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Self-assembled InAs quantum dots(QDs) in GaAs layers were studied with a cathodoluminescense(CL)
detection system combined with a transmission electron microscope. Three distinct peaks were observed to
appear in the CL spectrum collected from a 1mm2 region. The excitation power dependence of the CL spectra
and monochromatic CL image observations identified those peaks that are the emissions associated with the
ground state and excited state of the QDs in different size groups. Anomalous temperature dependence of those
QD emission peaks was observed in the temperature range from 20 to around 100 K, where the emission
intensities increase with temperature. Steady-state rate equations for the recombination processes of holes and
excitons are proposed with introduction of a potential barrier at the interface between the GaAs layer and the
wetting layer(WL). This model can explain the temperature dependence of the emission intensities from the
QDs and WL in a wide temperature range.
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I. INTRODUCTION

Self-assembled InAs quantum dots(QDs) have been in-
tensively studied owing to their potential applications in op-
toelectronic devices such as lasers,1 infrared detectors,2 and
optical memory.3 The three-dimensional(3D) confinement of
electrons and holes producesd-function-like states which
provide an important system for fundamental physics and for
developing new devices.4 The InAs strained QDs are spon-
taneously formed during the epitaxial growth on GaAs in the
Stranski-Krastanov(SK) mode, and start to grow as a three-
dimensional island on top of a two-dimensional wetting layer
(WL). The InAs QDs have inhomogeneity in height and lat-
eral size, which results in a broad luminescence line shape.

In order to realize QD-based optoelectronic devices with
high efficiency at room temperature, it is important to under-
stand the temperature dependence of the luminescence inten-
sity from the QD system. Because of the inhomogeneity in
QD size, unusual behavior was observed to appear in the
temperature dependence and excitation power dependence of
the photoluminescence and cathodoluminescence spectra.5–12

The redshift of the peak energy with increasing temperature
is greater than that of the band gap of InAs, and the full
width at half maximum(FWHM) of the peak decreases with
increasing temperature. This anomaly can be explained by
the thermal escape and capture of carriers among the QD
states. Thermal quenching of the luminescence from QDs is
attributed to the thermal escape of carriers from the QDs to
the WL and/or the GaAs barrier layer. However, the coupling
among QDs occurs by carrier motion via the WL, and then
this makes the diffusion process of the carriers complicated.

Another factor which influences the luminescence line
shape is radiative recombination associated with an excited
state. An energy relaxation bottleneck is expected for QD,13

since the energy interval does not match the zone-center LO

phonon energy. This causes long lifetime of excitons staying
at excited states and increases the emission due to the radia-
tive recombination associated with the excited states of QDs.
In the case of quantum wells(QWs), the excitons at the
excited state can easily transfer to the ground state by emit-
ting phonons because QW states have band structures. Then
the emission intensities associated with excited states are
usually very weak in QWs, while in the case of QDs, the
emission peaks associated with excited states were fre-
quently observed in photoluminescence and cathodolumines-
cence(CL) spectra taken under high excitation power.12,14

This causes a broadening and blueshift of the single broad
peak observed in the excitation power dependence for QDs
with continuous size distribution.15 The mode assignment
of the excited states has been studied experimentally and
theoretically by many authors,14,16 and recently detailed
properties of excited states such as exciton molecules and
charged excitons have been found using a single QD
measurement.15,17–19

Recently we found anomalous temperature dependence of
the luminescence intensity in molecular beam epitaxy(MBE)
grown InAs QD samples using a cathodoluminescence detec-
tion system attached to a transmission electron microscope
(TEM). By narrowing the scanning area of the electron beam
to a 1mm region, three distinct emission peaks from the
QDs were observed to appear in the CL spectrum. Their
emission intensities increased with increasing temperature
from 20 K to around 100 K. Then the intensities of the three
peaks decrease with further increasing temperature, having
maxima at different temperatures. Such anomalous behavior
was also observed by other authors with a similar InAs QD
contained structure.20 The excitation power dependence of
the CL spectra and the monochromatic CL image observa-
tions identified the three peaks that are the emissions associ-
ated with the ground state and excited state of the QDs in
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different size groups. Their mutual intensities are inter-
changed with each other as the temperature increases. We
propose a steady-state rate equation model for the carrier
recombination process. This model can well explain the ob-
served temperature dependence of the luminescence intensi-
ties from the QDs as well as that from the WL.

II. EXPERIMENT

Self-assembled InAs quantum dot samples were grown by
molecular beam epitaxy(MBE) on Si-doped n+-type
GaAss001d substrates with a dopant density of 1
31018 cm−3.21 A sample contains three InAs layers with dif-
ferent thicknesses. An InAs layer of 3 monolayersML d
thickness was deposited on an undoped GaAs buffer layer
first grown on the GaAs substrate. Then 2 ML and 1 ML
InAs layers were successively deposited with undoped GaAs
spacer layers 50 nm thick. Finally, it was capped by a 50 nm
GaAs layer on top. The growth rate is 0.33 ML/s for the
InAs layers and 1mm/h for the GaAs spacer layers at
520°C. The samples were thinned by a Gatan dimple grinder
and then Ar ion milling for plan view samples for CL mea-
surement in a transmission electron microscope.

The CL experiments were performed with a modified
JEM2000FX TEM at an accelerating voltage of 80 kV with a
probe current of 0.9 nA except for the excitation-dependent
CL measurement. A probe current ranging from 0.14 to
5.01 nA was used for the excitation-dependent CL measure-
ment. The temperature of the sample was varied from 20 K
to 220 K using a liquid He cooling holder. Light from a
sample was collected by an ellipsoidal mirror inside the pole
piece of an objective lens and focused to the entrance slit of
the monochromator. InGaAs/ InP photomultiplier tube was
used to detect light in the infrared region up to 1700 nm. The
system permits spectrally and spatially resolved and
polarization-dependent measurements. All the CL spectra
shown here were taken with an electron beam scanning over
an area of micrometer order(scanning mode) with a probe
size of 10 to 20 nm depending on the beam current.

III. RESULTS

Figure 1 reproduces a dark field TEM image of a plan
view sample, in which QDs show a diffraction contrast due
to the strain fields around them. The density of the QDs is
431010 cm−2. Their lateral size is distributed in the range
from 5 nm to 30 nm in diameter. The histogram of the size
distribution shows distinct peaks at diameters of 20 nm and
25 nm. Figure 1 is a projected image along the beam direc-
tion, and thus it is difficult to identify the InAs layer to which
those QDs belong. TEM observation of a cross section
sample showed that the QDs are formed on the 2 ML and
3 ML InAs layers and not on the 1 ML InAs layer.21 This is
plausible because in the SK growth of InAs, a wetting layer
1 ML thick is first formed, and then QDs are generated on it.
The majority of them were observed to exist on the 3 ML
InAs layer.

Figure 2 shows CL spectra taken at 40 K with electron
beam scanning over(a) a 10mm310 mm area and(b) a

1 mm31 mm area, and(c) with a stationary beam illumina-
tion of the same region. In the spectrum from the 10mm
310 mm area, a single broad peak appeared in the energy
range from 1.1 eV to 1.35 eV, which is emission from the
QDs. The peak appearing at 1.45 eV is emission from the
wetting layers. The broad peak has a maximum at 1.2 eV and
full width at half maximum of about 100 meV. When the
scanning area was narrowed to a 1mm31 mm area, the
single broad peak was split into three sharp peaks at 1.15 eV,
1.20 eV, and 1.25 eV. This suggests that three different
groups of QDs are selectively left in this area. The origin of
those peaks can be attributed to the size distribution of the
QDs and also to emission from excited states in the QDs. To
find the origin of each peak we further studied the excitation
dependence and temperature dependence of CL spectra, and
observed monochromatic CL images using those peak emis-
sions as will be shown in a later section. The CL spectrum
was greatly varied by changing the scanning area from place
to place, and more complicated spectra involving sharp
peaks appeared under the stationary beam illumination con-
dition. However, the three peaks frequently appeared in the
CL spectra when taken by scanning over a 1mm31 mm
area. So we took this condition to measure the excitation and
temperature dependences. The number of QDs existing in
this area is about 400.

FIG. 1. TEM dark field image of a plan view sample of
InAs/GaAs.

FIG. 2. CL spectra acquired(a) and (b) from scanning areas of
(a) 10 mm310 mm and(b) 1 mm31 mm, and(c) with stationary
beam illumination. Accelerating voltage is 80 kV, electron beam
current 0.9 nA, and a sample temperature 40 K.
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Figure 3 shows CL spectra taken at 80 K for various beam
currentsIb ranging from 0.14 to 5.01 nA. There are three
peaks appearing in the spectra at peak energies of 1.144 eV
sP1d, 1.197 eVsP2d, and 1.247 eVsP3d, respectively. Those
peaks have a finite width of about 40 meV, and each of them
is composed of emissions from QDs with similar size. Each
peak slightly shifts with increasing beam current, by a small
blueshift of less than 5 meV. The photon energy of the emis-
sion from a single QD is fixed for any excitation rate, be-
cause the energy level of the QD is discrete. Therefore an
emission peak should not shift, if it comes from a single QD
or QDs of fixed size. The slight shift resulting from the in-
crease in excitation rate can be attributed to a change in the
population of carriers occupying the QD states of different
sizes in each group, which is caused by the reemission and
capturing of carriers by the QDs. Another possibility is the
appearance of emission from excited states of the larger QDs
which happen to have nearly the same energy level as the
ground states of the smaller QD groups.

Figure 4 shows the dependence of the CL peak intensity
on beam current, which is obtained from Fig. 3. If a lumi-
nescence spectrum has a single peak broadened by phonon
and impurity scattering, we must take an integrated intensity
for the plot. However, in this case the peak is composed of a
number of peaks from the QDs with slightly different sizes.
The FWHM of each peak is much smaller than the apparent
peak width, because it becomes narrower when the illumina-
tion area becomes small, as seen in Fig. 2. For this reason we
use the peak intensity for the analyses.

The excitation rate dependence of the CL intensity is the
same for the P1 and P2 peaks, while the relative increase in
intensity is greater for the P3 peak. This fact clearly demon-

strates that the P3 emission is due to the transition associated
with excited states of the QDs, and thus P1 and P2 emissions
should be those associated with the ground states. In most
cases the CL intensity varies superlinearly with beam cur-
rent, i.e.,Iph~ Ib

k.22 The data are fitted with this relation as
indicated by the broken lines in Fig. 4. The values ofk are
0.74 for P1, 0.78 for P2, and 0.94 for P3, respectively. Then
the P3 intensity varies almost linearly with beam current,
while the P1 and P2 intensities change more slowly.

It should be noted that a single broad peak from a wide
area (see Fig. 2) shifts to high energies by as much as
50 meV with increasing beam current from 0.2 nA to 10 nA.
The relative intensity of the high-energy side increases faster
than that of the low-energy side. Then this large blueshift can
be understood as an apparent shift due to the appearance of
the excited state emission at higher energies.

Figure 5 shows CL spectra taken from the same scanning
area as in Fig. 3 at various temperatures ranging from 20 K

FIG. 3. Excitation power dependence of CL spectra taken for
various electron beam currentsIb ranging from 0.14 to 5.01 nA.
Accelerating voltage is 80 kV and sample temperature 80 K.

FIG. 4. CL intensities of the P1, P2, and P3 peaks as a function
of beam current.

FIG. 5. CL spectra taken at various temperatures ranging from
20 to 220 K. Accelerating voltage is 80 kV and electron beam cur-
rent is 0.9 nA.
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to 220 K. The relative intensities of the three peaks(P1, P2,
and P3) are seen to change with temperature. At low tem-
peratures high-energy peaks are predominant; the P2 peak is
largest at temperatures lower than 120 K. With increasing
temperature the P1 peak becomes dominant in the tempera-
ture range of 140–180 K. It is noticed that the absolute in-
tensities of those peaks increase as the temperature increases
from 20 K to around 100 K, and in turn they decrease for
further increase in temperature above 100 K. At the higher
temperatures, the high-energy peaks successively decrease
and then the lower-energy peaks appear at temperatures
above 180 K, which are not resolved from the predominant
peaks at low temperatures. A new peak appearing at 1.07 eV
is considered to be the luminescence from the other group of
QDs with larger size compared to those of the P1 and P2
peaks.

Each peak gradually shifts toward lower energy with in-
creasing temperature. Figure 6 shows the temperature depen-
dence of the observed energies of the three peaks. The
dashed lines in Fig. 6 show the expected peak position cal-
culated by using Varshni’s law for the band gap variation of
InAs using the parametersa=0.276 meV/K andb=93 K.23

The deviation of each peak from the dotted line is small. This
ensures that each peak always reflects the luminescence from
the same group of QDs at any temperature in this range, and
the change in carrier population of the QDs is negligible. In
the case of the broad peak emission coming from the QD’s
with large size distribution, the peak energy greatly deviates
from the Varshni law as reported in previous work.5,8 Such
behavior can be understood from the temperature depen-
dence of the relative intensities of the emission peaks seen in
Fig. 5.

Figure 7 shows the Arrhenius plot for the P1, P2, P3, and
WL peak intensities extracted from the data in Fig. 5. As
mentioned before, the P2 peak is dominant at low tempera-
tures below 120 K compared to the P1 and P3 peaks. As
temperature increases from 20 K, the intensities of the three
peaks are nearly constant up to 40 K, and then they increase
from 40 K to around 100 K, while the intensity of the WL
peak monotonically decreases and disappears above 60 K.

The P3 peak has a maximum at 70 K, and then rapidly de-
creases with increasing temperature. The P2 and P1 peaks
show similar behavior; the P2 and P1 peaks successively
have a maximum at 90 K and 140 K, respectively.

The intensity decay at high temperatures from 100 to
200 K is attributed to thermal excitation of carriers from QD
states to WL states. Thermal excitation of carriers from the
QDs to the GaAs band was reported to occur at further high
temperatures above 200 K,12 though sufficient data could not
be obtained in the present study because of the small inten-
sities in this temperature range. From the slope of the
Arrhenius plot, the activation energies are derived to be
170 meVsE1d, 125 meVsE2d, and 44 meVsE3d for the P1,
P2, and P3 peaks, respectively. Those energies correspond to
the binding energy for carriers escaping from the depth of
energy levels in the QDs with respect to that of the WL. The
carriers in those levels can escape from the QDs when the
thermal energy becomes comparable to the binding energy.
Therefore this can well explain the shape of the curves in the
high-temperature region in Fig. 7. The binding energy from
the QD state to the WL state is smaller for the smaller QDs
which give the higher-energy peak emission. Then the rapid
decrease starts at the lower temperature for the higher-energy
peak, i.e., the P2 peak intensity has a maximum at a lower
temperature than that of the P1 peak.

The decrease in CL intensity at low temperatures below
80 K is unusual, and we must consider another mechanism
for carrier diffusion and recombination processes. We pro-
pose a model in the next session.

Figure 8 shows the monochromatic CL images taken at
various photon energies. This measurement was performed at
40 K for the scanning area of 10mm310 mm including the
same area used for the excitation and temperature depen-
dence measurements(Figs. 3 and 5). Figures 8(a)–8(f) are
monochromatic CL images taken at photon energies of the
(a) P1 peak,(b) P2 peak,(c) P3 peak, and(d) WL peak,
respectively. The intensity distribution in each CL image in-
dicates the spatial distribution of the QDs in the same group
of similar size. The CL intensity distributions of the P1–P3
emission have rather similar shapes to each other, while the
intensity distribution of the WL emission is complementary
to those. This does not mean that the WL is not uniform. The

FIG. 6. Photon energies of the P1, P2, P3, and WL peaks vs
temperature. The peak energy variations expected from the tem-
perature dependence of the InAs band gap(Varshni’s law) are
shown by dashed lines.

FIG. 7. Arrhenius plot for the CL intensities of the P1, P2, P3,
and WL peaks.
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origin of the contrast could be an inhomogeneous distribu-
tion of QDs, and the WL emission increases in the low-
density region of QDs, because the two emissions are com-
petitive in the carrier recombination process. The P3
emission is associated with the excitation state as mentioned
before, and the CL image[Fig. 8(c)] is obviously different
from that of P1[Fig. 8(a)], but is similar to that of P2[Fig.
8(b)]. For more precise comparison, we observed monochro-
matic CL images at slightly lowers1.181 eVd and higher
s1.211 eVd energies from the P2 peaks1.197 eVd, which are
shown in Figs. 8(e) and 8(f), respectively. The intensity dis-
tribution in Fig. 8(e) closely resembles that of P3. This indi-
cates that the emission energy from the ground state related
to the excited state of P3 is close to but slightly lower than
the P2 peak energy. Thus, the energy difference between the
ground and the excited states is about 70 meV. In addition
the intensity distribution in Fig. 8(f) is quite similar to that of
P1 [Fig. 8(a)]. This means that the emission from the excited
state related to the P1 ground state appears near the P2 peak
in the CL spectrum with an energy difference of about
70 meV.

From these results we can identify the recombination as-
sociated with the P1 to P3 emissions as schematically de-
picted in Fig. 9. The P1 emission is associated with the
ground state in the larger QDs, and the P2 and P3 emissions
are associated with the ground and excited states in the
smaller QDs. The energy level significantly depends on the
height of the QD, but not on the lateral dimension, because
the height is much smaller than the lateral dimension in these
QDs. However, a close relation between the height and lat-
eral dimension of a QD can be expected. The large and small
QDs are mixed in the InAs layers, as found from the obser-
vation where the CL intensity distributions of the P1 and P2
emissions are spatially overlapped in the CL images. One
simple explanation for the existence of different size groups
is that they are formed in the 2 and 3 ML InAs layers sepa-
rately. However, a cross sectional TEM image showed that
both larger and smaller QDs are equally formed in the 3 ML
InAs layer. Such a size distribution has also been observed
by other authors.24

IV. DISCUSSION

An anomalous temperature dependence of the CL emis-
sion intensities from QDs of different sizes was observed as
shown in Fig. 5 and Fig. 7. The carrier dynamics can be
derived by analyzing those behaviors of the emission inten-
sities, though the system is rather complicated because of the
existence of the WL. In this section we mainly deal with rate
equations for the carrier recombination processes in this sys-
tem and explain the anomalous behavior.

First we consider the generation process of carriers by the
incident electron beam and their diffusion process in the
sample. Incident electrons are elastically scattered in a thin
sample and generate electron-hole pairs along the trajectory
of the electrons through the successive excitations of second-
ary electrons and plasmons.25 The generation volume of the
carriers is nearly a cone shape expanding toward the bottom
of the thin sample. The thickness of the observed area is
about 700 nm, and the InAs layers are located within a thick-
ness of 150 nm from the top surface. Then a major part of
the carriers is generated in the lower undoped GaAs region
below the InAs layers. After generation, those carriers mi-
grate to the surrounding region by diffusion. The diffusion
length in undoped GaAs is reported to be 0.69mm for elec-
trons at room temperature.26 Therefore major parts of the
electrons can reach the WL of the 3 ML InAs layer, or re-
combine nonradiatively at the bottom surface without recom-
bining in the GaAs region. This is consistent with the obser-
vation that there is no CL emission from the GaAs layer even
at low temperatures. The diffusion length for holes is much
smaller than that for electrons, and thus the number of holes
reaching the WL is not as great as that of electrons. The
carriers captured by the WL tend to form excitons, though
they are thermally dissociated into single carriers at high
temperatures. These carriers move around in the WL and are
trapped by QDs to emit light without nonradiative recombi-
nation. Thus the observed QD emission is mainly generated
in the QDs in the 3 ML InAs layer. As the temperature in-
creases, the reemission of carriers from the QDs to the WL
and the WL to GaAs becomes dominant, which changes the
relative emission intensities of the QDs and WL.

A diagram for the carrier flow process is schematically
represented in Fig. 10. In the diagram,G stands for the gen-

FIG. 8. Monochromatic CL images of the InAs/GaAs thin
sample taken at 40 K using photon energies of(a) 1.144 eVsP1d,
(b) 1.197 eV sP2d, (c) 1.247 eV sP3d, (d) 1.449 eV (WL), (e)
1.181 eV, and(f) 1.211 eV. The scan area is 10mm310 mm.

FIG. 9. Energy diagrams of the InAs QDs–GaAs system for the
QD groups with large and small sizes. A potential barrier of energy
Ea for heavy holes(HH) is formed at the interface between the
GaAs layer and the WL.
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eration rate of electron-hole pairs, which is proportional to
the incident electron beam currentIb. The hole density is
smaller than that of electrons in the GaAs and WL in the
steady state, because the lifetime of the holes is shorter.
Therefore the holes are regarded as a minority carrier in this
system. Thus we deal only with the behavior of the holes in
the rate equations. The hole densities in the GaAs layer and
WL are represented byp and pW, respectively, and electron
densities in the WL bynW. The exciton densities in the WL
and ith QD si =1,2d are, represented bynWX andnXi, respec-
tively. Radiative and nonradiative, recombination rates are
expressed asR andR8 with subscription of each region. The
rate equations for holes and excitons in each region are writ-
ten as follows:

dp

dt
= G − Aap − RB8p + BbpW + B8b8nWX, s1d

dpW

dt
= Aap − BbpW − CnWpW − Do

i

pWsNi − nXid + EdnWX,

s2d

dnWX

dt
= CnWpW − sRW + RW8 dnWX− B8b8nWX

− D8o
i

nWXsNi − nXid − EdnWX+ Fo
i

nXigi , s3d

dnXi

dt
= DpWsNi − nXid + D8nWXsNi − nXid − FginXi − RnXi,

s4d

where

a = expS−
Ea

kT
D, b = expS−

EB
h − EWL

h

kT
D ,

b8 = expS−
EBW

kT
D .

gi = expS−
Ei

kT
D, d = expS−

EXW

kT
D s5d

Here we adopt similar assumptions proposed by San-
guinettiet al.11 The terms involving factorsb andb8 express
the reemission of holes and excitons from the WL to GaAs
layer, and that involvinggi expresses reemission of excitons
from the ith QD to the WL. The termCnWpW indicates the
generation rate of excitons in the WL, andEdnW indicates
dissociation rate of excitons into single carriers. For simplic-
ity it is assumed that the QDs are electrically neutral, and
then the electrons and holes captured by the QDs instanta-
neously form excitons. The reemission of electrons and holes
from the QD to WL is assumed to occur in a correlated
manner27 as well as that from the WL to GaAs.28 We also
consider only two sizes of QDs corresponding to the peak
emissions P1 and P2, and ignore the size distribution of
QDs.

We introduce two important ideas in the proposed model.
One is seen in Eq.(1), which is the rate equation for holes in
the undoped GaAs layer. The second termAa p shows a
capture rate of holes by the WL, where we introduce a
temperature-dependent factora, which involves an activa-
tion energyEa. This energy expresses a small potential bar-
rier for holes captured by the WL from the GaAs layer as
schematically depicted in Fig. 9. This potential barrier acts as
an obstacle for the holes flowing from the GaAs layer into
the WL, which can be the origin of the increase in QD emis-
sion with increasing temperature. The second idea is that the
contribution of single carriers is explicitly involved in the
rate equation for the WL, i.e., the terms involvingpW in Eq.
(2), which has been ignored in previous theories,11,20because
the exciton term is considered to be more dominant. How-
ever, the single-carrier terms become important in explaining
the behavior of the QD and WL emissions at wide tempera-
ture range. Next we will derive the temperature dependences
of emission intensities from the QDs and WL by using this
model for two temperature regimes.

At low temperatures below 60 K, the WL emission has
strong intensity comparable with those of the QD emissions.
In Fig. 7 the WL emission decreases with increasing tem-
perature, and becomes negligibly small at 80 K. The same
behavior should occur for the exciton density in the WL,
nWX, because it is proportional to the WL emission intensity.
In this temperature range, it is plausible to consider that
nWX@pWandgi >0. In the steady state, the above rate equa-
tions are reduced to

G − Aap − RB8p + BbpW + B8b8nWX= 0, s6d

Aap − CnWpW − DNpW + EdnWX= 0, s7d

CnWpW − sRW + RW8 dnWX− B8b8nWX− D8NnWX− EdnWX= 0,

s8d

FIG. 10. Schematic of the rate equation model. Carrier density
is indicated byn and p for electrons and holes in GaAs, respec-
tively, and nw and pw in the WL. Exciton density is indicated by
nWX in the WL andnX i in the i-th QD.
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DNpW + D8NnWX− RnXi = 0. s9d

Here we assume that the QDs are far from saturation, and
then oiNi −nXi>oiNi =N, where N is the total number of
QDs concerned here. In Eq.(6) the last two terms are small
compared to the others and can be neglected. Then we obtain

p =
1

Aa + RB8
G. s10d

At low temperatures, it is expected that the electrons and
holes in the WL tend to trap each other to produce excitons
before captured by QDs. Then neglecting the last two terms
in Eq. (7), we get

Aap − CnWpW > 0. s11d

Using Eqs.(10) and (11), the exciton density in the WL can
be obtained from Eq.(8) as

nWX= sD8N + RW + RW8 + B8b + Edd−1S1 +
RB8

A
a−1D−1

G.

s12d

The emission intensity of excitons in the WL is given by

IW = RWnWX. s13d

The expression in the second parentheses in Eq.(12) is
nearly constant at low temperatures, and thus the
temperature-dependence of the WL emission comes from the
expression in the first parentheses involving the two
temperature-dependent terms. We can deduce the activation
energy inb or d by fitting with the observed curve in Fig. 7.
The solid line in Fig. 7 is a calculated curve for the WL
emission, fitted with a simple formula involving a single
temperature dependent factor in the first parentheses in Eq.
(12), using the parameters in the second parentheses obtained
from the fitting of I i at higher temperatures as shown later.
From this fitting the activation energy is obtained to be
13 meV. The binding energyEXW of the exciton in the WL
was recently calculated to be 12.9 meV for a 1 ML InAs
quantum well in GaAs on the basis of the tight-binding
approach;29 while the activation energyEBW for excitons or
electron-hole pairs thermally emitted from the quantum well
to the barrier is considered to be half of the total confinement
energy of the electon-hole pair in the quantum well.28 In the
present caseEBW=s1/2dsEGaAs−EWLd=29 meV with EGaAs

=1.507 eV andEWL=1.449 eV at 80 K. Thus the activation
energy obtained from the fitting is close to the exciton bind-
ing energyEXW. This means that the decrease in the WL
emission around 60 K is caused by the dissociation process
of excitons in the WL.

On the other hand, from Eq.(9), we obtain the emission
intensity from theith QD as

I i = RnXi = DNipW + D8NinWX. s14d

If the first term associated with the capture rate of holes
by QDs is ignored, the QD emission intensity is proportional
to nWX or IW. This approximation can be valid in the very
low-temperature range below 30 K, but not in the tempera-
ture range above 30 K whereI i is nearly constant or rather

increasing with increasing temperature in contrast to the de-
crease ofIW. Therefore a model which treats only the behav-
ior of excitons cannot explain the temperature dependences
of the QD and WL emissions at the same time. This is the
reason why we leave the terms associated with holes in the
rate equations.

In the higher temperature range from 50 to 220 K, we
may approximate thatnWX>0, and DNpW@CnWpW. Then
the rate equation is reduced to

G − Aap − RB8p + BbpW = 0, s15d

Aap − BbpW − DNpW = 0, s16d

DpWNi − EginXi − RnXi = 0. s17d

In Eq. (15) the last term is still smaller than the other terms,
and then Eq.(10) for p holds. From Eqs.(16) and (17) we
get

pW =
Aa

Bb + DN
p >

Aa

DN
p, s18d

nXi =
DNi

R+ Egi
pW. s19d

Then the emission intensity from theith QDs is expressed
as

I i = R ni =
Ni

N
S1 +

E

R
giD−1S1 +

RB8

A
a−1D−1

G. s20d

The solid curves fitted to the P1 and P2 emissions in Fig. 7
are calculated using Eq.(20). The expression in the first pa-
rentheses expresses the quenching of the QD emissions in
the high-temperature range from 100 to 220 K, while the
expression in the second parentheses gives the increase in the
QD emissions with increasing temperature from 50 to around
100 K. The fitting parameters are as follows:E1=216 meV,
E2=175 meV, andEa=4.4 meV. The ratioN1/N2 is also de-
termined from the fittings to be 1.60. The fitting curves well
reproduce the observed ones using common parameters of
Ea, E/R, and RB8 /A. The values ofE1 and E2 are slightly
larger than those obtained from the linear slope measure-
ments in Fig. 7.

The appearance of the potential barrierEa can be attrib-
uted to band bending due to the strain field induced by the
lattice misfit between the GaAs and InAs layers. The lattice
misfit in the (001) plane, saInAs−aGaAsd /aGaAs, is 7.17
310−2. A large amount of it can be relaxed in the InAs layer,
but the rest of it causes a biaxial tensile strain in the GaAs
layer near the interface. Using the deformation potentials and
elastic constants, the valence band edge sifts induced by a
strain« are expressed by30

dEn = − 2anS1 −
C12

C11
D« ± 2bS1 + 2

C12

C11
D«,

where the plus and minus signs are for the heavy hole(HH)
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and light hole (LH), respectively. For GaAs withan

=−1.00 eV, b=−1.8 eV, C11=832.9 GPa, and C12

=452.6 GPa, we getdEn=8.43« eV for the HH, anddEn

=−6.60« eV for the LH.23 This means that the band gap for
the HH in the GaAs layer increases near the interface, while
for the LH it decreases. For an HH the valence band edge of
the InAs WL is lower than that of GaAs, while for a LH the
valence band edge of the WL is higher than that of GaAs.
Then the holes are in the HH state in the WL, and combine
with the conduction band electrons to form excitons or are
captured by the QDs to become HH excitons in the QDs.
Therefore we should consider the flow process of the HH
from the GaAs layer rather than that of the LH. Jianget al.20

consider the transition process for the LH exciton to transfer
into QDs through LH states in the WL. However, this pro-
cess cannot be dominant because the transition probability of
holes and excitons to the LH state in the WL should be much
smaller than that to the HH state. Thus it is unlikely that this
process is the origin of the anomalous temperature depen-
dence. The energy barrier derived from the fitting is
4.4 meV. If this corresponds to the valence band shift of the
HH, the biaxial strain is estimated to be 5.2310−4 using the
above equation. This value is two orders of magnitude
smaller than the lattice misfit between GaAs and InAs in the
(001) plane. It is plausible that such a small strain is left in
the GaAs layer near the interface.

V. CONCLUSION

Self-assembled InAs quantum dots in GaAs layers were
studied by a cathodoluminescece detection system combined
with TEM. Three distinct peaks are observed to appear in the
CL spectrum by narrowing the beam scanning area to a
1 mm2 region. The excitation rate dependence of the CL
spectra and the monochromatic CL image observations iden-
tified those peaks: the lowest-energy peaksP1d is the emis-
sion associated with the ground state of the large size QDs,
and the higher-energy peaks(P2 and P3) are the emissions
associated with the ground state and excited state of the
small sized QDs, respectively. As the temperature increases
from 20 K, the emission intensities of those QD peaks first
increase as much as three times from 20 to around 100 K,
while that of the WL peak decreases and disappears above
60 K. This anomalous temperature dependence of the QD
emission peaks was simulated using the rate equations for
carriers in the steady state. In the model we proposed the
existence of a potential barrier at the interface between the
GaAs layer and the WL. The barrier height is derived from
the fitting to be about 4 meV, which can be attributed to the
band shift due to the strain field generated by the lattice
mismatch between the two layers. We also deal with the rate
equation for holes as well as excitons, and can consistently
explain the temperature dependence of the emission intensi-
ties from the QDs and the WL.
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