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The dependence on exciton density of the interwell coupling scheme in a series of InGaN/GaN symmetrical
double quantum wells (DQWs) with varying central barrier width was observed. Continuous-wave photolu-
minescence (cw-PL) and time-resolved photoluminescence (TRPL), measured at low temperature (6–13 K),
allowed us to examine the competition between three optical recombination channels, namely, the recombination
of (i) intrawell excitons (DXs), (ii) interwell indirect excitons (IXs), and (iii) presumably coupled well excitons
(CWXs), built of electron and hole wave functions that are widely spread over the entire DQW structure. We
demonstrate a rather abrupt switching effect that relies on the actual exciton density in the system. In cw-PL
experiments as a function of the pumping laser power, this switching is characterized by a threshold laser power
density above which we observe (i) a significant change of slope of both the power-dependent blueshift and
intensity of the ground-state exciton and (ii) the appearance of higher-energy optical emissions. In TRPL, as the
PL intensity decays with time, both these effects are visible but in opposite direction, including the PL intensity
transfer from the higher-energy state to the ground state. The observed switching is assigned to a change of
the dominant excitonic recombination regime: at low pumping densities the dominant emission arises from
the extremely long-lived IX, whereas above threshold the dominant emission corresponds to DXs or CWXs,
depending on the barrier width. The threshold power density (or threshold time for TRPL) presents a clearly
exponential dependence upon the width of the central barrier, which demonstrates the role of carrier tunneling
in the overall switching process. The comparison of IXs in nitride QWs with bias electric-field induced IXs
in GaAs/AlGaAs DQWs shows that the spectral blueshifts are a few times larger in the former structures.
This enhancement originates from the built-in electric field in group-III nitrides, which has truly microscopic
character. Moreover, it is argued that the presence of the potential fluctuations due to alloy disorder and the
fluctuations of the coupling barrier width have only a secondary effect on the observed switching.

DOI: 10.1103/PhysRevB.98.165302

I. INTRODUCTION

In recent years, indirect excitons (IXs) in the
GaAs/AlGaAs semiconductor system have emerged as highly
interesting objects for fundamental studies like Bose-Einstein
condensation [1–4], but also as the basis for the design of
excitonic devices [5–7].

A coupled quantum well (CQW) system is formed by two
either identical or different QWs separated by a potential
barrier narrow enough to allow carrier tunneling. In such a
case, the wave functions originating from one QW extend
into the other QW, which means that the electron or hole
lies in both QWs simultaneously, but with different quantum
probabilities.

In QW systems, optical emission is usually due to the re-
combination of excitons, i.e., electron-hole (e-h) pairs bound
by Coulomb attraction. In the case of identical QWs (Fig. 1),
if the barrier between the wells is wide enough [Fig. 1(a)],
an exciton can only be formed by an electron and a hole

within the same well, and we will therefore call it a direct
exciton (DX). If the barrier is thin enough to create a CQW
system, two situations can occur, depending on the general
band profile of the structure [Figs. 1(b) and 1(c)]. If the overall
profile of the CQWs is “flat” (no electric field applied), the
resonance between the coupled wells induces the splitting
of the ground states of electron and hole into the symmetric
and antisymmetric combinations. In that case, the Coulomb
attraction binds an electron and a hole having wave functions
extended over the entire structure [Fig. 1(b)], constituting
what we will call a coupled well exciton (CWX).

If the coupled wells are set out of resonance by, say, an
electric field [Fig. 1(c)], then the Coulomb attraction binds an
electron confined in one QW with a hole confined in the other
QW: the resulting exciton is called a spatially indirect exciton,
or simply an IX. In this case, there still remains the possibility
of optical transitions involving electron and hole states in the
same well, namely, DXs [Fig. 1(c)].
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FIG. 1. Definition of excitons in double quantum wells: (a)
distant QWs, (b) coupled QWs, and (c) coupled QWs in electric
field, F. Abbreviations SS and AS correspond to symmetric and
antisymmetric extended states, respectively.

In the widely studied CQW structures based on cubic
semiconductors (mainly GaAs/AlGaAs), IXs were formed by
applying an external electric field perpendicular to the QW
planes (see, e.g., Refs. [8–10]). However, due to the relatively
small exciton binding energy in arsenide compounds, the
practical realization of excitonic devices operating at room
temperature seems to be questionable.

The binding energy of excitons in InN, GaN, and
AlN binary compounds is about 20, 30, and 60–70 meV,
respectively [11–13]. Therefore, due to the large exciton
binding energy, heterostructures such as GaN/AlGaN and
InGaN/GaN are much more suitable candidates than arsenide
QWs for the study of IXs. Excitons in nitride QWs can be
stable over a wide temperature range (even >100 K), when
created by excitation with a moderate laser power [14]. At
high temperature and/or excitation power, excitons dissociate,
experiencing Mott transition into e-h plasma. The latter takes
place in a gradual way for carrier concentrations higher than
about 1012 cm−2 in QWs, and temperatures in the range of
4–150 K [15].

On the other hand, polar wurtzite InGaN/GaN and
GaN/AlGaN QWs are characterized by large internal electric
fields directed along the c (0001) direction [16–22], due to
the difference in spontaneous and piezoelectric polarization
between the well and the barriers. Due to its differential na-
ture, the electric field has opposite sign in the well and barrier
materials. Nevertheless, Fig. 1(c) can be used with the purpose
of qualitative description of a CQW structure based on polar
nitrides at zero bias. The states of the two adjacent QWs are
clearly out of resonance. Both IX and DX excitons coexist,
but the dominant transition in photoluminescence (PL) exper-
iments will be the recombination of the ground state, the IX.

Our paper investigates aspects of the physics of CQWs
related to the intense polarization fields in group-III nitrides.
The built-in electric field in group-III nitride QWs at zero bias
is in the range of megavolts per centimeter [23–28], stronger
by orders of magnitude than the external electric field applied
experimentally to GaAs/AlGaAs QWs to bring the structure
out of resonance (in the kilovolt per centimeter range). As a
consequence, the redshift of indirect excitons in nitride CQWs
can be of a few hundred meV, whereas for GaAs/AlGaAs
this shift is below 20 meV. Furthermore, in nitrides, the

compensation of the electric field to obtain flat-band CQWs
can be obtained not only by biasing the structure but also
by the screening of the built-in fields by locally introduced
carriers and excitons.

Most of the previous exciton studies in polar wurtzite
InGaN/GaN and GaN/AlGaN multiple QWs have been per-
formed in structures with relatively thick barriers separating
the QWs (see, e.g., Refs. [12,13,21–27]). Therefore, the ob-
servations concerned excitons formed within individual QWs.
Nevertheless, it should be noted that, in the case of wide-
enough single QWs (>3 nm, typically), the strong built-in
electric field in such QWs causes a significant quantum-
confined Stark effect (QCSE) [18,20]. The QCSE leads to the
separation of electron and hole wave functions, decreases the
emission energy, increases the radiative lifetime [22,24,25] up
to several tens or hundreds of microseconds, and produces
what was called “naturally indirect” excitons [26,27], with
strong permanent dipole moments along the QW growth axis.

Some consequences of this dipolar character in
AlGaN/GaN QWs have been reported very recently, with
IXs formed in GaN QWs with a width of 6–8 nm, containing
or not a one-monolayer-thick AlGaN barrier [26,27]. The
intrinsic dipole moment caused in nitride QWs by the
large QCSE induces a sufficient repulsive force between
IXs to drive their effective transport along the QW plane
over large distances (tens of micrometers) and up to high
temperatures. The extremely long decay times of those IXs
are a crucial ingredient for such long-range transport, boding
well for the future realization of condensates of strongly
interacting excitons in designed traps. With this perspective,
the main aim of the work in Ref. [26] was a comparison
of the exciton transport in identical AlGaN/GaN structures
grown on sapphire and on bulk GaN substrates. Due to the
drastic reduction of defect density achieved in the latter
structures, and the very long exciton lifetimes, it was possible
to demonstrate exciton transport up to room temperature [26].

On the other hand, if the nitride QW is narrow enough (e.g.,
2.6 nm), the field-induced e-h separation remains relatively
small. Therefore, in the following, whenever an intrawell
exciton is encountered, we consider it as a DX. In the present
paper, we use description “IX” only for e-h separated by
barriers. A crucial characteristic of such IXs is their very long
recombination time. One consequence is the possibility, even
for moderate laser excitation intensities, to accumulate large
densities of IXs, which can lead to the screening of the built-in
field. Asymptotically, the system can switch from an out-
of-resonant situation, where IXs are the dominant transition,
to a near flat-band configuration very similar to Fig. 1(b),
dominated by recombination of CWXs.

In this paper, we have exploited the possibility of con-
trolling the exciton character in InGaN/GaN CQWs. In order
to produce IXs with varying characteristics, we grew double
InGaN/GaN QWs with different barrier widths. We could
therefore examine the conditions for the practical realiza-
tion of coupling between two identical InGaN/GaN QWs,
by use of low-temperature continuous-wave PL (cw-PL) and
time-resolved PL (TRPL) measurements. In these samples,
similarly to GaN/AlGaN QWs, large internal electric fields
are caused by spontaneous and piezoelectric polarization. We
could determine the critical central barrier width above which
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TABLE I. Geometrical characteristics of the QW samples used
in this paper.

QW width Number Barrier width
Sample (nm) of QWs (nm)

A 2.6 1
B 5.2 1
C1 2.6 2 4.16
C2 2.6 2 2.08
C3 2.6 2 1.04
C4 2.6 2 0.78
C5 2.6 2 0.52
C6 2.6 2 0.26–0.52

the QWs can be considered uncoupled, thus inducing only
DX recombination. Then, in CQWs, we addressed the above-
mentioned possibility of screening the internal electric fields
by varying the laser power density in cw-PL experiments. As
a result, we could observe and analyze in detail the switching
between the regimes dominated, respectively, by IX and CWX
recombination. In the case of TRPL, the evolution of the PL
spectra with time after the excitation laser pulse describes the
continuous, time-dependent reduction of the screening of the
internal electric field [25].

When working with InGaN QWs, it is important to take
into account the effect of the potential fluctuations usually
present in such structures [12,13,21]. In our paper, potential
fluctuations can be caused by both alloy disorder and by a
variation of the width of the coupling barrier. In our operation
conditions, these fluctuations are expected to be widely satu-
rated by optically injected carriers. In this paper, we discuss
the validity of this assumption and calculate the magnitude
and potential effect of potential fluctuations in our samples.

II. SAMPLES AND METHODS

The set of samples studied in this paper consists of eight
structures grown by plasma assisted molecular-beam epi-
taxy (MBE). Their respective characteristics are gathered in
Table I. They were all deposited on bulk GaN substrates with
a 2-μm-thick GaN:Si buffer layer and a 40-nm In0.02Ga0.98N
buffer layer. Each sample comprises either single [Fig. 2(a)]
or double [Fig. 2(b)] In0.17Ga0.83N QWs. The targeted width
of all QWs was 2.6 nm, except for sample B (5.2-nm width).

FIG. 2. Sketches of the studied In0.17Ga0.83N/In0.02Ga0.98N QWs
of this paper. (a) Single QWs (samples A and B). (b) Double QWs
(samples C1 to C6).

The width of the undoped In0.02Ga0.98N barriers separating
the QWs was varied between 0 and 4 nm and all samples were
capped by 20-nm-thick undoped In0.17Ga0.83N barriers. Intro-
ducing a small amount of indium into the barriers results in
much higher structural quality of interfaces between barriers
and QWs in comparison to GaN barriers.

After the growth, the samples were analyzed by high-
resolution x-ray diffraction (XRD), transmission electron mi-
croscopy (TEM), continuous-wave photoluminescence, and
time-resolved photoluminescence. The XRD and TEM mea-
surements showed that, with an accuracy of 1 ML (0.26 nm)
and ±1% of In content, the parameters of both QWs and
barriers separating them agreed with the targeted values.

It is worth noting that sample C5 was grown intentionally
with a central barrier of two atomic monolayers (2 MLs ≈
0.52 nm), whereas the targeted barrier width for sample C6
was 1 ML. However, TEM studies revealed clear fluctuations
of the latter barrier width between 0.26 and 0.52 nm.

The cw-PL spectra were measured at 13 K with nonreso-
nant excitation laser Lasos DPSSL (wavelength of 320 nm,
3.87 eV). A maximum power of 20.4 mW on the sample
surface was used, on an estimated area of 38.5 μm2, there-
fore with an estimated maximum power density of around
53 kW/cm2, i.e., ∼0.9 × 1023 photons/(s cm2). For tuning
the laser power, an attenuator was used, enabling collection of
spectra down to a minimum laser power of 0.4 μW (1 W/cm2,
i.e., ∼0.16 × 1019 photons/(s cm2)). However, depending on
the PL intensity, in some samples reliable spectra could be
obtained only for higher laser power densities than that of
minimum power.

The TRPL of the samples was measured using a Hama-
matsu streak camera. The samples were excited by the third
harmonic of a pulsed Ti:sapphire laser (selected excitation
wavelength was 300 nm) with repetition frequencies in the
0.04–80-MHz range, using a pulse energy of 0.2–10 pJ,
corresponding to an average laser power of 0.02–100 μW and
time-averaged power density 0.1−500 W/cm2. Typically for
a pulse energy of 1 pJ the energy density is of 5 μJ/cm2,
corresponding to 8 × 1012 incident photons/cm2/pulse (i.e.,
∼6 × 1020 photons/(s cm2) at 80 MHz)

The band structure and electronic levels were calculated
using the NEXTNANO software [29], with the parameters listed
in Table II. Parameters for InxGa1−xN ternary alloys are
generally obtained by linear interpolation between GaN and
InN. Bowing parameters were only used for the calcula-
tion of the band-gap energy (b = 2.1 eV [30,31], applied to
the conduction band) and the spontaneous polarization (b =
−0.038 C/m2 [32]). The Schrödinger-Poison equations were
solved self-consistently using the effective mass approxima-
tion. Note that excitonic effects are not taken into account in
the calculations.

The simulated structure consisted of an In0.02Ga0.98N ma-
trix containing two 2.6-nm-thick In0.17Ga0.83N quantum wells
separated by an In0.02Ga0.98N barrier of variable thickness.
Everything was considered strained on a GaN substrate.

A general illustration of the band profiles and quantum
states is presented in Fig. 3(a) using the sample with a central
barrier of 1 nm as an example. The lower-energy transition is
the indirect transition labeled as IX in the figure. The direct
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TABLE II. Parameters used in the calculation of the band structure.

Parameters (units) Symbol GaN InN Ref.

a 0.3189 0.3545
Lattice constants (nm) [32,33]

c 0.5185 0.5703

Spontaneous polarization (C m−2) PSP − 0.034 − 0.042 [31,32]

e13 − 0.49 − 0.57
Piezoelectric constants (C m−2) [16]

e33 0.73 0.97

C11 390 223 [33,34,35]
C12 145 115

Elastic constants (GPa)
C13 106 92
C33 398 224

Band gap (eV) EG 3.51 0.69 [30,33]
Conduction-band offset with GaN (eV) �ECB 0 2.44
Electron effective mass m∗

e 0.2 0.07 [32,33]
Heavy hole effective mass m∗

HH 1.6 1.63

Deformation potentials (eV) ac,a(a axis) − 4.6 0.1 [32]

ac = conduction band ac,c(c axis) − 4.6 − 0.65

absolute deformation potential D1 − 1.7 − 3.7

Di = valence band D2 6.3 4.5

uniaxial deformation potential D3 8.0 8.2
D4 − 4.0 − 4.1
D5 − 4.0 4.0
D6 − 5.6 − 5.5

transition (DX), located at higher energy, will only be ob-
served if the barrier tunneling time is slower (or comparable)
to the IX relaxation time. Therefore, for narrow barriers and
low excitation density, IX is expected to be the dominant
recombination path.

The photogeneration of carriers was simulated by as-
suming a homogeneous electron density in the structure.
Figures 3(a)–3(c) represent the evolution of the band diagram
of the structure with a central barrier of 1 nm with increasing
carrier concentration, namely, (a) n = 1017 cm−3, (b) n = 3 ×
1018 cm−3, and (c) n = 1021 cm−3. Figure 3(d) describes the
evolution of the IX and DX transition energies as a function
of the carrier concentration. For higher carrier concentrations,
the internal electric field is increasingly screened, the bands
become flatter, and the energy difference between DX and IX
decreases. Note that the blueshift of IX in Fig. 3(d) is much
stronger than that of DX. Therefore, for high excitation power,
the proximity in energy of DX and IX and the higher electron
density increase the probability of observation of the direct
transition.

Finally, Figs. 3(e) and 3(f) illustrate the band diagram
under high excitation power (flat-band conditions) for various
widths of the central barrier (0.52, 1, and 4 nm). For narrow
barriers, the electron wave functions extend into the neighbor-
ing QW. This means that the probability of observing direct
transitions resulting from the coupling of the QW states is
high. In contrast, in the structure with a central barrier width
of 4 nm, the electrons are well localized in their QWs and
the tunneling probability is almost zero. It is expected that
DX transitions are observed, but they will not involve coupled
states as the barrier is too wide for efficient coupling.

III. EXPERIMENTAL RESULTS

A. Photoluminescence power dependence

Figure 4 shows the evolution of cw-PL spectra as a function
of laser power density for samples C1 and C6. The high-
energy side of the spectra reveals the near-band-edge PL
from the GaN substrate/buffer layer at about 3.48 eV and
from the In0.02Ga0.98N thick barriers at about 3.3–3.4 eV.
The PL peaks in the range of 2.4–2.9 eV are related to the
In0.17Ga0.83N CQWs. For sample C1, increasing the laser
intensity just induces a blueshift (∼50 meV) of this latter
PL line. We therefore associate it with the recombination of
the DXs formed in each distant QW. The 50-meV blueshift
is induced by the screening of the QCSE in these relatively
narrow QWs, and also to the band filling induced by large
carrier densities.

For sample C6, the blueshift is much more pronounced
(several hundred meV), which is a characteristic of long-
lived IXs [9,23,26,27], as explained above. Now, contrary to
previously studied systems where a simple, steady blueshift
of a single PL line was observed, the results in Fig. 4 are
more complex. Between 8 and 2000 W/cm2, the IX line,
indeed, exhibits a steady blueshift of ∼0.25 eV. Then, above
2000 W/cm2, this blueshift abruptly follows a much lesser
slope. Simultaneously, an additional line appears ∼0.1 eV
above the previous one, and grows in intensity, while adopting
nearly the same blueshift. We interpret these observations as
the switching, upon accumulation of IXs, from a regime where
the two QWs are out of resonance, to a regime where the
coupling becomes closer to resonance. The efficient screening
of the internal electric field induces a reconstruction of the
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FIG. 3. NEXTNANO modeling of the investigated structures. (a–c) Band diagram of the QWs separated by a barrier of 1 nm (sample C3) for
various carrier densities: (a) n = 1017 cm−3, (b) n = 3 × 1018 cm−3, and (c) n = 1021 cm−3. The squared wave functions of the main electron
and hole levels are represented. Black and red arrows indicate the direct (DX) and indirect (IX) transitions, respectively. (d) Variation of the
transition energy of DX and IX as a function of the carrier density in sample C3. Vertical dashed lines mark the points that correspond to the
band diagrams in figures (a)–(c). (e–g) Variation of the band diagram of the QWs with high carrier concentration (n = 1021 cm−3, high enough
to fully screen the internal electric field) as a function of the central barrier thickness: (d) 0.52 nm (sample C5), (e) 1 nm (sample C3), and
(d) 4 nm (sample C1).
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FIG. 4. PL spectra at selected excitation power densities of (a) sample C1 (no IX observed, range of used power densities
5−38 000 W/cm2) and (b) sample C6, for which IX and CWX states are observed at lower and higher excitation power density, respectively
(range of used power densities 0.1−50 kW/cm2.

overall band profile, accompanied by an efficient “recoupling”
of the QWs, therefore inducing quantum states that become
extended over the two QWs (CWX). Therefore, above the
threshold of 2000 W/cm2, the IX line transforms into the
ground state of the overall CQW system, i.e., into a CWX
built upon the symmetric states mentioned above. Obviously,
the excited state (ES) that we observe is nothing but the re-
combination of the CWX built upon the antisymmetric states.

In Fig. 4(b), the reason for the strong blueshift of the
emission at low excitation power is the very large recombi-
nation time of IXs, which can hence be easily accumulated
with moderate excitation intensities, inducing large blueshifts.
Now, as soon as the CWX recombination sets up, with quite
smaller radiative lifetimes, increasing the excitation power
induces less easily the screening of the entire band profile.
Due to faster recombination once the CWXs come into play,
fewer carriers can be accumulated in the cw regime. Another
reason for the reduction of slope of the blueshift is, of course,
that once the near-flat-band situation is reached there is no
more blueshift to be expected. Note that these results are
consistent with our calculations in Fig. 3(d).

The switching in Fig. 4(b) manifests itself not only by spec-
tral changes but also by a sudden change in the dependence
of the PL intensity on the laser power density. These sudden
changes of (i) emission peak energies, (ii) slopes of blueshifts,
and (iii) slopes of intensities versus laser power determine
a threshold pumping power density that characterizes the
switching process.

Figure 5 summarizes the laser intensity dependencies of
PL peak energies for samples A, C1, C3, and C4. Sample
A (single 2.6-nm-thick QW) exhibits a weak blueshift with
power. This weak and steady blueshift is comparable to the
one measured for sample C1 (DQW with 4-nm-wide barrier).
Clearly, for both cases depicted in Fig. 5(a), the observed
recombination involves intrawell DXs. The lower PL energy
and larger blueshift for sample A are due to a larger internal
field in this single QW. Indeed, it is well known that, for
multiple QWs, there is an attenuation of the electric field in
the QWs with respect to the case of a single well.

Figures 5(b) and 5(c) confirm that, for coupled QWs (nar-
row barriers), the observations made on samples C3 and C4

can be generalized to sample C6. Figures 5(b) and 5(c) clearly
show that in samples with sufficiently narrow barriers, at a
certain threshold laser power density, LPDth, the screening
of the QCSE by photogenerated carriers leads to the switch
from interwell radiative transitions to intrawell transitions.
At low temperature, we associate this phenomenon with
a change in the exciton character from indirect to direct
(IX → DX). Moreover, an excited-state transition appears
around and above the threshold region. To summarize the
information about the LPDth dependence on the coupling
barrier thickness, we present the evolution of the PL peak
energy as a function of the excitation power density for the
ground-state transition in Fig. 6. Note that the graph includes
single QWs with thicknesses of 2.6 nm (sample A) and 5.2
nm (sample B) as extreme situations (infinite coupling barrier
and zero coupling barrier, respectively).

In the case of sample B, we observe a change in the slope of
the PL energy at an excitation density about 2 × 103 W/cm2

(see Fig. 6) together with the emergence of an additional PL
line, about 100 meV above the ground state (not shown). This
second line can be explained as due to recombination from the
second electron state in the QW, which becomes visible due
to band filling. This second state is somehow equivalent to the
excited antisymmetric state in the CQWs when the coupling
barrier tends to zero.

Compiling the results from all samples, we determined the
dependence of the LPDth on the barrier width (Fig. 7). It is
clearly seen that for the barrier widths �0.52 nm the threshold
depends exponentially on the central barrier width. Below this
value (sample C6 and sample B), the threshold is constant and
equal to ∼2 kW/cm2, suggesting that below 2-ML thickness
the barrier plays almost no role.

At the first glance the inspection of Fig. 7 can suggest that
the IX-to-DX switch is not observed in the sample with the
4-nm barrier. However, extrapolation of Fig. 7 to the 4-nm
barrier allows one to estimate the threshold for switching to
∼0.5 W cm−2, which is far below the experimental condi-
tions. Moreover, NEXTNANO simulations of the electron-hole
wave-function overlap give the negligible value of this entity,
which in fact is crucial for enabling the observation of the
transition.
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FIG. 5. Dependence of PL energy vs excitation power density
for (a) samples A (single QW) and C1 (double QW with 4-nm-wide
barrier), (b) sample C3 (double QW with 1.04-nm barrier), and
(c) sample C4 (double QW with 0.78-nm barrier).

B. Time-resolved PL

The TRPL was measured from liquid helium to room
temperature. However, most of the TRPL analyses presented
here were performed at low temperature of about 6 K. The
low-temperature signal from GaN was at 3.47 eV, as expected.
Its lifetime was about 0.1 ns, which is significantly faster
than in GaN homoepitaxial material [36,37] or pure GaN
nanowires [38]. It was observed that the signal from the
CQWs was very strong up to 300 K.

Impulse excitation is characterized usually by time-
averaged power, Pav, pulse energy, Ep, and frequency, f ,

FIG. 6. Evolution of PL energy as a function of excitation laser
power density for the excitonic ground states in the studied samples.
The single QW samples (SQW) and the width of the quantum barrier
(QB) in the DQW samples are indicated in the legend.

where Pav = Ep f . For example, pulses of 1 pJ and frequency
1 MHz give Pav = 1 μW. But, in the case of decay faster
than repetition period, the physical effect of Pav cannot be
compared with effect of continuous excitation. In order to find
the quantity that can be compared some comments should be
made. Excitation with power P creates ν = ηP (η denotes
efficiency) excitons per second. If effective excitonic lifetime
is τeff , we can expect n = ντeff = ηPτeff excitons, which can
be compared with np = ηEp excitons created by pulse. For
comparison we assume n = np and define the effective power
Peff = Ep/τeff . For example, pulses of 1 pJ of frequency
1 MHz give Peff = 1 mW. It corresponds to the effective
power density of �eff = 5 kW/cm2 at the excitation spot.

All the studied QWs showed PL peaks in the range of
2.2–2.9 eV. Like in the case of cw-PL, the increase of power
density caused a blueshift of the IX peak, and then the rising
of the CWX ES peak.

Figure 8 shows the exemplary case of sample C5, where
a strong peak at 2.85 eV dominates the spectrum between
0 and 2 ns after excitation. This peak is observed only at

FIG. 7. Variation of threshold power density as a function
of the quantum barrier (QB) width. Sample C6 (barrier width =
0.26−0.52 nm) is represented by the open black circle at the average
barrier width (0.39 nm).
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FIG. 8. Transient PL spectra of sample C5 (barrier width of
0.52 nm) for different time delays after laser excitation, in TRPL
measurements. The effective power density was 2.5 kW/cm2.

high excitation density, which is characteristic of the CWX,
as discussed above. The spectra plotted in Fig. 8 were excited
with pulses of 0.5 pJ, �eff = 2.5 kW/cm2, which is above
threshold power density shown in Fig. 7 for continuous excita-
tion. The CWX ES energy slightly decreases with time, as its
intensity collapses completely within the first 10 ns of decay.
Then a low-energy peak becomes visible, then dominant, as
time passes. We attribute this latter peak to the long-lived
IX. Its main characteristic is a large time-dependent redshift,
which has been observed quite often in wide-band-gap nitride
polar QWs [25–27,37,38]. It is mainly caused by the so-called
descreening of the electric field, i.e., by a reestablishment
of the QCSE, as the initial high density of photogenerated
carriers progressively decreases, by recombination [25,37].

It is important to notice that the spectra plotted in Fig. 8 are
spaced in time in logarithmic scale, covering several orders
of magnitude (0.2 to 400 ns, assuming that the laser pulse
excites the sample at time t = 0). In fact, this peak could be
measured even several hundred microseconds after excitation.
This kind of extremely slow decay is not surprising for IXs in
an overall 5.7-nm-wide polar InGaN QW. However, regarding
the switching issue, the most important time window in this
huge scale is the moment in time when both peaks (IX and
CWX ES) show similar magnitudes. For example, for sample
C5 (barrier width of 0.5 nm) presented in Fig. 8, this time
window is about 1–2 ns. For sample C3 (barrier width of
1 nm), this critical time window is rather around 10–20 ns.

The TRPL spectrum of sample C3 is plotted in Fig. 9(a) as
a contour map. The contour lines (isolines) in this figure are
equally spaced (e-times) in logarithmic scale, so the distance
between two contour lines along the time axis indicates an
estimation of the decay time of the signal. The decays plotted
in Fig. 9(b) have been extracted for spectral windows 2.8–3.0
and 2.6–2.8 eV, so the curves are representative for CWX-ES
and IXs, respectively. However, the spectra overlap slightly,
so the short time part of the IX curve is obviously influenced
by emission from the CWX-ES. It is important to notice that
the recombination dynamics changes with time [25,37,38]. In
such a case, the decay cannot be described by an exponential
function that has well-defined decay time. We may, neverthe-

FIG. 9. TRPL of sample C3: (a) full spectrum presented as a
contour plot. (b) PL transients observed for CWX- ES and IX
(interwell) emissions. The effective power density was 3.5 kW/cm2.

less, define a time-dependent instantaneous intensity decay
rate, r�, equal to the logarithmic derivative of the intensity
�(t):

r�(t ) = 1

�(t )

d�(t )

dt
. (1)

The instantaneous intensity decay time is obtained as
τ�(t ) = 1/r�(t ). It is worth noting that the electric field
changes the oscillator strength of the exciton, so that the
intensity decay kinetics is different from the decay kinetics
of the exciton concentration. In fact, these two kinetics are
strictly identical only in the textbook case of monoexponential
decays. Our experiments are extremely far from this case.

The time dependency of the PL energy [Fig. 10(a)] shows
many similarities to the power density dependency [Figs. 5(b)
and 5(c)]. This is due to the fact that what really controls
the emission energies of the various excitonic emissions is
the density of carriers. The latter can be established in a con-
tinuous regime of excitation/recombination, and therefore be
controlled by the excitation power. In TRPL experiments, this
density is simply reached at a given point in time, during the
complex decay dynamics. The latter complexity is confirmed
by the PL intensity decays, plotted in Fig. 10(b), in log-log
scale. The decay time calculated from Eq. (1) changes with
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FIG. 10. Temporal evolution of excitonic transitions (IX and
CWX-ES) in sample C3: (a) energy, (b) intensity, and (c) instanta-
neous decay time 1/r�.

time. It becomes longer simultaneously with the decrease of
intensity and energy, as a result of the reestablishment of
QCSE and subsequent drastic reduction of the electron-hole
envelope-function overlap. This is precisely the reason why
decay time of the IX is longer by orders of magnitude than the
CWX ES lifetime.

The experimental intensities and decay times plotted in
Figs. 10(b) and 10(c) can be nicely fitted by using a stretched
exponential function:

�(t ) = M exp[−(t/θ )
b
]. (2)

The intensity and decay times are correlated by Eq. (1), so
that there are only two sets of fitting parameters, one for the
ground state (IX) and the second for the excited state (CWX
ES). In both sets, the critical exponent was similar: b = 0.15
and 0.14 for IX and CWX ES, respectively.

Figure 10(b) also shows that the critical time when the PL
intensity of CWX-ES becomes smaller than the intensity of
the ground IX state is about 10–20 ns for sample C3. This is
ten times longer than for sample C5 (barrier width of 0.5 nm).
It is therefore clear that the switching time between CWX ES
and IX transitions strongly depends on the barrier width.

The slowest recombination dynamics that we observed
corresponded to the IX in sample C2, i.e., for the CQW with

FIG. 11. Illustration of the DX – IX switching as a function
of barrier thickness. Open black squares represent threshold power
density determined in the cw-PL experiment. Open red square show
the threshold time obtained from TRPL. Sample C6 (barrier width
1–2 atomic monolayer) is represented by the open black and red
circles.

central barrier of 2 nm. The lifetime, τ�, that could be calcu-
lated from our data reached 100 μs for this IX. Even for the
CWX transitions the lifetime was longer than for thin-barrier
samples: it was between 10 and 100 ns. The characteristic
time of the CWX ES/IX switching for this sample was about
0.5–1 μs, i.e., about 50 times longer than for sample C3. The
threshold times of CWX ES/IX switching times obtained for
the different samples are plotted in Fig. 11.

Comparing TRPL behaviors for samples with different
barrier widths we see that the thicker the barrier the longer the
excited-state recombination peak (CWX) remains comparable
in intensity to the ground-state recombination peak (IX).
Moreover, the switching time increases exponentially with the
barrier widths (Fig. 11). This supports our previous comment
that the switching time (or threshold laser intensity, as seen
above) is a matter of competition between the relaxation times
of electrons and holes from their excited states, on one hand,
and the recombination times of the DX (or CWX), on the
other hand. The relaxation times of excited electron and hole
states involve the tunneling across the central barrier and it is
no surprise that we obtain an exponential dependence on the
barrier width for samples with barrier width between 0.39 and
2 nm (0.39 nm refers to average barrier width of sample C6).
Sample B (QW of double width with no QB) demonstrates
the threshold time similar to sample C6, which recalls the
behavior of threshold power density.

C. Potential fluctuations

As it has been well established, the potential fluctuations in
InGaN/GaN heterostructures are relevant to understand their
radiative performance [12,13]. However, our structures, due
to optimized and careful growth on bulk GaN substrates,
by the MBE method, demonstrate a very high uniformity
and sharp QW/barrier interfaces verified by TEM studies
(with the above-discussed exception of sample C6). The
low-temperature growth of MBE compared with the metal
organic vapor phase epitaxy (MOVPE) method used for
LED production results in reduced miscibility problems and
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FIG. 12. Evolution of the PL peak position as a function
of temperature, measured at various laser power densities. The
dashed line describes Varshni’s equation, EPL(T ) = EPL(T = 0) −
αT 2/(T + β ), with α = 0.590 meV/K and β = 600 K [39].

sharper heterointerfaces. Our samples have relatively narrow
PL emission peaks (60–70 meV) and show nearly mono-
tonic energy-temperature dependence (Fig. 12), which is an
evidence of reduced potential fluctuations. Under moderate
excitation conditions, the presence of significant potential
fluctuations causes the so-called S shape characterizing the
temperature dependence of the peak PL energy (see, e.g.,
[23]). Now, in case of stronger excitation, the population of
those fluctuations by excited carriers can lead to the saturation
of the corresponding density of states. For high laser power
density, the variation of the PL peak energy with temperature
is well described by Varshni’s equation for GaN [39], as
illustrated in Fig. 12. This is a clear indication that our high-
excitation experiments take place in the regime of saturation
of the fluctuations. In other words, excitons are placed above
the so-called mobility edge. For that reason, all the effects that
we describe and comment upon do concern two-dimensional
systems where the coupling scheme between the wells and the
existence of coupled well excitons can, indeed, be discussed
in the context of the usual one-dimensional description of the
band profiles. Furthermore, at lower laser power densities,
the deviation is smaller than 15 meV, which points to alloy
fluctuations smaller than 1%.

We have tried to quantify the effect of such potential fluc-
tuation in the switching process. Detailed three-dimensional
modeling of the fluctuation landscape was presented very
recently in the set of papers [40–42]. Using the proposed
approach to our structure is at present beyond our capabilities.
Instead, we propose a simplified approach which helps to get
some assessment of the role of the potential fluctuations in our
structures.

In the studied InGaN/GaN wells, fluctuations can be
caused by both alloy disorder in the InGaN QWs as well
as the variation of the QW/quantum barrier width. Using
the NEXTNANO solver, and the model of the In0.17Ga0.83N/

In0.02Ga0.98N sample with a central barrier of 1 nm [see results
in Figs. 3(a)–3(d)], we analyzed the effect of varying the In
content in the QWs by ±1% (i.e., InxGa1−xN with x = 0.17,

0.16, and 0.18) and the central barrier width by ±1 atomic
layers (i.e., 4, 3, and 5 monolayers).

The variation of the In content induces a spectral shift of
±75 meV of the IX transition (value at n = 3 × 1018 cm−3),
which decreases to ±40 meV when flat-band conditions
are reached (value at n = 1020 cm−3). For DX, the theoret-
ical shift (always in the same direction as that of IX) is
±55 meV at n = 3 × 1018 cm−3, decreasing to ±30 meV
at n = 1020 cm−3. These shifts are much smaller than the
shifts in Figs. 4 and 5, so that our experimental result cannot
be explained only by the saturation of the alloy fluctua-
tions. Moreover, in our calculations, the electron-hole wave-
function overlap does not vary by more than +65 to −40%,
i.e., not even a factor of 2, to be compared with the shift of the
PL decay time by several orders of magnitude described in
Fig. 10(c). We therefore conclude that alloy fluctuations play
only a secondary role in our experiments.

Regarding the effect of monolayer fluctuations of the width
of the central barrier, the effect on the energy location of
IX and DX for the barrier of 1 nm is smaller than ±25 and
±5 meV, respectively, in all the range of carrier densities
under study. The main effect of varying the barrier width
is the change in the electron-hole wave-function overlap of
the indirect transition, IX, which can vary by a factor of 2
at n = 3 × 1018 cm−3, but the effect decreases for increasing
pumping power (±5% at n = 1020 cm−3) and it is negligible
for DX.

In conclusion, the role of potential fluctuations related to
alloy disorder or variation of the thickness of the coupling
barrier is minor in the experiments described in this paper.

IV. TEMPERATURE DEPENDENCE
OF SWITCHING EFFECTS

Our experiments described in Sec. III A were performed
at low temperatures. They give a clear picture of the physical
phenomenon of switching from indirect to direct excitons. A
very strong blueshift of EPL below the critical magnitude of
laser power density is observed even at room temperature. At
temperatures higher than about 100 K, the observed switching
likely involves electrostatically uncoupled electron-hole pairs.
However, in this paper we did not study the issue of the
temperature induced dissociation and stability of indirect and
direct excitons.

At temperatures above the hypothetical Mott transition, the
critical laser power density for the indirect-to-direct transition
moves to higher values. This shift is explained by the reduc-
tion of the exciton lifetime with increasing temperature, due to
the activation of nonradiative recombination paths. As a result,
higher laser power density is required to accumulate enough
free carriers to efficiently screen the built-in electric field.

V. CONCLUSIONS

We have investigated the dependence on exciton density
of the interwell coupling scheme in a series of InGaN/GaN
symmetrical DQWs, with varying central barrier width. Our
studies by cw-PL and TRPL allowed us to examine the
competition between three optical recombination channels,
namely, the recombination of (i) intrawell excitons, (ii) inter-
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well indirect excitons, and (iii) coupled well excitons, which
involve electron and hole wave functions that are widely
spread over the entire DQW structure. This competition is
controlled by the respective characteristic times, such as the
radiative recombination times of the various excitons and
the interlevel relaxation times of electrons and holes, which
depend on the tunneling across the central barrier. Moreover,
owing to the extreme sensitivity of the structures to the carrier
density, we could modify, either continuously or temporarily,
their overall band profiles, via the screening of internal electric
fields. The screening induces a large energy shift of the IX
emission with strongly nonclassical overall dynamics (with
instantaneous decay rates spanning more than three orders
of magnitude as the deexcitation covers time windows be-
tween fractions of nanoseconds to microseconds). Ultimately,
the screening leads to a change in the very nature of the
recombining excitons, evolving from IX to DXs or to CWXs,
depending on the width of the coupling barrier. We established
the clear exponential dependence of the threshold density or
time (respectively, for cw-PL and TRPL) upon the central
barrier width, thus demonstrating the role of carrier tunneling
in the overall switching process. For wide enough (e.g., 4
nm) central barriers, only intrawell excitons (or DXs) were
observed.

The comparison of indirect excitons in group-III-
nitride DQWs with widely studied bias-induced IXs in

GaAs/AlGaAs DQWs shows a few times higher blueshift of
the PL energy in the former structures. This enhancement
originates from the much higher built-in electric field in
nitrides which has truly microscopic character. Due to the
order-of-magnitude higher exciton binding energy in nitrides
in comparison with arsenides, one can expect much higher
thermal stability of excitons in InGaN/GaN DQWs. The
switching effects remain up to room temperatures, although
they might be related to the unbound electron-hole pairs.

Finally, it is argued that the contribution of the potential
fluctuations due to the alloy disorder and a possible diffused
character of the interfaces between the QWs and the coupling
barrier have only secondary effects on the observed switching.
The described effects, beyond their very interesting funda-
mental character, are potentially important for concepts of
optically controlled excitonic devices.
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