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Abstract

We have measured photoluminescence (PL) and time-resolve photoluminescence (TRPL) from InGaN/GaN

quantum dots (QDs) grown on passivated GaN surfaces by metalorganic chemical vapor deposition (MOCVD). Strong

PL emission was observed from the QDs structure even at room temperature. By comparing the PL and TRPL

dependence on temperature, a significant difference between the QD and wetting layer emissions was revealed. The QD

emission is characterized by a strong exciton localization effect, which leads to a larger thermal activation energy, a

nearly constant radiative lifetime independent of temperature and an unusual temperature behavior of the PL peak

energy.

r 2003 Elsevier B.V. All rights reserved.
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Semiconducting III–V materials
InGaN quantum dots (QDs) structure has
attracted much attention for its potential applica-
tion in low-threshold laser diodes (LDs) and
superior performances due to its large localization
effect [1–3]. Although it has been well recognized
that the strong emission of the apparent InGaN
quantum wells (QWs) originates from dot-like
localized states caused by indium composition
fluctuations [4], fabrication of an intentionally
controlled QD structures in nitride semiconduc-
tors is still a big challenge. Hirayama et al. [5]
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reported their successful fabrication of self-
assembled InGaN QDs on AlGaN surface by
metalorganic chemical vapor deposition (MOCVD),
using silicon as an anti-surfactant. While Tachibana
et al. grew nano-scale InGaN self-assembled QDs
on a GaN surface without any surfactant [6] and
observed a room temperature lasing oscillation from
their stacked QDs structure [1]. Fabrication of
InGaN QDs using selective growth was also
investigated by several groups [7–9]. More recently
we have developed a new method to fabricate
InGaN QDs by low-pressure MOCVD and ob-
served a strong photoluminescence (PL) emission
from the dots at room temperature [10]. In this
d.
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paper, we further present the optical properties of
InGaN/GaN QDs grown on a passivated GaN
surface, an issue which has not been well exploited.

The InGaN/GaN QDs structure studied here
was grown by low-pressure MOCVD on a
passivated GaN substrate. Fig. 1(a) shows the
schematic structure of the QD sample. A 30-nm-
thick GaN buffer layer was first grown on a
(0 0 01) sapphire substrate at 530�C, followed by
1-mm-thick high temperature (HT) GaN layer at
grown 1030�C. Then the HT-GaN surface was
passivated by oxygen in the atmosphere for 24 h
and served as the substrate for the sequential
growth of a GaN adjusting layer at 550�C. The
passivation is expected to increase the energy
barrier for hopping of the atoms, and the low-
temperature growth decreases the surface diffusion
length. All these factors would facilitate the
Fig. 1. (a) Schematic structure of InGaN/GaN QDs sample

with passivated GaN surface; (b) QWs sample without

passivated GaN surface and (c) AFM image of a single layer

InGaN grown on passivated GaN surface.
formation of the nano-scale islands on the GaN
surface, which is essential for the later-on InGaN
QDs formation. The QDs structure contains four
periods of InGaN/GaN (20/15 nm) layers grown at
850�C. The measured In composition is 0.15. For
comparison, a reference sample of InGaN/GaN
QW was grown separately. It has the same layered
structure as the QD sample, but without the
passivation process during growth (Fig. 1(b)).
Details of the growth and characterization of the
GaN adjusting layers were described elsewhere
[10]. For surface morphology measurement, a
third sample with only one InGaN layer was
grown on a passivated LT-GaN surface. In the
optical studies, time-resolved PL was performed
under excitation of frequency-doubled (l ¼
360 nm) laser pulses from a Ti:sapphire mode-
locked laser and the signals were analyzed by a
two-dimensional (2D) synchronous streak camera
with an overall resolution of 15 ps. The PL
measurement was carried out in cw configuration
using a combination of a cooled GaAs PMT and a
Jobin-Yvon Data-Link electronic system.

Fig. 1(c) shows an atomic force microscope
(AFM) image of the surface morphology of the
third sample. It can be seen that the InGaN QDs
were formed with an average size of 25 nm in
diameter and 10-nm in height. The QDs density is
estimated to be 1011 cm�2, higher than the
commonly recognized density of dislocations
(2� 1010 cm�2) [11]. That is very important for
good performance of optoelectronic devices.

Fig. 2(a) shows the PL spectrum of the InGaN/
GaN QWs sample at 14K. The PL is dominated
by a 2D exciton emission peaked at 3.25 eV.
Fig. 2(b) displays the PL spectra of the InGaN
QDs sample at different temperatures ranging
from 14 to 300K. By comparing the PL spectra
from the two samples, it is evident that a strong
low-energy PL peak at 2.8 eV (see the 14K PL in
Fig. 2(b)) is an exciton emission of the QDs, while
the high-energy emission around 3.15 eV is related
to the wetting layer (WL) of the QD sample. The
later corresponds to the 2D exciton emission in
the QW sample. It is noticed that the PL energy of
the reference sample is higher than that expected
from its structure. This inconsistency is most likely
due to the different indium incorporation in the
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Fig. 2. (a) PL for the InGaN/GaN QWs sample at 14K and (b)

PL for the InGaN/GaN QDs sample at different temperature

ranging from 14 to 300K.
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Fig. 3. PL peak energy vs. temperature for both (a) WL

emission and (b) QDs emission in the QDs sample. The solid

line in Fig. 3(a) is the fitting of the data using the same Varshini

parameters as in the QWs sample. The insets are Arrhenius plot

for the WL and QDs emissions.
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two growth procedures, which was found to be
very sensitive to the growth conditions [12]. It is
worth mentioning that the PL intensity of the QDs
sample is more than 15 times higher than that of
the QW sample at the same temperature of 14K,
showing a significantly improved luminescence
efficiency in the QDs structure due to strong
carrier localization.

As shown in Fig. 2(b), the intensity of the WL
emission is comparable to that of the QDs at 14K.
This result presents a striking contrast to the case
of InAs/GaAs QDs system, where the emission
from WL is very weak due to efficient transfer of
carriers from WL to QDs even at low tempera-
tures. For the InGaN/GaN QD case, the relatively
higher PL intensity from WL at low temperature
can be attributed to a larger exciton bind energy in
the InGaN system, as will be discussed later. When
temperature increases, the PL intensity of the WL
decreases much faster than that of the QDs,
leading to an increase of the relative PL intensity
of the QDs. The QD emission remains intense even
at room temperature, in consistent with the strong
carrier localization in QDs due to a 3D carrier
confinement.

Fig. 3 presents the temperature dependence of
the PL peak energy for the WL (a) and QDs (b),
respectively, in the QDs sample. It is clear that the
energy variation with temperature is quite differ-
ent for the two cases. For the WL the photon
energy follows the band gap very closely below
200K. This behavior is very similar to that
observed in 2D InGaN/GaN QWs (not shown).
The fitting of the experimental data with Varshini
empirical formula yields Varshini parameters of
a ¼ 1:07meV/K and b ¼ 173:3K, which are com-
parable to what we obtained in our QW sample.
For the QD emission, however, the photon energy
decreases first, but then increases with increasing
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temperature, showing an S-shaped behavior of the
PL energy. This unusual temperature dependence
is a typical characteristic of self-organized QDs
[13], resulting from the thermal activation and
transfer of excitons localized at different potential
minima caused by the size distribution of QDs.
Note that the overall variation of the photon
energy is not large. The reduced red shift observed
for the QD structures can be partly explained by a
partial decoupling of the phonon–exciton interac-
tion of the QDs [14,15].

The integrated PL intensity vs. temperature is
plotted in the insets of Fig. 3 for both QD and WL
emissions. The experimental data are fitted using
IðTÞ ¼ I0=½1 þ Cexpð � E0=kT Þ	: The thermal ac-
tivation energy E0 can be obtained from the data
fitting. The thermal activation energy for the WL
emission is 21meV, in good agreement with the
value of 23meV, an energy deviation from the
expected value according to the Varshini relation
between the PL peak energy and temperature (see
Fig. 3(a)). This deviation has been regarded as a
transition of localized exciton to delocalized
exciton emissions, and therefore the corresponding
energy deviation is often taken as a measure of the
exciton localization energy [14]. The thermal
activation energy of the QD emission is estimated
to be 74meV, much larger than that for the WL. A
large activation energy of the QDs efficiently
prevents carriers from thermal quenching and
ensures strong emission up to room temperature.
It explains the increase of the relative PL intensity
of the QD with the increase of temperature. We
note that the value of 74meV is far less than the
energy difference between the QDs and the WL
emissions. It can then be postulated that the
decrease of the QD PL intensity is due to the
thermal activation of the non-radiative recombi-
nation centers as often observed in many semi-
conductors, rather than the evaporation of the
carriers from the QDs to the WL.

To further study the dimensional property of the
QD structure, we have studied radiative and non-
radiative recombination dynamics of the InGaN/
GaN QD sample by combining the PL and time-
resolved PL results. The values of the radiative
lifetime trad and non-radiative lifetime tnonrad are
deduced from the PL decay time(tPL) and the PL
intensity as a function of temperature using the
relation Zint ¼ 1=ð1 þ trad=tnonradÞ; where Zint is an
internal quantum efficiency. To make it simple, Zint

is set to be unity at low temperature, since the non-
radiative recombination centers are usually frozen
up and the radiative recombination dominates the
PL at low temperature. Then, trad and tnonrad can
be expressed as a functions of the measured decay
time tPL:

tradðTÞ ¼
Ið14 KÞ

IðTÞ
tPLðTÞ; ð1Þ

tnonradðTÞ ¼
Ið14 KÞ

Ið14 KÞ � IðTÞ
tPLðTÞ: ð2Þ

In Fig. 4, the deduced trad and tnonrad for the
WL and QDs emissions are plotted as a function
of temperature. It can be seen that there is no
significant variation of trad from 14 to 200K for
the QDs emission, showing a characteristic beha-
vior of the 0D excitons. Whereas trad for the WL
increase linearly with increasing temperature when
T > 100K, in consistence with the well-known
theoretical prediction in a 2D system [16].

In conclusion, the optical properties of InGaN/
GaN QDs grown on passivated GaN surfaces by
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MOCVD are studied by PL and time-resolve
photoluminescence (TRPL). By comparing tem-
perature dependence of PL and TRPL, a signifi-
cant difference between the QD and WL emissions
was observed. The QD emission is characterized
by a strong exciton localization effect, which leads
to a larger thermal activation energy, a nearly
none variation of the radiative lifetime with
temperature, and an unusual temperature beha-
vior of the PL peak energy.
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