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We report on resonant photoluminescence 共PL兲 of InGaN inclusions in a GaN matrix. The structures were
grown on sapphire substrates using metal-organic chemical vapor deposition. Nonresonant pulsed excitation
results in a broad PL peak, while resonant excitation into the nonresonant PL intensity maximum results in an
evolution of a sharp resonant PL peak, having a spectral shape defined by the excitation laser pulse and a
radiative decay time close to that revealed for PL under nonresonant excitation. Observation of a resonantly
excited narrow PL line gives clear proof of the quantum dot nature of luminescence in InGaN-GaN samples.
PL decay demonstrates strongly nonexponential behavior evidencing coexistence of quantum dots having
similar ground-state transition energy, but very different electron-hole wave-function overlap.
DOI: 10.1103/PhysRevB.66.155310

PACS number共s兲: 78.67.Hc, 73.21.La, 78.47.⫹p, 78.55.Cr

There exists a continuous interest in understanding basic
optical properties of GaN-based structures and lasers based
thereupon.1– 4 Numerous investigations have been carried out
to clarify the origin of luminescence and laser gain in
InGaN-based structures 共see, e.g., Ref. 5, and references
therein兲. However up to now, there is still no clear picture of
the basic radiative recombination processes in InGaN-based
structures. Some researchers6 – 8 proposed that InGaN insertions represent ultradense (⬎1011 cm⫺2 ) arrays of quantum
dots 共QD’s兲. These QD’s are claimed to be responsible for
good luminescence properties of InGaN insertions,2 as they
suppress carrier diffusion towards various defects and were
claimed to be crucial for lasing in InGaN-based injection
structures.9 Previously, we stressed that, as in QD structures,
the maximum modal gain is directly proportional to the volume density of QD’s,10 and a maximum modal gain of about
105 cm⫺1 may be realized for wide-gap QD’s having a density of 1018 cm⫺3 and a density-of-states broadening of a few
tens of meV.7,11 This opens unique possibilities for device
applications, particularly, for lasers. As opposite, completely
different sizes and densities of QD’s have been proposed in
the literature for samples, grown under similar or different
growth conditions, ranging from 3–5 nm 共Refs. 3, 6, 7, 9, 12,
and 13兲 to 20–30 nm.14 Sharp lines due to single QD’s were
revealed recently in InGaN samples with large 共20 nm兲
InGaN islands, however, the number of these lines in the
spectrum was small and the integrated intensity was weak
with respect to the intense PL continuous background.14 The
origin of this background was not identified.
One must also underline that there exists a conflicting set
of optical data, which allowed many researchers to conclude
that photoluminescence 共PL兲 properties of wurtzite InGaN
insertions may be explained only by quantum-well-like material distribution.4,15,16 Indeed, many groups reported a longwavelength shift of InGaN PL after nonresonant excitation
accompanied by a significant increase in the PL decay
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time.17–20 Takeuchi et al.21 observed a blueshift of the highenergy PL with increasing continuous-wave excitation density. In both cases, screening of piezoelectric potential separating electrons and holes in a quantum well 共QW兲 at high
excitation densities was proposed to be responsible for the
above effects. Indeed, studies in GaN-based structures have
shown that the shift of the transition energy due to a quantum
confined Stark effect caused by piezoelectric potential may
play an important role in the case of thick QW’s 共Refs. 22
and 23兲 or QD’s.24 –26 Opposite to QW’s no further population of the QD is possible in the case of a photon having
exactly the same energy, after the first exciton is created in a
QD.27 No screening of piezoelectric charge is thus possible
with excitation density increase. This is opposite to the QW
case, where a continuum of states exists, and a lot of
electron-hole pairs can be generated in the same QW with an
excitation density increase. This increase, in turn, should
cause the PL high-energy shift with excitation density to increase, and, consequently, a long-wavelength energy shift
upon depopulation of the QW by radiative or nonradiative
recombination should occur. Lack of similar shift may evidence the true QD nature for the radiative states responsible
for the maximum PL intensity. If so, a PL shift after the
excitation pulse under nonresonant excitation also can be
explained by depopulation of the QD density of states, or by
a dependence of the radiative lifetime on the QD size. The
radiative lifetime can be written as28
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where  is photon frequency,  the dielectric susceptibility
of the host medium, and P the optical interband matrix element describing the contribution of the Bloch functions.28
Here we additionally included a term I, which characterizes
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FIG. 1. 共Color兲 Time-integrated photoluminescence 共PL兲 spectra
of samples grown at 790 °C and 820 °C measured at excitation
wavelength of 291 nm. Inset shows a color-coded map of the local
indium content in the structure grown at 820 °C.

the overlap integral between the electron and the hole wave
functions, which was assumed to be unity in Ref. 28 for
simplicity.
Previously, we studied structural and optical properties of
InGaN-GaN structures and proposed that optical properties
of our structures are completely governed by QD’s.7,8,29 We
observed that InGaN insertions grown in typical growth conditions represent dense arrays of InN-rich nanodomains with
size 共3–5 nm兲 and density (1011 – 1012 cm⫺2 ) strongly affected by growth conditions.30 Ultrahigh modal gain related
to ultradense arrays of QD’s resulting in lifting the
k-selection rule for direct exciton recombination was proposed to explain the possibility to reach maximum modal
gain values of 105 cm⫺1 in multisheet InGaN-GaN lasers31
necessary to achieve surface lasing in low finesse cavities. In
this paper we confirm the above proposal and present direct
evidence of QD’s responsible for the major part of the broad
PL spectrum at high excitation densities in time-resolved
共TR兲 PL studies.
The structures investigated in this paper were grown on a
共0001兲 c-plane sapphire substrate by metal-organic chemical
vapor deposition. The structure consists of a 2.5-m GaN
buffer layer, with an active region of a 10-period InGaN/GaN
superlattice and a 0.07-m GaN cap layer. Formation of a
3-nm InGaN/7-nm GaN superlattice was achieved by periodic substrate temperature variation from 790 °C to 885 °C
and from 820 °C to 915 °C for two different structures. The
TR PL was measured at 2 K under tunable dye laser excitation with a repetition rate of 3.79 MHz at wavelengths of 291
共4.26兲 and 424 nm 共2.925 eV兲 with excitation density of 600
W/cm2. Registration of TR PL was performed using a fast
response multichannel photomultiplier 共rise time is less than
5 and decay time is less than 30 ps兲. The high-resolution
transmission-electron microscopy 共HRTEM兲 studies were
carried out using a Philips CM20 FEG/ST electron microscope operating at 200 kV.
In Fig. 1 we show time-integrated spectra of our samples

FIG. 2. Time-resolved PL for structure grown at 820 °C under
nonresonant and resonant excitation at 428 nm. Gray lines correspond to the fitting by Eq. 共2兲. Inset shows time-resolved PL under
nonresonant excitation at different registration wavelengths. Dotted
line presents resolution of the registration system.

measured at an excitation wavelength of 291 nm. Since the
active regions were grown at different substrate temperatures
and the indium evaporation rate strongly depends on the substrate temperatures, the samples have different average indium concentrations in the active regions. It leads to the
different PL peak energies related for two samples. The
DALI 共Ref. 32兲 processed HRTEM image of the sample
grown at higher temperature is shown in the inset of Fig. 1.
An array of In-rich nanodomains having a 3-nm lateral size
is revealed. The dot shape was similar for both samples
while the dot density and average In composition in the QD’s
were lower for the sample grown at higher temperature extensively studied in this work. More information on structural properties of the InGaN nanodomains is given in Ref.
30. Maximum In content inside the nanodomain was at least
two times higher than the average content of the QW 共18%
and 23% for structures grown at higher and lower temperatures, respectively兲. There exists a spread in values of size
and content of InGaN nanodomains. Significant size and
composition dispersion of the InGaN nanodomains is responsible for the broadening of the PL spectrum up to about 200
meV.
According to our nonresonant time-resolved PL studies
the PL emission decay demonstrates a nonexponential behavior with gradual decrease in the PL decay rate with time 共see
Fig. 2兲. The PL intensity decay behavior I(t) was well fitted
by the stretched exponent:
I 共 t 兲 ⫽I 0 exp关 ⫺ 共 t/  * 兲 ␤ 兴 ,

共2兲

where ␤ and  * are the stretching parameter and time constant, respectively. The stretched exponential behavior is
usually observed in PL studies of heavily disordered media.33
This behavior was also revealed for InGaN/GaN structures in
a number of papers.34 –36 This dependence was mostly attributed to a gradual increase in the lifetime with gradual nonequilibrium carrier depopulation of the quantum wells, caus-
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FIG. 3. Dependencies of time constant vs registration wavelength for samples grown at 790 °C 共a兲 and 820 °C 共b兲. Filled
squares correspond to the excitation wavelength of 291 nm, while
open squares to 424 nm. Time-integrated PL spectra are presented
by solid lines.

ing a reduced screening of the piezoelectric charge and lower
electron-hole overlap. An alternative explanation can be related to size, shape, and composition dispersion of InGaN
quantum dots, where QD’s having similar transition energies
have different electron-hole wave-function overlap. Radiative decay of QD’s with reduced overlap dominates at large
time delays after the excitation pulse. Since the size, composition, and the shape of the QDs, as well as their uniformity,
strongly depend on growth conditions, one must expect the
corresponding changes for samples grown at different temperatures. The stretched parameters 共␤兲 are 0.35 and 0.5 for
structures grown at lower and higher temperatures, consequently, and they are almost independent of excitation and
detection wavelength. As it follows from Ref. 30 the confinement potential depth for QD’s formed at lower temperatures
is stronger, while the size is comparable. This defines the
higher overlap of electron and hole wave functions. Consequently, a shorter-time constant for the structure grown at
lower temperature is found. As can be clearly seen from Fig.
3 the time constants strongly decrease on the shortwavelength side of the PL spectrum with characteristic energy of about 40 meV for both structures grown at 790 °C
and 820 °C. Such behavior may be expected for systems
where there exists an efficient energy relaxation of carriers
from higher- to lower-energy states.37 Shortening of the PL
decay time along the PL contour when moving towards the
high-energy side of the spectrum can be attributed to carrier
hopping through the band of localized states in a QW, which
have much lower density with respect to the quantum-well
continuum.38,39 This behavior is then accompanied by slow
time evolution of the long-wavelength component of the
spectra, since the electrons and the holes need time to reach
the localized states, the hopping time is long, and, additionally, electrons and holes need to find each other in the same
localization potential. As is opposite in our case, the PL signal appears with an onset time faster than 5 ps, which is
our time resolution 共see inset of Fig. 2兲, and a hopping
model can hardly be applied. We rather may attribute the
observed shortening of the decay time to a population of
higher-lying excited QD states accompanied by their fast en-

ergy transfer to the ground states. We note that after the
excitation pulse the PL peak maximum gradually shifts towards the longer-wavelength side of the spectrum. This effect may be explained by longer radiative decay times for
larger QD’s 关Eq. 共1兲兴. An alternative, ‘‘quantum-well’’ explanation may refer to spectral diffusion and piezoelectric
screening effects.
The key experiment, which can clarify unambiguously the
nature of processes involved, is the resonant excitation of
PL. In the case when the QW is excited, the carrier transfer
towards the states having a lower energy occurs, accompanied by fast evolution of the thermalized luminescence peak.
In the case of wurtzite-type strained quantum wells having a
strong builtin piezoelectric field, reduced carrier concentration upon the radiative recombination of nonequilibrium carriers must result in reduced screening of the piezoelectric
potential, further shifting PL towards the longer-wavelength
side of the spectra and strongly increasing the PL decay time.
Neither of these effects was revealed in our case.
In our work we compared below the GaN barrier 共excitation energy of 2.925 eV兲 resonant and nonresonant excitation
for the two samples studied. For the sample grown at 790 °C
the excitation energy was at significantly higher photon energies than the PL peak maximum. In this case, the PL peak
had the same shape as the case of the above barrier excitation
at 4.26 eV. Oppositely, for the sample grown at 820 °C, the
excitation wavelength exactly matches the PL peak maximum. A completely different behavior is revealed in this
case.
In Fig. 4共a兲 we present time/wavelength plots of PL for
nonresonant and resonant 关Fig. 4共b兲兴 excitation. In the case
of nonresonant excitation one can see an inhomogeneously
broadened PL peak which gradually decays with time and
shifts towards the lower-energy side of the spectrum. After
the resonant excitation pulse 共white color兲 the shape of the
PL spectrum is completely different. Most of the PL intensity, after the exciting laser light is gone, exactly resembles
the spectral shape of the excitation source; even the decay
time of this signal corresponds to the radiative decay times
after nonresonant excitation. This unambiguously evidences
the QD origin of the signal. The PL peak position does not
shift in time and no spectral broadening was observed 共Fig.
4兲. This may rule out any importance of the spectral diffusion
and gradual weakening of the piezoelectric screening with
carrier depopulation, which both should take place in QW
samples. The observed behavior fits exactly the behavior of
resonantly excited QD’s having a delta-function-like density
of state40 and no exciton or carrier transfer at low temperatures. The fact that the observed behavior is typical for the
central part of the PL peak at high excitation densities, where
lasing occurs, stresses the importance of QD’s in the lasing
process. In our previous paper31 we found that the laser generation at room temperature occurs at a low-energy side of
the broad PL peak. This means that the localized states are
responsible for the lasing process even at high temperatures.
An additional weak shoulder is revealed on the longerwavelength side of the PL spectrum. The shift of excitation
wavelength to low energy results in a strong suppression of
the relative intensity of the long-wavelength shoulder. This
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size dispersion of QD’s, larger QD’s may have an excitedstate energy which fits the ground-state energy of the major
QD’s. A maximum of this PL emission is shifted from the
resonant PL peak by about 40–50 meV towards the lower
energies giving an estimate for energy splitting between the
QD ground state and the first excited state. Applying the
simplest model of spherical nanodomains with infinite
barriers,41 the difference between the first excited and ground
states are given by the following equation:
⌬E⫽

FIG. 4. 共Color兲 Time/wavelength plots of PL for nonresonant 共a兲
and resonant 共b兲 excitations for sample grown at 820 °C. White spot
corresponds to the scattered laser light.

shoulder transforms into a well-resolved peak, if the resonant
PL background is subtracted. The procedure of subtracting
resonant PL was based on independent measurement of the
intensity of the scattered laser light. It was found that the
resonant component of the PL in time-resolved experiments
fits exactly the intensity profile of the scattered laser light
except for the longer-wavelength part of the PL spectra.
Thus, this ‘‘long-wavelength’’ part could be precisely defined
by normalizing the scattered light intensity profile to the
resonant PL intensity maximum with further subtraction of
this resonant component. This procedure does not include
any arbitrary parameters and is straightforward. The shoulder
appears on a time scale ⬍5 ps after the laser pulse and can be
attributed to the fast energy transport from the QD exciton
excited state towards its ground state. Due to the significant
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where m h is the hole effective mass, R the nanodomain radius, and E *
Ry the exciton binding energy. Assuming the hole
effective mass of moderate In composition to be 1.0m 0 and
nanodomain radius to be 2.5 nm we obtained from Eq. 共3兲
value of 70 meV which, generally, fits well to the experimental value, assuming some uncertainty in size and composition
profile of the QD’s. The first excited state in this model is the
transition between the first heavy hole and the ground electron state. This transition is partially allowed due to the different confinement potentials for electrons and holes in a
QD.25 The latter statement is particularly true for würzitetype QD’s, having a significant contribution of a piezoelectric potential. The value of the splitting between the QD
ground state and the first excited state is in good agreement
with the value of characteristic photon energy on the highenergy side of the nonresonant PL spectrum, which marks a
fast decreasing of *.
In conclusion, we believe that our results unambiguously
demonstrate a quantum dot origin of InGaN luminescence in
our samples. Formation of the InGaN nanodomains revealed
in electron microscopy studies agrees well with the PL
trends. No signs of spectral diffusion or piezoelectric potential screening were revealed in our structures. The nonexponential decay of the resonant PL evidences coexistence of
QD’s having the same ground-state transition energy, but different electron-hole wave-function overlaps due to shape,
size, and composition nonuniformity. Resonant PL studies
may thus serve as an important tool to investigate in detail
the probability of radiative recombination, and its dispersion
in highly disordered QD systems.
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