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Using photoluminescence and photoreflectance ranging from 8 to 300 K, this study investigates transition energies in InAs/
GaAs quantum dot (QD) samples grown on (100) misoriented 7� towards (110) GaAs substrates using gas source molecular
beam epitaxy with various group V/III flux ratios. Only the exciton transition appears in the photoluminescence spectra (PL)
of all samples. Experimental results indicate that the decrease in the full width at half maximum (FWHM) of the PL peak with
increasing temperature can be attributed to the effective suppression of non-predominant size QD emissions due to carrier
tunneling between nearby dots. Signals from all relevant portions of the samples have been observed in the PR spectra. One to
three transition energies in QDs, depending on the dot size, are observed in the PR spectra. [DOI: 10.1143/JJAP.42.5876]
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In our earlier study, photoluminescence (PL) was used to
characterize the self-organized InAs QDs grown on both
(100) exact and misoriented 7� toward (110) GaAs substrates
by using gas source molecular beam epitaxy (GSMBE).1)

Those results demonstrated that the QD structures grown on
misoriented substrates exhibit a better uniformity than those
grown on the exact substrates under the same growth
conditions. In this study, we apply photoluminescence
(PL)2–5) and photoreflectance (PR) spectra to characterize
the self-organized InAs QDs grown on a (100) misoriented
7� toward (110) GaAs substrate by using GSMBE with
different group V/III flux ratios (V/III ratio). Only the
transition energy of the exciton appears in the PL spectra of
all the samples. Conversely, signals are observed in the PR
spectra from all the relevant portions of the sample including
QDs, the wetting layer (WL), and GaAs sections. In addition
to the exciton transition, PR spectra also reveal one to three
transitions in the QDs, depending on the dot size.

The QD samples investigated in this study were grown by
a VG V80H GSMBE system. High purity hydride AsH3 and
elemental group III sources, In and Ga, were used in the
growth. The AsH3 flow rates were precisely controlled by
using a high pressure proportional integral differential
system. All samples were grown on (100) misoriented 7�

toward (110) semi-insulating GaAs substrates. The sample
structures include a 200 nm thick buffer layer grown at
620�C, an InAs layer deposited with a nominal thickness of
3ML at 490�C, a 10 nm GaAs layer grown at 490�C to avoid
In segregation, and a 40 nm GaAs capping layer grown at
620�C. The growth rate was 0.09 ML/s and the V/III ratio
during the growth of InAs layer was maintained at 8.2, 4.4,
2.2, and 1.1 for the four samples labeled as C478, C479,
C480, and C481, respectively. Table I lists the V/III ratios
of these samples. Details of the sample preparation can be
found in M. C. Chen et al.1)

PL and PR measurements were performed in a closed
cryostate at temperatures ranging from 8 to 300 K to
characterize the QD structures. The luminescent signal was
dispersed by a monochromator and detected by a Si or Ge
photodetector. A standard PR apparatus was used in the PR
measurements. The probe beam consisted of a tungsten lamp

and a quarter meter monochromator. A He–Cd laser served
as the pump beam. The detection scheme consisted of a Si or
Ge photodetector and lock-in amplifier. The modulated
reflectance signals, �R=R were processed by the lock-in
amplifier and a personal computer.

Figure 1 depicts the PL spectra for all the quantum dot
samples at 8 K. According to this figure, the PL peak energy
shifts to a lower energy (red shift) as the V/III ratio
decreases from 8.2 to 2.2 and then shifts to a higher energy
(blue shift) as the V/III ratio is further reduced to 1.1. The
red shift of the PL peak energy implies that the QD size
increases with a decrease in V/III ratio. This phenomenon is
attributed to the decrease in In adatom migration length as
the flux rate of AsH3 increases when the InAs is grown under
As-stabilized conditions. The abnormal increase of the PL

Table I. Sample identification, V/III ratio of InAs layer, thermal

quenching energy and activation energy.

sample V/III ratio Thermal quenching Activation energy

energy EQ (meV) Ea (meV)

C478 8.2 10.3 85.0

C479 4.4 9.1 57.7

C480 2.2 10.0 92.6

C481 1.1 9.5 81.8
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Fig. 1. PL spectra for all samples at 8K.

�Author to whom all correspondence should be addressed. E-mail:

pjshwang@mail.ncku.edu.tw

Jpn. J. Appl. Phys. Vol. 42 (2003) pp. 5876–5879

Part 1, No. 9A, September 2003

#2003 The Japan Society of Applied Physics

5876



peak energy when the V/III ratio is reduced to 1.1 may be
attributed to the change in the growth of InAs from As-
stabilized to In-stabilized, thereby enhancing the critical
thickness of InAs. In addition, increasing the wetting layer
thickness leads to a smaller dot size and higher PL peak
energy. Figure 2 shows plots of the wavelength-integrated
PL intensity as a function of thermal energy, kT , for all the
samples. The integrated intensity as a function of temper-
ature T can be expressed as1)

IðTÞ ¼
I0

1þ exp
�E

EQ

�
�E

kT

� � ; ð1Þ

where I0 denotes the integrated intensity at 0 K, �E

represents the activation energy from the exciton radiative
state to the nonradiative state, and EQ is the thermal
quenching energy defined as the thermal energy when the
integrated intensity is reduced to half I0. When the
experimental data shown in Fig. 2 are least-squares fitted
to eq. 1, �E and EQ can be obtained as fitting parameters.
The solid lines in Fig. 2 denote the least-square fits and
Table I also includes the obtained values of �E and EQ.
Figure 3 shows plots for the full width at half maximum
(FWHM) of the PL peaks as a function of thermal energy,
kT . With increasing temperature, the FWHM decreases until
the thermal energy is comparable to the thermal quenching
energy and then, increases as the thermal energy exceeds the
thermal quenching energy. In a related study, Lubyshev et
al. interpreted the behavior of decreasing FWHM in terms of
the effective suppression of nonpredominant-size QD emis-
sions due to carrier tunneling between nearby dots.6,7) Note
that the increase in FWHM at high temperatures are
attributed to the increasing effect of the phonon–electron
scattering.

Figure 4 displays the PR spectrum of sample C478 at 8K.
The features below the GaAs band gap, 1.52 eV, originate
from the QDs and QW in the wetting layer (WL). Mean-
while features observed in the 1.52 to 1.70 eV range are the
Franz–Keldysh oscillations (FKOs) originating from the

built-in electric field at the sample’s surface. The FKOs
disappeared completely when the samples were etched for
2 s by the etching solution that consisted of H2SO4, H2O2

and H2O with a volume ratio of 1 : 1 : 50. The etching rate is
approximately 36.7 �A/s at room temperature. The inset in
Fig. 4 is a plot of ð4=3�ÞðEn � EgÞ3=2 as a function of FKO
index n. Figure 5 displays the features below 1.5 eV of the
PR spectra for all the samples at several temperatures. The
feature labeled QW corresponds to the electron-heavy hole
transition energy of the quantum well formed in the wetting
layer while the features designated QD1, QD2, and QD3
originate from the QDs. The lowest energy signal, labeled
exciton, is the energy of the confined exciton in the self-
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Fig. 2. Wavelength-integrated PL intensity as a function of thermal

energy, kT , for all the samples. The solid lines are the least-squares fits to

eq. (1).
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Fig. 3. Full width at half maxima of the PL peaks as a function of thermal

energy.
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Jpn. J. Appl. Phys. Vol. 42 (2003) Pt. 1, No. 9A J.-S. HWANG et al. 5877



organized InAs quantum dots. The PR spectra were well
fitted to the first derivative of a Gaussian profile to
accurately determine the transition energies of each feature.
Arrows in Fig. 5 denote the obtained transition energies of
the features, while solid lines represent the curves of the
least-squares fits. To ensure that these solid lines are
discernible, one out of every three data points has been
removed from the data curves. Table II lists the exciton
energies obtained from the PR spectra for all the samples at
various temperatures along with the peak energies of the PL
spectra. According to the table, results obtained for the PL
spectra correlate well with those for the PR spectra. Figure 6
illustrates the detailed fitting to the first-derivative Gaussion
lineshape for all the features originating from the QDs and
QW in the PR spectrum of sample C478 at 8K. The inset in

Fig. 6 is the PL spectrum. Notably, the exciton energies in
the PR and PL spectra are identical.

The k � p method was employed to calculate the theoret-
ical transition energies in the strained layer of InAs/GaAs
QW structures with 1.5 ML width.8) Parameters used in the
calculation, including the band gap, deformation potential,
elastic constant, and effective mass can be found in refs. 9
and 10. The band offsets are 0.25 and 0.17 eV for the
conduction band and valence band, respectively. According
to Fig. 7, the experimental and theoretical QW transition
energies for all samples at various temperatures closely
correspond to each other. This figure also includes the
transition energies of QDs and the exciton. Notably, two QD
transitions, labeled QD1 and QD2, appeared in the PR
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Fig. 5. Features of the PR spectra shown in detail below 1.5 eV for all the

samples at several temperatures. The solid lines represent the least-

squares fits to their corresponding lineshape with the transition energies

indicated by arrows.

Table II. Comparison of exciton energies obtained from PR and PL

measurements.

Temperature C478 C479 C480 C481

(K) PL PR PL PR PL PR PL PR

(eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)

8.8 1.272 1.271 1.248 1.248 1.232 1.234 1.273 1.274

30 1.270 1.270 1.248 1.248 1.232 1.229 1.272 1.271

60 1.263 1.263 1.241 1.241 1.228 1.228 1.265 1.265

90 1.251 1.251 1.229 1.229 1.218 1.220 1.251 1.251

105 1.223 1.223 1.211 1.212 1.242 1.242

110 1.244 1.244

120 1.241 1.240 1.217 1.217 1.204 1.205 1.235 1.231

130 1.238 1.237

135 1.212 1.212 1.194 1.194 1.228 1.222

140 1.236 1.236

150 1.235 1.235 1.209 1.208 1.189 1.189 1.223 1.211
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Fig. 6. The detailed fitting to the first derivative Gaussian lineshape for all

features originating from QDs and QW in the PR spectrum of sample

C478 at 8 K. Shown in the inset is the PL spectrum.
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spectra of samples C478 and C479. Meanwhile, three
transitions, labeled QD1, QD2, and QD3, are observed in
the PR spectrum of sample C480 that has QDs larger than
those of C478 and C479. As mentioned earlier, sample C481
has the smallest QDs because it was grown with a V/III ratio
of 1 : 1 which is under In-stabilized growth conditions.
Therefore, only a single QD transition was observed in the
PR spectrum of sample C481. The exciton feature gradually
disappears when the temperature surpasses 110 K or when
the thermal energy (kT) is larger than the thermal quenching
energy (	10meV).

In conclusion, this study investigated the transition
energies in InAs/GaAs QD samples grown on (100)
misoriented 7� toward (110) GaAs substrates using GSMBE
with various V/III ratios by PL and PR spectra ranging from
8 to 300K. For all the samples at all different temperatures,
PL spectra revealed only one optical transition originating
from the confined exciton. Only one predominant QD is
formed in the samples and the dot size depends on the V/III
ratio or the AsH3 flow rate during InAs layer growth. In the
low temperature region, the decrease in the FWHM of the
PL peak with increase in temperature implies the suppres-
sion of non-predominant QD emissions due to carrier
tunneling between nearby dots. Further increasing the
temperature increases the FWHM due to the increasing
effect of phonon–electron scattering. Transition energies
from all relevant portions of the samples were observed in

the PR spectra from 8 to 300 K. The QW transition energies
obtained herein correlate with the theoretical values calcu-
lated using the k � p method. One to three transition energies
in the QDs, depending on the dot size, were observed in the
PR spectra.
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