screening becomes stronger. Thus
the effective electric field is reduced along with the strength
of the �n=1 transition. As a result the relative intensity of
the peak �2� emission should be suppressed, as observed in
Fig. 1�a�.

Also resolved in Fig. 1�a� is that the peak �1� FXs have a
stronger coupling to the optical phonon in the QW sample.
This is probably due to the different spatial distributions of
different QW subbands. According to a recent research, the
QW subband 1 FX has the greatest overlap between the pho-
non mode and the envelop function among all the subbands,
hence it should have the most significant LO coupling.32

In conclusion, we have performed an analysis of the
splitting peaks observed in the low temperature PL spectra of
the InGaN/GaN single QW sample. Different configurations
were employed in the PL experiment to measure the lumi-
nescence under different polarization directions. Calculation
of the valence subband energies and the optical properties in
the InGaN/GaN QW structure was carried out. The analysis
provided a good interpretation of the splitting structure in the
PL spectra, and the origin of the splitting peaks was accord-
ingly identified.
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