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We present a study of the optical properties of GaN/AIN and InGaN/GaN quantum dot (QD)
superlattices grown via plasma-assisted molecular-beam epitaxy, as compared to their quantum
well (QW) counterparts. The three-dimensional/two-dimensional nature of the structures has been
verified using atomic force microscopy and transmission electron microscopy. The QD
superlattices present higher internal quantum efficiency as compared to the respective QWs as a
result of the three-dimensional carrier localization in the islands. In the QW samples,
photoluminescence (PL) measurements point out a certain degree of carrier localization due to
structural defects or thickness fluctuations, which is more pronounced in InGaN/GaN QWs due to
alloy inhomogeneity. In the case of the QD stacks, carrier localization on potential fluctuations
with a spatial extension smaller than the QD size is observed only for the InGaN QD-sample with
the highest In content (peak emission around 2.76 eV). These results confirm the efficiency of the
QD three-dimensional confinement in circumventing the potential fluctuations related to structural
defects or alloy inhomogeneity. PL excitation measurements demonstrate efficient carrier transfer
from the wetting layer to the QDs in the GaN/AIN system, even for low QD densities (~10"
cm ). In the case of InGaN/GaN QDs, transport losses in the GaN barriers cannot be discarded,
but an upper limit to these losses of 15% is deduced from PL measurements as a function of the

excitation wavelength. © 2011 American Institute of Physics. [d0i:10.1063/1.3590151]

. INTRODUCTION

InGaN/GaN heterostructures have been a subject of
extensive interest due to their application in blue/green/white
light-emitting diodes and laser diodes. Their electrolumines-
cence properties, surprisingly insensitive to the presence of a
high dislocation density (~10° cm™?), have led to strong
controversy about the light emission mechanisms and their
correlation with structural properties.' > To assess the optical
quality of these structures, the internal quantum efficiency
(IQE) is often used as a reference parameter. IQE is defined
as IQE = Rgr/(Rg + Rnr), With Rg and Rnr being the radia-
tive and nonradiative recombination rates, respectively. IQE
is often estimated as the ratio between the photolumines-
cence (PL) at room temperature (RT) and that at low temper-
atures (T < 10 K). However, there is a huge dispersion in the
reported values of IQE, and their interpretation is the object
of intense discussion. High values of IQE are often attributed
to phase separation in InGaN quantum wells®™® (QWs): Due
to the strong localization in In-rich clusters, carriers can no
longer diffuse toward nonradiative recombination centers.
The effect of such alloy fluctuations can be enhanced by the
polarization-related internal electric field.” The possible role
of V-shaped pit defects in circumventing carrier dislocations
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and preventing nonradiative recombination has also been
discussed. "’

In order to control and fully exploit the advantages of
carrier localization, several groups reported the controlled
fabrication of self-assembled InGaN quantum dots''~'®
(QDs) and GaN QDs,'"™%3 making use of the lattice-mis-
match-induced Stranski-Krastanov growth mode. Due to the
presence of strong compressive strain, a film of a few mono-
layers (ML) of GaN(InGaN) on AIN(GaN) tends to relax elas-
tically via the formation of three-dimensional (3D) islands
interconnected by a thin (~1 to 2 ML), highly strained two-
dimensional (2D) wetting layer. Unlike with lithographic tech-
niques, the elastic nature of Stranski-Krastanov relaxation
leads to defect-free objects, small enough to provide 3D car-
rier confinement. As a result, the excitons trapped in QDs are
expected to be much more insensitive to nonradiative recom-
bination than are those in QW structures,' 7132423

The aim of this paper is to give better insight into how
the structural differences between InGaN/GaN and GaN/AIN
QW and QD superlattices (SLs) affect the luminescence sta-
bility, and consequently the IQE, of III-nitride quantum con-
fined structures.

Il. SAMPLE GROWTH

GaN/AIN QW and QD 40-period SLs with various
GaN QW/QD dimensions were deposited on 1-um-thick
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(0001)-oriented AIN-on-sapphire templates via plasma-
assisted molecular-beam epitaxy. The nitrogen-limited
growth rate was fixed at 0.3 ML/s (~270 nm/h), and the sub-
strate temperature, measured by a thermocouple in mechani-
cal contact with the molybdenum sample holder, was
Ts="720 °C. GaN/AIN QW structures, with a barrier thick-
ness of 7 nm and a QW thickness varying between 1.25 nm
and 3 nm, were grown under Ga-rich conditions without
growth interruptions, as described in Refs. 26 and 27. High-
resolution transmission electron microscopy (HRTEM) stud-
ies showed that the GaN/AIN interfaces were chemically
abrupt at the atomic layer scale, and that thickness fluctua-
tions were limited to =1 atomic layer.*®

The synthesis of polar GaN/AIN QDs was performed
using one of two methods: GaN deposition under N-rich con-
ditions** (samples emitting at wavelengths shorter than
360 nm) or GaN deposition under Ga-rich conditions fol-
lowed by a growth interruption®” (samples emitting at wave-
lengths longer than 360 nm). N-rich growth implies a
reduction of the mobility of the adsorbed species during
growth that results in a high density (10" to 10'* cm™?) of
small QDs (1 to 2 nm high). In contrast, Ga-rich conditions
enhance the adatom mobility, leading to a lower QD density
(10" to 10" cm™?) and bigger QDs (2 to 5 nm high). The
difference between these growth techniques is illustrated by
the atomic force microscopy (AFM) images in Fig. 1, which
present QDs resulting from the deposition of 4 ML of GaN
(a) under N-rich conditions and (b) under Ga-rich conditions.
The samples under study present PL peak wavelengths vary-
ing from 310 to 450 nm corresponding to QD heights vary-
ing from 1 to 3 nm.

We also fabricated a series of InGaN/GaN QW and QD
20-period SLs deposited on 4-um-thick and 10-um-thick
GaN-on-sapphire templates, respectively. In the case of the
QWs, the Ga flux was fixed at 30% of the stoichiometric
value, and the In flux was tuned to have two monolayers of
excess In at the growth front.”® For the growth of the 3 nm
thick GaN barriers, a second Ga cell was used at the stoicho-
metric temperature, and the In shutter was kept open in order
to guarantee 2D growth. The structures were synthesized
without growth interruptions. Several samples were grown at
various substrate temperatures between 610 °C and 640 °C.
The morphology and structural properties of these samples
were investigated via scanning transmission electron micros-
copy (STEM), as illustrated in Fig. 2. The 20 periods of the

FIG. 1. (Color online) AFM images of GaN/AIN QDs synthesized by the
deposition of 4 ML of GaN under (a) N-rich and (b) Ga-rich conditions.
Note that N-rich conditions lead to a higher density of smaller QDs, whereas
Ga-rich conditions lead to a lower density of bigger QDs.
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FIG. 2. Cross-sectional STEM images of InGaN/GaN QWs. Left: Overall
view of the 20-period superlattice, in which the InGaN QWs present with
brighter contrast because they comprise the heavier element. Right: A mag-
nified part of the image on the left showing the atomically flat GaN/InGaN
interfaces and the interdiffusion at the InGaN/GaN interfaces along the
growth axis.

InGaN/GaN QWs are clearly visible (Fig. 2, left). In the
magnified image on the right, atomically sharp GaN/InGaN
interfaces along the growth axis are observed, whereas the
InGaN/GaN interfaces present interdiffusion with an average
value of 0.7 = 0.1 nm. Let us remind the reader that a certain
degree of interdiffusion is commonly observed in this kind
of structure grown by molecular-beam epitaxy.**="

For the generation of InGaN QDs, the Ga flux was fixed
at 30% of the stoichiometric value, and the In flux was tuned
close to the stoichiometry. Therefore, the Stranski-Krastanov
transition was forced by the lattice mismatch, in spite of the
slightly metal-rich atmosphere and the well-known surfac-
tant effect of In, which promotes 2D growth.>* For the
growth of the 6 nm spacer, the In shutter was closed and the
Ga flux was fixed at the stoichiometric value. Figures 3(a)
and 3(b) compare AFM images of InGaN/GaN QDs and the
2D surface of InGaN/GaN QWs, respectively. In HRTEM
observations taken along the [1120]g.~ zone axis, a truncated
pyramidal-shaped surface and embedded QDs of wurtzite
structure are identified (Fig. 4). Although the shape of the
surface QDs is well defined, the embedded QDs are less clear
due to thickness effects from projected material overlap and
scattered contrast from beam-induced partial indium cluster-
ing. In general, the projected diameter of the QDs ranges

1.2 nm

FIG. 3. (Color online) AFM images of (a) InGaN/GaN QDs as compared to
(b) InGaN/GaN QWs.
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FIG. 4. HRTEM images of InGaN QDs viewed along the [1120] zone axis.
(a) Surface and embedded QDs are detected along with the wetting layers.
(b) A magnified view of a surface QD depicting its wurtzite structure in
atomic scale.

from 17 to 25 nm, and their height is measured as
~2.2 £ 0.2 nm. The wetting layers are also visible.

lll. OPTICAL CHARACTERIZATION

For PL experiments, the samples were mounted in a
cold-finger cryostat with the temperature controlled from
T=7 K to RT. PL was excited with a frequency-doubled
argon laser (A=244 nm) and collected into a Jobin-
Yvon HR460 monochromator equipped with an ultraviolet-
enhanced charge-coupled device (CCD) camera. The diame-
ter of the excitation spot on the sample was about 100 um.
The excitation power was kept around 100 uW, low enough
to avoid screening of the internal electric field. The low-
temperature (T'=7 K) PL spectra of the samples under study
are presented in Fig. 5. In the case of the GaN/AIN QWs, the
spectral structure of the emission is due to monolayer thick-
ness fluctuations in the QWs, as described elsewhere.>® In
the rest of the structures (GaN/AIN QDs and InGaN/GaN
QDs and QWs), the broader linewidth makes it possible to
observe the superimposition of a Fabry-Perot interference
pattern related to the total nitride thickness.

The evolution of the integrated PL intensity as a func-
tion of temperature, normalized by the integrated PL inten-
sity at low temperature (T'=7 K), is presented in Fig. 6 for
GaN/AIN and InGaN/GaN QWs and QDs. Keeping in mind
that the emission intensity remains stable below 25 K for all
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FIG. 5. (Color online) The normalized photoluminescence spectra of (a)
GaN/AIN and (b) InGaN/GaN QD and QW superlattices. The spectra are
vertically shifted for clarity.

of the samples, the values presented in Fig. 6 should corre-
spond directly to the IQE at different temperatures. These
results confirm the improved thermal stability of QDs over
QWs, as a result of the 3D carrier confinement, in agreement
with previous reports.''~'*** Moreover, the thermal stability
of the GaN/AIN QD nanostructures is significantly better
than that of the InGaN/GaN QD nanostructures, which is
explained by the stronger 3D localization stemming from the
larger band offsets.

The thermal evolution of the PL is characterized not
only by the intensity decline due to the activation of nonra-
diative recombination processes, but also by a spectral shift,
which can provide information about the carrier localization
in potential fluctuations. Figure 7 presents the evolution of
the PL peak energy as a function of temperature in the cases
of (a) GaN/AIN QWs, (b) GaN/AIN QDs, (c¢) InGaN/GaN
QWs, and (d) InGaN/GaN QDs. The evolution of the PL
peak energy from the GaN/AIN QDs fits well the evolution
of the GaN bandgap calculated using Varshni’s equation:
Eg(T)=Eg(T=0 K) — oT*/(T+ f), with o=0.59 meV/K

Normalized PL Intensity
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FIG. 6. (Color online) The temperature evolution of the integrated PL emis-
sion of (a) GaN/AIN and (b) InGaN/GaN QW and QD samples emitting at
different wavelengths. Solid lines are fits to Eq. (5), neglecting transport
losses, i.e., TE(T) = 1.
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FIG. 7. (Color online) The temperature dependence of the PL peak position
for (a) GaN/AIN QWs, (b) GaN/AIN QDs, (c) InGaN/GaN QWs, and (d)
InGaNGaN QDs. Note that all of the figures have the same vertical span.
The dashed lines in parts (a), (b), and (d) represent the evolution of the emis-
sion with temperature following Varshni’s equation. The solid lines in (c)
are fits to Eliseev’s correction (Ref. 36) to model InGaN alloy fluctuations.

and =600 K for GaN (Ref. 37) (dashed curves in Fig. 7),
which indicates that potential fluctuations inside the QDs are
negligible. This is in contrast with the intra-dot localization
reported in the case of nonpolar QDs,*® which can be attrib-
uted to the presence of structural defects. Also in polar
InGaN/GaN QDs emitting in the 3.0-2.85 eV spectral range,
Lefebvre et al. reported carrier localization by potential fluc-
tuations with a spatial extension much smaller than the QD
size.>* In our case, a deviation from Varshni’s equation asso-
ciated to InGaN/GaN intra-dot localization is resolved only
in the QD sample emitting at 2.76 eV at low temperature,
which points to a more uniform In distribution in the QDs
with a lower In content (3.2-3.0 eV spectral range).

In the QW samples, the evolution of the emission peak
energy as a function of temperature describes an S shape,
which is particularly marked for the InGaN/GaN system.
This S-shaped variation is associated with potential fluctua-
tions in the QWs: the blueshift at intermediate temperatures
is explained by the filling of potential valleys with different
depths upon excitation.>>?*>% In the case of GaN/AIN
QWs, the potential fluctuations responsible for this behavior
can be related to variations in the QW thickness or/and to the
presence of structural defects. The remarkable enhancement
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of the S-shape in InGaN QWs points to alloy inhomogene-
ities. For quantification of the potential fluctuations, Eliseev
et al.*® proposed a band-tail model assuming a Gaussianlike
distribution of the density of states, which results in a correc-
tion to Varshni’s equation by — o*/kT, where o is dispersion
of the Gaussian band-tail density of states. From the analysis
of InGaN/GaN QWs, values of ¢=40=*15 meV are
obtained, which are comparable to typical measurements in
InGaN light emitting diodes.*®

These results confirm the efficiency of the 3D confine-
ment provided by the QDs in screening the potential fluctua-
tions related to dislocations, V-defects, or alloy fluctuations
existing in the QW structures.

IV. DISCUSSION

In order to correctly interpret the thermal evolution of
the PL intensity (Fig. 6), let us remind the reader that PL is a
consequence of three successive processes: electron-hole
generation (photon absorption), thermalization (phonon
emission), and radiative recombination (photon emission).
The generation and thermalization processes can be consid-
ered as insensitive to temperature within the scope of our
analysis. The external quantum efficiency can be decom-
posed into three contributing terms: transport efficiency
(TE), recombination efficiency (RE), and extraction effi-
ciency. In general, both transport and recombination effi-
ciency are sensitive to temperature variation, whereas the
thermal sensitivity of extraction efficiency can be neglected,
because it depends mainly on the geometry of the structure,
which is barely influenced by temperature.

The recombination efficiency can be written as

- Rr - 1
Rr +Rng 1+ (Rng/RR)’

RE ey

where Rr and Ryr denote the radiative and nonradiative
recombination rates, respectively. Making use of simple rate
equations39 under (optical) injection,

n

n
oL 2
ot TR TNR ’ )

where n is the minority carrier or exciton density concerned,
G is the generation rate, and tg and tng are the radiative and
nonradiative lifetimes, respectively. Considering that nonra-
diative recombination centers are thermally activated, i.e.,
™~k = ToeP/*T, and that the steady-state population of mi-
nority carriers governs the PL intensity (i.e., Ip;, oC n/tR), we
arrive at the expression

1

RE=———+
1 + ae Ea/kT’

3)

where
a = 1g/7.

The presence of carrier localization in potential fluctuations,
as observed in GaN/AIN and InGaN/GaN QWs, complicates
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rate equation (2) by introducing an additional thermal
dependence, !

1
RE = 4
(1 + aleiE"/kT)(l + aze*El(m/kT) ’ “4)

with Ej,. being the average localization energy.

Taking the previous approximations into account, the
PL intensity ratio between high temperature and low temper-
ature can be expressed as

() TE(T)
(T =0) " (1 +aieE/T)(1 1 aye BucliTY

®)

Therefore, the temperature dependent PL experiment cannot
distinguish between transport and nonradiative recombina-
tion losses.

A variation in the excitation energy can affect the gener-
ation process and the transport efficiency while the recombi-
nation efficiency remains unaffected, because photoexcited
carriers rapidly thermalize to the lowest energy state, where
they usually remain for a period of time orders of magnitude
longer than the thermalization time. This implies that the car-
riers lose information about the initial excitation state before
they recombine. Figure 8 schematically depicts carrier trans-
port under optical injection when the barriers are excited.
Note that the carriers recombining radiatively in the QDs
originate from the barriers, from the wetting layer, or from
the QDs themselves. Transport losses can be significant for
the carriers generated in the barriers or in the wetting layers.

To gain some insight into the carrier absorption and
transfer mechanisms, we performed photoluminescence exci-
tation (PLE) spectroscopy measurements on GaN/AIN and
InGaN/GaN QDs. PLE was carried out using a tunable exci-
tation source consisting of a 500 W Xe lamp coupled to a
Gemini 180 monochromator; the PL. was analyzed using a
Triax 550 monochromator and was detected by either a CCD
camera or a photomultiplier tube operating in the photon
counting mode. The excitation power density was about 200
pW/em? at 350 nm. The PLE measurements have been line-
arly corrected to account for the spectral variations of the

I
QD Barrier

JawL 5
=o0oV¥ WL

JWLD Barrier

FIG. 8. (Color online) Carrier diffusion paths in QD structures under optical
injection: Jgwr, Jp, and Jwyp denote the carrier transport between barrier
and wetting layer, between the barrier and the QD, and between the wetting
layer and the QD, respectively.
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FIG. 9. PLE (solid lines) and PL (dashed lines) spectra from GaN/AIN and
InGaN/GaN QDs. The signature of the wetting layer in low density GaN/
AIN QDs and the absorption in GaN barriers in InGaN/GaN QDs are indi-
cated by arrows.

excitation intensity and corrected for the spectral response of
the system. Figure 9 displays the PL and PLE spectra meas-
ured for GaN/AIN and InGaN/GaN QDs at T=5 K. In the
case of the GaN/AIN QDs, we observe a strong enhancement
of the PL intensity when exciting above the wetting layer
level (~4.1 eV), in agreement with previous reports,
whereas in the case of the InGaN/GaN QDs we observe an
increase of the luminescence when exciting above the GaN
barriers (~350 nm).

The effect of the excitation wavelength on the IQE is
illustrated in Fig. 10 for both GaN/AIN QDs and InGaN/
GaN QDs. The IQE is calculated as the ratio between the
integrated PL intensity at RT and that at low temperature
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FIG. 10. IQE from GaN/AIN and InGaN/GaN QDs calculated as the ratio of
the integrated PL intensity measured at 7=300 K and at T=5 K, as a func-
tion of the excitation wavelength. Normalized and vertically shifted low-
temperature (=5 K) PL spectra are represented with dashed lines for
reference.
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TABLE 1. Values of IQE = Ip (RT)/Ip (T =4 K), activation energy of nonradiative processes E,, and localization energy E),. extracted from the analysis of

the PL emission of InGaN/GaN and GaN/AIN QWs and QDs.

Structure InGaN/GaN QWs GaN/AIN QWs InGaN/GaN QDs GaN/AIN QDs
Number of samples 6 5 8 3
Emission range (nm) 430-530 325-460 390410 310420
E, (meV) 11+4 153 50+2 805
Ejoc (meV) 30 to 80" 110 £ 15

IQE 0.0004 to 0.01 0.0001 to 0.02° 0.1t00.6 0.3t00.8

“Increasing for increasing PL peak wavelength.
"Decreasing for increasing PL peak wavelength.

(T=5 K) as a function of the excitation wavelength using
the Xe lamp setup. In the case of GaN QDs, the AIN barriers
are never excited in our experimental conditions. The PLE
experiments in Fig. 9 point out a significant contribution of
carriers photo-generated in the wetting layer to the QD lumi-
nescence. However, the study of the Ip (T=300 K)/Ip.(0)
ratio as a function of the excitation wavelength in Fig. 10
shows no variation in the excitation above and below the
wetting layer level. We can therefore conclude that the trans-
port losses from the wetting layer to the QDs are negligible.

The IQE of the InGaN/GaN QD samples is lower than
the IQE of their GaN/AIN counterparts. We observe a slight
increase of the IQE of InGaN QDs once the excitation
energy is tuned below the GaN bandgap (3.47 eV ~ 357 nm,
at low temperature), which might be an indication of trans-
port losses in the GaN barriers. Our results are consistent
with the values reported by Sénés et al.,'*** who measured
an IQE of 30% in InGaN/GaN QDs when exciting at the 325
nm line (GaN barriers being excited) and 60% when exciting
at the 390 nm line (GaN barriers not excited). These differ-
ences as a function of the excitation wavelength might be
partially responsible for the high dispersion in reported IQE
values of InGaN/GaN as compared to the case of GaN/AIN
QDs. However, one must be cautious when assigning them
to transport losses, because an enhancement of the PL inten-
sity is observed when approaching resonant excitation, as is
the case for GaN/AIN QDs in the 300-350 nm spectral range
in Fig. 10. Therefore, regarding the InGaN/GaN QDs, we
can state only that an upper limit of transport losses in the
barriers can be estimated from [IQE(A=370 nm)/
IQE(A =340 nm)] — 1 =~ 15%.

Experimental measurements of the PL intensity as a
function of temperature (Fig. 6) can be well fitted to Eq. (5),
neglecting transport losses (TE(T) = 1). The obtained activa-
tion energies (E,) and localization energies (Ej,.) are listed
in Table L. It is important to note that the value of E, does
not correspond to the band offset, although it is influenced
by it. E, represents the energetic barrier that the carriers
must surmount in order to reach the nonradiative recombina-
tion centers. In the case of QDs, the confinement in the dot
increases this potential barrier. Higher temperatures are
therefore required for carriers to escape, probably via the
wetting layer. On the other hand, QD samples are well fitted
with a single exponential, i.e., assuming negligible intra-dot
localization effects, as expected from the results in Figs. 7(b)
and 7(d). In contrast, QW samples require two activation
energies in order to get a good fit of the thermal evolution of

the PL intensity, which is consistent with the observed S-
shaped evolution of the PL peak energy in Figs. 7(a) and
T(c).

V. CONCLUSIONS

In summary, making use of the Stranski-Krastanov
growth mechanism, we successfully fabricated SLs of
InGaN/GaN and GaN/AIN QDs using plasma-assisted molec-
ular-beam epitaxy. The three-dimensional nature of the struc-
tures has been verified using atomic force microscopy and
transmission electron microscopy. PL measurements confirm
the superior internal quantum efficiency of the QD structures
as compared to the respective QWs, as a result of the 3D car-
rier localization. In the QW samples, the S-shape described
by the PL peak energy as a function of temperature indicates
carrier localization in GaN/AIN QWs, attributed to structural
defects or thickness fluctuations, and more markedly in
InGaN/GaN, due to alloy inhomogeneity. In the case of the
QD stacks, carrier localization in local potential minima with
a spatial extension smaller than the QD size is observed only
for the InGaN QDs with the highest In content (peak emis-
sion around 2.76 eV) under study. These results confirm the
efficiency of the QD three-dimensional confinement in
avoiding the potential fluctuations related to structural
defects or alloy inhomogeneity. The PL excitation measure-
ments demonstrate efficient carrier transfer from the wetting
layer to the QDs in the GaN/AIN system, even for a low den-
sity of QDs (~10'"° cm ™). In the case of InGaN/GaN QDs,
transport losses in the GaN barriers cannot be discarded, but
an upper limit to these losses of 15% is deduced from PL
measurements as a function of the excitation wavelength.
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