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We report the observation of well-resolved A and B excitonic resonances in the reflectivity spectra of a
wedged GaN/AlGaN quantum well �QW� with 5% Al content in the barriers for different well thicknesses. For
the thicker well cases, the energy splitting between the A and B excitons is larger than the one found for bulk
GaN. However, the A-B exciton energy splitting decreases with decreasing well thickness, accordingly to the
delocalization of the electron and hole wave functions in very thin QWs, as supported by theoretical simula-
tions. Moreover, we used time-resolved photoluminescence measurements to investigate the recombination
dynamics of the two excitonic states demonstrating the existence of a thermodynamic equilibrium between the
two populations at a sample temperature of 10 K.
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I. INTRODUCTION

The field of III-nitride semiconductors has been the sub-
ject of an extensive number of studies over the past two
decades.1 Gallium nitride �GaN�, in particular, exhibits a
wideband gap ��3.5 eV at T=4 K� and luminescence prop-
erties that make it the leading material for UV-visible opto-
electronic applications. In fact, GaN and its related alloys are
nowadays successfully incorporated in devices ranging from
light emitting diodes that cover the entire visible spectrum to
state-of-the-art commercial data storage devices such as the
Blu-ray disk. Recently, a remarkable effort, driven by the
technological importance of spin-based electronics �so-called
spintronics�, has been devoted to the understanding of spin-
relaxation processes between all the excitonic features2,3

�called A, B, and C excitons�4 arising from the valence-band
splitting due to the crystal-field and the spin-orbit interac-
tions.

The interest in GaN/AlGaN quantum wells �QWs� was
sparked, among other things, by the increased exciton bind-
ing energy in these systems with respect to bulk GaN. In
fact, the exciton binding energy on the order of 45–50 meV
in low Al content narrow GaN/AlGaN QWs �Ref. 5� makes
these heterostructures an interesting choice for the realization
of UV lasers and polariton lasers6 operating at room tem-
perature. However, until recently, the lattice-mismatch-
induced strain and structural defects proved to be a great
challenge for the growth of these heteroepitaxial structures,
and the optical quality of the active QW region was still

much lower than that achieved for GaN epilayers. While for
bulk GaN the separate features of A, B, and C excitons have
been clearly observed in both reflectivity and photolumines-
cence �PL� measurements,7–9 effects such as the presence of
a strong internal electric field and the broadening of the
emission lines due to alloy composition fluctuations in the
barriers and/or interface roughness have long hindered the
observation of similar fine excitonic structures in GaN/
AlGaN QWs.10,11

In this work, we report the observation of the A �XA� and
B �XB� excitons in the low-temperature �T=10 K� reflectiv-
ity and PL spectra of a narrow-wedged high-quality
GaN /Al0.05Ga0.95N QW, for which we have previously ana-
lyzed the biexciton �BX� properties.12 The effect of quantum
confinement on the A-B excitonic splitting is investigated
and a model is used to account for its variation with the well
thickness. We also used time-resolved �TR� PL measure-
ments under nonresonant and XA resonant excitation to in-
vestigate the recombination dynamics of the two excitonic
states and their interaction.

II. EXPERIMENT

The single GaN QW was grown by metal organic vapor
phase epitaxy on a buffer layer consisting of a high-quality
3-�m-thick GaN template deposited on c-plane sapphire fol-
lowed by a 200-nm-thick Al0.05Ga0.95N layer. It was then
capped with a 50-nm-thick Al0.05Ga0.95N layer. A detailed
description of the growth process and optimization of the
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interfaces is provided in Ref. 13. The growth was conducted
so as to produce a thickness gradient of the well region
across the sample leading to an accessible thickness which
varies from 1.5 to 2.9 nm. As a result, the energy of the
exciton recombination can be efficiently tuned on the same
sample. Reflectivity measurements were performed using a
Xe lamp. Time-integrated photoluminescence measurements
were carried out under nonresonant excitation using the sec-
ond harmonic generation of a synchronously pumped dye
laser with 8 ps pulses at 300 nm with a repetition rate of 76
MHz. The collected light was detected by a silicon charge-
coupled device camera after dispersion through a 50-cm-flat
field monochromator. TR PL measurements were performed
using a mode-locked Ti:sapphire laser pumped by a continu-
ous wave Ar+ laser providing 1.2 ps pulses at a repetition
rate of 81 MHz. The second harmonic �350 nm� and third
harmonic �270 nm� of the Ti:sapphire laser have been used
for resonant and nonresonant excitations, respectively. The
PL was dispersed through a 30-cm-flat field monochromator
and detected by a streak camera apparatus with a 3 ps time
resolution. All measurements were performed at a sample
temperature of 10 K with the sample placed in a closed cycle
cryostat.

III. RESULTS AND DISCUSSION

In Fig. 1 we present the reflectivity �dotted line� and PL
�solid line� spectra taken at the same position on the sample
at T=10 K with XA at 3.533 eV. Even though a line shape fit
would be needed to extract the excitonic resonances in the
reflectivity spectrum, the comparison with the PL spectrum
shows a quite small �if any� Stokes shift between the reflec-
tivity and the PL resonances, denoting small localization ef-
fects. While prominent features can be observed for XA in
both reflectivity and PL, XB is quite visible in reflectivity
whereas it only appears as a shoulder on the higher energy
side of XA �marked by the arrow� in PL likely due to ther-
malization effects. The presence of the BX in the QW emis-
sion spectra has been discussed elsewhere.12 The features

visible on the low-energy side of the reflectivity spectrum in
Fig. 1 correspond to the A and B excitons of the GaN buffer
layer. Finally, the lowest energy PL band marked as Y in Fig.
1 is ascribed �by means of power dependence� to two inde-
pendent contributions, namely, the biexciton and the neutral
donor bound exciton14 of the GaN buffer layer, which spec-
trally overlap.

From the reflectivity spectrum displayed in Fig. 1, we
extract a 7.3 meV energy splitting between the A and B ex-
citons of the GaN buffer layer, a value which is consistent
with those found by other authors for GaN layers grown on
c-plane sapphire substrates.3,8,9 However, the value extracted
for the energy splitting between XA and XB corresponding to
the QW amounts to 9.1 meV, which is a clear indication of
the effect of quantum confinement on the energy splitting
between these two excitons.

In order to extract the variation in the energy splitting
between XA and XB with quantum confinement, we took ad-
vantage of the thickness gradient of the well region and we
acquired several reflectivity spectra at different positions
across the sample �Fig. 2�. As expected, the energy positions
of XA and XB increase with increasing quantum confinement
whereas the energies of the GaN buffer features �buffer� and
Al0.05Ga0.95N barriers �barrier� remain unchanged. This
proves that a change in quantum confinement is caused by a
change in the well width and not by a variation in the barrier
height �i.e., a variation in the Al content in the barriers�.

Figure 3 shows the energy splitting between XA and XB,
as extracted from the reflectivity spectra of Fig. 2, as a func-
tion of the energy position of XA �circles�. In the inset we
report the values of the XA binding energy ��EXA�, estimated
from the experimental data of the biexciton binding energy

FIG. 1. �Color online� Reflectivity �dotted line� and photolumi-
nescence �solid line� spectra taken at the same point of the
GaN /Al0.05Ga0.95N QW at T=10 K. On the higher energy side of
the plot, XA �XB� designates the A �B� exciton feature of the QW
while BX refers to the biexciton emission from the QW observable
only in PL. On the lower energy side of the plot, features of the
GaN buffer layer can be seen.

FIG. 2. Reflectivity spectra taken at different positions across
the well thickness gradient of the GaN /Al0.05Ga0.95N QW at T
=10 K. While the energies of XA and XB vary, the features corre-
sponding to the GaN buffer layer �buffer� and Al0.05Ga0.95N barriers
�barrier� remain unchanged. The spectra are shifted in intensity for
the sake of clarity.
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as discussed in the next paragraph and a linear fit to the data.
The clear enhancement of the energy splitting between the
two excitons, with respect to the value of 7.3 meV measured
in the GaN buffer layer, is attributed to the presence of quan-
tum confinement in our QW and to the smaller in-plane mass
of the light holes �XB� with respect to the heavy holes �XA�.
The impact of quantum confinement is stronger for XB which
has an energy state higher than XA hence the increase in the
energy splitting from 7.3 meV measured for our GaN buffer
layer up to around 10 meV measured for the thicker well
case ��2.9 nm� achieved in our wedged sample. Ideally, for
carriers in a QW with infinite barriers, if one could neglect
the influence of the strain, built-in field and excitonic effects,
the XB-XA energy splitting should increase with increasing
confinement �i.e., when reducing the well width�. However,
in our case, a decreasing energy splitting between XA and XB
is observed showing that other important effects play a major
role.

We calculated the theoretical energy splitting between XA
and XB by using the TIBERCAD simulation tool.15,16 In our
calculations a strain model based on the continuous elasticity
theory is applied,17 which allows to include the effects of
strain, piezo, and spontaneous polarization fields in the Pois-
son equation. Surface states have been taken into account by
imposing a Fermi level pinning boundary condition to the
AlGaN layer. Strain is calculated taking into account that the
GaN /Al0.05Ga0.95N heterostructure is grown on a GaN epil-
ayer which exhibits a residual compressive stress of a few
kilobar. By fitting the experimental value for the A exciton
recombination �3.49 eV� of the GaN buffer epilayer we find
a value of 3.7 kbar for this residual stress, which is then
included in the simulation. The Al content in the barrier �xAl�
has been fitted in order to reproduce the experimental value
of the XA transition �3.57 eV� of the AlGaN layer, yielding
xAl=4.5%. The resulting conduction band offset �CBO� is 56
meV and the valence-band offset �VBO� is 24 meV if we
consider a standard CBO to VBO ratio of 70:30. The con-
finement energy for electrons and holes are resolved, includ-

ing in a self-consistent way the effects of strain, piezo, and
spontaneous polarization fields, by using an eight-band k ·p
calculation18 with the parameters reported in Ref. 19. The
model includes both effects of strain and built-in self-
consistent electric field in the Hartree approximation. The
exciton transition energy is calculated as EX=Ec−Eh−�EXA,
where Ec and Eh are the eigenenergies of the confined elec-
tron and hole states, respectively. The calculations do not
include excitonic effects but we can estimate the exciton
binding energy contribution �EXA from the experimental
data presented in Ref. 12. From these data, and assuming for
the Haynes factor20 f =�EBX /�EXA a value equal to 0.228,
we can obtain the exciton binding energy as a function of the
exciton emission energy, reported in the inset of Fig. 3. Note
that �EXA spans from 20 to 40 meV for the investigated QW.

The result of the simulation, assuming in a first approxi-
mation that the binding energies are the same for the two
lowest transition energies �A and B excitons�, is reported as a
full line in Fig. 3. Simulated results reproduce nicely the
experimental value of the XB-XA energy splitting of around
10 meV measured for the thicker well case ��2.9 nm�
achieved in our wedged sample. Quantitatively, the variation
in the theoretical splitting between XA and XB was found to
be on the order of 3% when changing the CBO to VBO ratio
between 75:25 and 68:32. We also note that for large quan-
tum wells the energy splitting does not decrease toward its
bulk value. This is due to the polarization-induced electric
field which confines carriers, pushing electron and hole states
toward opposite well edges. However, the theoretical predic-
tions, in contrast with the experimental data, show a very flat
dependence of the energy splitting between XA and XB with
the QW thickness for the thicker well widths whereas for
very small well widths a rapid decrease in the splitting is
observed. This quick decrease in the XB-XA splitting in the
simulated data, when decreasing the well thickness, is due to
the fact that while the energies of both XA and XB increase,
XB approaches the barrier limit before XA does so that the
electron and hole wave functions for XB are more sensitive to
delocalization effects outside the well region making the
overall energy enhancement due to the increase in quantum
confinement smaller than for XA.

As the theoretical calculations include all possible effects
for the band to band transitions, we therefore conclude that
the almost linear decrease in the experimental value of the
energy splitting between XA and XB has to be ascribed to an
excitonic effect. In particular, the hypothesis that the exciton
binding energy is the same for the two lowest transition en-
ergies �A and B excitons� is rather crude. For instance, it is
well known that in the case of GaAs QWs the heavy hole
exciton has a smaller binding energy than the light hole
exciton.21 The XB binding energy ��EXB� can be estimated
by considering the fact that in a hydrogenlike atom model,
the Rydberg constant is proportional to the electron-hole-
reduced mass, both for three-dimensional and two-
dimensional excitons.22 From the calculated in-plane disper-
sions we used a theoretical simulation to estimate the
effective masses of electrons �me�, heavy �mhA�, and light
�mhB� holes in the QW. The results are me=0.205m0, mhA
=0.45m0, and mhB=0.51m0, where m0 is the free electron
mass. Note that in the QW plane the heavy hole mass is

FIG. 3. �Color online� Energy splitting between XA and XB of
the GaN /Al0.05Ga0.95N QW as a function of the A exciton energy
position �circles� as deduced from the reflectivity spectra in Fig. 2;
the error bars refer to the experimental resolution. The theoretical fit
to the experimental data for identical �different� XA and XB exciton
binding energies is shown as a full �dashed� line. The XA exciton
binding energy estimated as described in the text and a linear fit are
displayed in the inset.
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smaller than the light hole mass, a result that is similar with
the findings on GaAs QWs.21 Finally, �EXB is obtained by
scaling the experimental estimation for the A exciton binding
energy �EXA �full line in the inset of Fig. 3� by the ratio of
the reduced masses �EXB=�EXA��B /�A�. After recalculat-
ing the XB transition energy we evaluated the energy splitting
between XA and XB and the result is displayed as a dashed
line in Fig. 3. It can be seen that this last theoretical curve,
which includes excitonic effects, is in very good agreement
with the experimental data.

Let us now discuss the recombination kinetics. In Fig.
4�a� we present TR PL spectra �corresponding to a point on
the sample where the energy of the XA recombination band is
�3.527 eV� obtained using a time window of 30 ps and an
incident power density of 80 W /cm2. In order to reduce the
stray light in the TR PL measurements, especially relevant at
short delays after the laser pulse, we used a slightly more
nonresonant excitation ��exc�270 nm�. The XB recombina-
tion is clearly visible as a shoulder on the higher energy side
of the spectra, approximately 10 meV above the XA band, a
value estimated from reflectivity. It is also clear that the two
excitons exhibit longer recombination times than the BX
band which appears to decay faster.12

In order to deduce the XB intensity at each time step, we
subtracted an exponential tail that fits the shoulder of XA
from each of the TR PL spectra displayed in Fig. 4�a�, as
illustrated in the inset of Fig. 4�b�. We point out that a back-

ground was added to the fitting of the exponential tail to
account for the background signal in the PL spectra. The
spectra resulting from this subtraction procedure are pre-
sented in Fig. 4�b�. Despite the crudeness of our fitting pro-
cedure, we consider that the obtained TR PL bands give a
fairly good estimate of the time evolution of the XB recom-
bination since its position and line broadening ��5 meV�
are similar to those observed in reflectivity.

The time dependence of XB intensities extracted from Fig.
4�b� is reported in Fig. 5 in semilogarithmic scale �squares�.
An exponential decay fit �line� yields a 190 ps ��30 ps�
lifetime for the B exciton recombination band.23 In Fig. 5 we
also report the decay profile of the XA band for comparison,
which is found to have a lifetime of 230 ps ��5 ps� at this
position on the sample, using an exponential decay fit. The
similar decay times of the two exciton populations denote
similar recombination kinetics. This can be attributed either
to almost identical recombination kinetics of two noninter-
acting states or to the presence of an efficient population
exchange between the two states. In order to gain further
insight on this issue, additional PL measurements have been
carried out using resonant excitation at the absorption energy
of the A exciton in the QW. In the case of identical recom-
bination kinetics of two noninteracting states we expect to
observe, under resonant excitation, only the recombination
from the A exciton. On the contrary, in the case of efficient
population exchange, the XB states must be populated by the
photogenerated XA excitons which acquire the XB-XA energy
difference through phonon absorption, resulting in an anti-
Stokes PL emission. The comparison between resonant �full
line� and nonresonant �dotted line� TR PL spectra is pre-
sented in the inset of Fig. 5, normalized to the XA peak
intensity. The PL spectra were taken 200 ps after the excita-
tion pulse in order to avoid contributions from the laser and
resonant Rayleigh scattering, and were integrated over a time
window of 250 ps. The emission from the AlGaN barrier is
visible at high energy in the nonresonant spectrum while it is
obviously missing in the resonant PL spectrum. The very
good overlap between the QW emission lines for the non-

FIG. 4. �Color online� �a� TR PL spectra �in semilogarithmic
scale� of the GaN /Al0.05Ga0.95N QW with a time window and time
steps of 30 ps taken at 10 K under nonresonant excitation with the
laser at �270 nm, using an incident power density of 80 W /cm2.
�b� TR PL spectra of the XB recombination band extracted from Fig.
4�a� following the subtraction procedure illustrated in the inset �see
text for details�.

FIG. 5. �Color online� Decay profiles �in semilogarithmic scale�
of the XA �line� and XB recombination bands �squares� and their
respective exponential decay fits �straight lines�. Intensities are
shifted for the sake of clarity. The inset presents spectra acquired
200 ps after the excitation pulse using a time window of 250 ps for
nonresonant �squares� and XA resonant �line� excitations with inten-
sities normalized to the XA peak.
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resonant �squares� and XA resonant �line� spectra shown in
the inset of Fig. 5 supports the hypothesis of an efficient
population exchange, not only in the energy relaxation path
but also in the up-conversion energy channel. Together with
the similar lifetimes found for the two excitonic states, this
demonstrates the presence of a thermodynamic equilibrium
between the two populations.

IV. CONCLUSION

In conclusion, the remarkable observation of the B exci-
ton recombination band in both reflectivity and PL in a
GaN /Al0.05Ga0.95N QW was made possible by its high opti-
cal quality, resulting in a small inhomogeneous broadening
of the excitonic transitions and a reduced influence of the
quantum confined Stark effect. Low-temperature reflectivity
measurements performed on this GaN /Al0.05Ga0.95N QW
show an enhancement of the energy splitting between the A

and B excitons, with respect to a bulk GaN layer, due to the
presence of quantum confinement. However, with reducing
the well width, the effect of the finite barriers causes a larger
delocalization of the electron and hole wave functions of XB,
and, consequently, a reduction in the energy splitting be-
tween XA and XB, in very good agreement with theoretical
simulations. Nonresonant and XA resonant excitation PL
measurements reveal that the XA and XB bands share similar
recombination kinetics, as well as similar population distri-
butions, indicating the existence of a thermodynamic equi-
librium between the two states at a sample temperature of
10 K.
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