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Self-assembled InAs quantum dgt3Ds) in GaAs layers were studied with a cathodoluminesceéie
detection system combined with a transmission electron microscope. Three distinct peaks were observed to
appear in the CL spectrum collected from ani? 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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[. INTRODUCTION phonon energy. This causes long lifetime of excitons staying
at excited states and increases the emission due to the radia-
Self-assembled InAs quantum da®Ds) have been in- tive recombination associated with the excited states of QDs.
tensively studied owing to their potential applications in op-In the case of quantum well@QWSs), the excitons at the
toelectronic devices such as laskisfrared detectord,and  excited state can easily transfer to the ground state by emit-
optical memory? The three-dimension&BD) confinement of  ting phonons because QW states have band structures. Then
electrons and holes produceésfunction-like states which the emission intensities associated with excited states are
provide an important system for fundamental physics and fousually very weak in QWSs, while in the case of QDs, the
developing new devicesThe InAs strained QDs are spon- emission peaks associated with excited states were fre-
taneously formed during the epitaxial growth on GaAs in thequently observed in photoluminescence and cathodolumines-
Stranski-KrastanoySK) mode, and start to grow as a three- cence(CL) spectra taken under high excitation powet
dimensional island on top of a two-dimensional wetting layerThis causes a broadening and blueshift of the single broad
(WL). The InAs QDs have inhomogeneity in height and lat-peak observed in the excitation power dependence for QDs
eral size, which results in a broad luminescence line shapewith continuous size distributiol?. The mode assignment
In order to realize QD-based optoelectronic devices withof the excited states has been studied experimentally and
high efficiency at room temperature, it is important to under-theoretically by many authofé;*® and recently detailed
stand the temperature dependence of the luminescence intgaroperties of excited states such as exciton molecules and
sity from the QD system. Because of the inhomogeneity ircharged excitons have been found using a single QD
QD size, unusual behavior was observed to appear in theeasuremen1’-1°
temperature dependence and excitation power dependence of Recently we found anomalous temperature dependence of
the photoluminescence and cathodoluminescence spetira. the luminescence intensity in molecular beam epii@BE)
The redshift of the peak energy with increasing temperaturgrown InAs QD samples using a cathodoluminescence detec-
is greater than that of the band gap of InAs, and the fulltion system attached to a transmission electron microscope
width at half maximum(FWHM) of the peak decreases with (TEM). By narrowing the scanning area of the electron beam
increasing temperature. This anomaly can be explained by a 1um region, three distinct emission peaks from the
the thermal escape and capture of carriers among the QRDs were observed to appear in the CL spectrum. Their
states. Thermal quenching of the luminescence from QDs ismission intensities increased with increasing temperature
attributed to the thermal escape of carriers from the QDs térom 20 K to around 100 K. Then the intensities of the three
the WL and/or the GaAs barrier layer. However, the couplingpeaks decrease with further increasing temperature, having
among QDs occurs by carrier motion via the WL, and thenmaxima at different temperatures. Such anomalous behavior
this makes the diffusion process of the carriers complicatedvas also observed by other authors with a similar InAs QD
Another factor which influences the luminescence linecontained structur€. The excitation power dependence of
shape is radiative recombination associated with an excitethe CL spectra and the monochromatic CL image observa-
state. An energy relaxation bottleneck is expected for'®D, tions identified the three peaks that are the emissions associ-
since the energy interval does not match the zone-center L@ed 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.

Il. EXPERIMENT

Self-assembled InAs quantum dot samples were grown by
molecular beam epitaxy(MBE) on Si-doped n*-type
GaAdq001) substrates with a dopant density of 1
X 10'® cmi~3.21 A sample contains three InAs layers with dif-
ferent thicknesses. An InAs layer of 3 monolay@viL) FIG. 1. TEM dark field image of a plan view sample of
thickness was deposited on an undoped GaAs buffer laydpAs/GaAs.
first grown on the GaAs substrate. Then 2 ML and 1 ML ) i ) )
InAs layers were successively deposited with undoped GaAs #Mm> 1 um area, andc) with a stationary beam illumina-
spacer layers 50 nm thick. Finally, it was capped by a 50 nn{ion Of the same region. In the spectrum from the i@
GaAs layer on top. The growth rate is 0.33 ML/s for the 10 «m area, a single broad peak appeared in the energy
InAs layers and lum/h for the GaAs spacer layers at 'a19€ from 1.1 eV to 1.35 eV, which is emission from the

520°C. The samples were thinned by a Gatan dimple grindeRPS- The peak appearing at 1.45 eV is emission from the
and then Ar ion milling for plan view samples for CL mea- Wetting layers. The broad peak has a maximum at 1.2 eV and
surement in a transmission electron microscope. full width at half maximum of about 100 meV. When the

The CL experiments were performed with a modified SC2NNing area was narrowed t0 guh X1 um area, the
JEM2000FX TEM at an accelerating voltage of 80 kV with a Single broad peak was split into three sharp peaks at 1.15 eV,
probe current of 0.9 nA except for the excitation-dependen?‘'20 eV, and 1.25eV. Th's suggests that three d,ff_erent
CL measurement. A probe current ranging from 0.14 to9roUPs of QDs are selectively left in this area. The origin of
5.01 nA was used for the excitation-dependent CL measurdhose peaks can be attributed to the size distribution of the

ment. The temperature of the sample was varied from 20 Ds and also to emission from excited states in the QDs. To
to 220 K using a liquid He cooling holder. Light from a find the origin of each peak we further studied the excitation

sample was collected by an ellipsoidal mirror inside the poli®Pendence and temperature dependence of CL spectra, and
piece of an objective lens and focused to the entrance slit dPServed monochromatic CL images using those peak emis-

the monochromator. InGaAs/InP photomultiplier tube wasSIoNS as will be shown in a later section. The CL spectrum
used to detect light in the infrared region up to 1700 nm. TheVas greatly varied by changing the scanning area from place
system permits spectrally and spatially resolved and® Place, and more complicated spectra involving sharp
polarization-dependent measurements. All the CL spectrBeaks appeared under the stationary beam illumination con-

shown here were taken with an electron beam scanning ov&ition- However, the three peaks frequently appeared in the

an area of micrometer ordgscanning modewith a probe ~ CL SPectra when taken by scanning over amX1 um
size of 10 to 20 nm depending on the beam current. area. So we took this condition to measure the excitation and

temperature dependences. The number of QDs existing in
this area is about 400.

IIl. RESULTS

a:10mXx10um
a b:lgmXtum
¢ : stationary beam

E=80kV
1,=0.9nA

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
4% 10 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 layét.This is U e
plausible because in the SK growth of InAs, a wetting layer o Ekir ('g/) o158
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 FIG. 2. CL spectra acquire@ and (b) from scanning areas of
InAs layer. (a 10 um X< 10 um and(b) 1 umx 1 um, and(c) with stationary

Figure 2 shows CL spectra taken at 40 K with electronbeam illumination. Accelerating voltage is 80 kV, electron beam

beam scanning ovef@ a 10um X 10 um area andb) a  current 0.9 nA, and a sample temperature 40 K.

CL Intensity ( arb. units )
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2 0.9 FIG. 4. CL intensities of the P1, P2, and P3 peaks as a function
.g X 6.2 of beam current.
= 0.43
d x12 strates that the P3 emission is due to the transition associated
0.2 with excited states of the QDs, and thus P1 and P2 emissions
16 should be those associated with the ground states. In most
0.14 cases the CL intensity varies superlinearly with beam cur-
rent, i.e.,l,h15.22 The data are fitted with this relation as
e indicated by the broken lines in Fig. 4. The valueskadre
1.0 1.1 12 1.3 1.4

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.

FIG. 3. Excitation power dependence of CL spectra taken for |t should be noted that a single broad peak from a wide
various electron beam currenttg ranging from 0.14 to 5.01 nA. area (see Fig. 2 shifts to high energies by as much as
Accelerating voltage is 80 kV and sample temperature 80 K. 50 meV with increasing beam current from 0.2 nA to 10 nA.

Figure 3 shows CL spectra taken at 80 K for various beany € relative intensity of the high-energy side increases faster
currentsl, ranging from 0.14 to 5.01 nA. There are three than that of the low-energy side. Then this large blueshift can
peaks appearing in the spectra at peak energies of 1.144 d}¢ understood as an apparent shift due to the appearance of
(P1), 1.197 eV(P2), and 1.247 eMP3), respectively. Those the excited state emission at higher energies.
peaks have a finite width of about 40 meV, and each of them Figure 5 shows CL spectra taken from the same scanning
is composed of emissions from QDs with similar size. Eacrarea as in Fig. 3 at various temperatures ranging from 20 K
peak slightly shifts with increasing beam current, by a small
blueshift of less than 5 meV. The photon energy of the emis- : P2pg [=0.9nA
sion from a single QD is fixed for any excitation rate, be- I '1'1 1 | E=80keV
cause the energy level of the QD is discrete. Therefore an L

Photon Energy ( eV )

emission peak should not shift, if it comes from a single QD - 20K
or QDs of fixed size. The slight shift resulting from the in- - 30K
crease in excitation rate can be attributed to a change in the - ,//\\._A_.WK
population of carriers occupying the QD states of different - 50K
sizes in each group, which is caused by the reemission and 60K
capturing of carriers by the QDs. Another possibility is the 70K

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 200K
number of peaks from the QDs with slightly different sizes. { 290K
The FWHM of each peak is much smaller than the apparent P1 5-1'2 N SR B
peak width, because it becomes narrower when the illumina- 1.0 1.2 14 1.6 18
tion area becomes small, as seen in Fig. 2. For this reason we Photon Energy ( eV )
use the peak intensity for the analyses.

The excitation rate dependence of the CL intensity is the FIG. 5. CL spectra taken at various temperatures ranging from
same for the P1 and P2 peaks, while the relative increase 0 to 220 K. Accelerating voltage is 80 kV and electron beam cur-
intensity is greater for the P3 peak. This fact clearly demon+ent is 0.9 nA.
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FIG. 6. Photon energies of the P1, P2, P3, and WL peaks vs F|G, 7. Arrhenius plot for the CL intensities of the P1, P2, P3,
temperature. The peak energy variations expected from the tempqg WL peaks.
perature dependence of the InAs band dg&prshni's law are
shown by dashed lines. The P3 peak has a maximum at 70 K, and then rapidly de-

creases with increasing temperature. The P2 and P1 peaks

to 220 K. The relative intensities of the three pedR$, P2, show similar behavior; the P2 and P1 peaks successively
and P3 are seen to change with temperature. At low tem-have a maximum at 90 K and 140 K, respectively.
peratures high-energy peaks are predominant; the P2 peak is The intensity decay at high temperatures from 100 to
largest at temperatures lower than 120 K. With increasing00 K is attributed to thermal excitation of carriers from QD
temperature the P1 peak becomes dominant in the temperstates to WL states. Thermal excitation of carriers from the
ture range of 140—180 K. It is noticed that the absolute in-QDs to the GaAs band was reported to occur at further high
tensities of those peaks increase as the temperature increasesperatures above 200*Kthough sufficient data could not
from 20 K to around 100 K, and in turn they decrease forbe obtained in the present study because of the small inten-
further increase in temperature above 100 K. At the highesities in this temperature range. From the slope of the
temperatures, the high-energy peaks successively decrea®grhenius plot, the activation energies are derived to be
and then the lower-energy peaks appear at temperaturdg0 meV(E;), 125 meV(E,), and 44 meV(Ey) for the P1,
above 180 K, which are not resolved from the predominanf?2, and P3 peaks, respectively. Those energies correspond to
peaks at low temperatures. A new peak appearing at 1.07 etie binding energy for carriers escaping from the depth of
is considered to be the luminescence from the other group afnergy levels in the QDs with respect to that of the WL. The
QDs with larger size compared to those of the P1 and PZ2arriers in those levels can escape from the QDs when the
peaks. thermal energy becomes comparable to the binding energy.

Each peak gradually shifts toward lower energy with in-Therefore this can well explain the shape of the curves in the
creasing temperature. Figure 6 shows the temperature depemigh-temperature region in Fig. 7. The binding energy from
dence of the observed energies of the three peaks. Thbe QD state to the WL state is smaller for the smaller QDs
dashed lines in Fig. 6 show the expected peak position calwhich give the higher-energy peak emission. Then the rapid
culated by using Varshni’s law for the band gap variation ofdecrease starts at the lower temperature for the higher-energy
InAs using the parameters=0.276 meV/K and3=93 K23  peak, i.e., the P2 peak intensity has a maximum at a lower
The deviation of each peak from the dotted line is small. Thigemperature than that of the P1 peak.
ensures that each peak always reflects the luminescence from The decrease in CL intensity at low temperatures below
the same group of QDs at any temperature in this range, ar8D K is unusual, and we must consider another mechanism
the change in carrier population of the QDs is negligible. Infor carrier diffusion and recombination processes. We pro-
the case of the broad peak emission coming from the QD'pose a model in the next session.
with large size distribution, the peak energy greatly deviates Figure 8 shows the monochromatic CL images taken at
from the Varshni law as reported in previous wéfkSuch  various photon energies. This measurement was performed at
behavior can be understood from the temperature depedO K for the scanning area of 10mX 10 um including the
dence of the relative intensities of the emission peaks seen same area used for the excitation and temperature depen-
Fig. 5. dence measuremen(bigs. 3 and b Figures 8a)—-8(f) are

Figure 7 shows the Arrhenius plot for the P1, P2, P3, andnonochromatic CL images taken at photon energies of the
WL peak intensities extracted from the data in Fig. 5. As(a) P1 peak,(b) P2 peak,(c) P3 peak, andd) WL peak,
mentioned before, the P2 peak is dominant at low temperaespectively. The intensity distribution in each CL image in-
tures below 120 K compared to the P1 and P3 peaks. Adicates the spatial distribution of the QDs in the same group
temperature increases from 20 K, the intensities of the threef similar size. The CL intensity distributions of the P1-P3
peaks are nearly constant up to 40 K, and then they increasamission have rather similar shapes to each other, while the
from 40 K to around 100 K, while the intensity of the WL intensity distribution of the WL emission is complementary
peak monotonically decreases and disappears above 60 kK those. This does not mean that the WL is not uniform. The
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FIG. 9. Energy diagrams of the InAs QDs—GaAs system for the
) _ ~ QD groups with large and small sizes. A potential barrier of energy

FIG. 8. Monochromatic CL images of the InAs/GaAs thin g_for heavy holes(HH) is formed at the interface between the
sample taken at 40 K using photon energiega)fl.144 eV(P1), GaAs layer and the WL.

(b) 1.197 eV (P2, (c) 1.247 eV (P3), (d) 1.449 eV (WL), (e
1.181 eV, andf) 1.211 eV. The scan area is 1nXx 10 um. IV. DISCUSSION

o ] o An anomalous temperature dependence of the CL emis-
origin of the contrast could be an inhomogeneous distribusjon intensities from QDs of different sizes was observed as
tion of QDs, and the WL emission increases in the low-shown in Fig. 5 and Fig. 7. The carrier dynamics can be
density region of QDs, because the two emissions are congterived by analyzing those behaviors of the emission inten-
petitive in the carrier recombination process. The P3sities, though the system is rather complicated because of the
emission is associated with the excitation state as mentionaskistence of the WL. In this section we mainly deal with rate
before, and the CL imaggFig. 8(c)] is obviously different  equations for the carrier recombination processes in this sys-
from that of P1[Fig. 8@)], but is similar to that of P2Fig.  tem and explain the anomalous behavior.

8(b)]. For more precise comparison, we observed monochro- First we consider the generation process of carriers by the
matic CL images at slightly lowef1.181 eVf and higher incident electron beam and their diffusion process in the
(1.211 eV energies from the P2 pedk.197 eV}, which are  sample. Incident electrons are elastically scattered in a thin
shown in Figs. &) and 8§f), respectively. The intensity dis- sample and generate electron-hole pairs along the trajectory
tribution in Fig. &e) closely resembles that of P3. This indi- of the electrons through the successive excitations of second-
cates that the emission energy from the ground state relateaty electrons and plasmof&The generation volume of the
to the excited state of P3 is close to but slightly lower thancarriers is nearly a cone shape expanding toward the bottom
the P2 peak energy. Thus, the energy difference between tled the thin sample. The thickness of the observed area is
ground and the excited states is about 70 meV. In additiombout 700 nm, and the InAs layers are located within a thick-
the intensity distribution in Fig.®) is quite similar to that of ness of 150 nm from the top surface. Then a major part of
P1[Fig. 8@)]. This means that the emission from the excitedthe carriers is generated in the lower undoped GaAs region
state related to the P1 ground state appears near the P2 pdalow the InAs layers. After generation, those carriers mi-
in the CL spectrum with an energy difference of aboutgrate to the surrounding region by diffusion. The diffusion
70 meV. length in undoped GaAs is reported to be 0,69 for elec-
From these results we can identify the recombination astrons at room temperatufé. Therefore major parts of the
sociated with the P1 to P3 emissions as schematically deslectrons can reach the WL of the 3 ML InAs layer, or re-
picted in Fig. 9. The P1 emission is associated with thecombine nonradiatively at the bottom surface without recom-
ground state in the larger QDs, and the P2 and P3 emissiottgning in the GaAs region. This is consistent with the obser-
are associated with the ground and excited states in theation that there is no CL emission from the GaAs layer even
smaller QDs. The energy level significantly depends on that low temperatures. The diffusion length for holes is much
height of the QD, but not on the lateral dimension, becaussmaller than that for electrons, and thus the number of holes
the height is much smaller than the lateral dimension in theseeaching the WL is not as great as that of electrons. The
QDs. However, a close relation between the height and latearriers captured by the WL tend to form excitons, though
eral dimension of a QD can be expected. The large and smathey are thermally dissociated into single carriers at high
QDs are mixed in the InAs layers, as found from the obsertemperatures. These carriers move around in the WL and are
vation where the CL intensity distributions of the P1 and P2trapped by QDs to emit light without nonradiative recombi-
emissions are spatially overlapped in the CL images. Oneation. Thus the observed QD emission is mainly generated
simple explanation for the existence of different size groupsn the QDs in the 3 ML InAs layer. As the temperature in-
is that they are formed in the 2 and 3 ML InAs layers sepa-creases, the reemission of carriers from the QDs to the WL
rately. However, a cross sectional TEM image showed thaand the WL to GaAs becomes dominant, which changes the
both larger and smaller QDs are equally formed in the 3 MLrelative emission intensities of the QDs and WL.
InAs layer. Such a size distribution has also been observed A diagram for the carrier flow process is schematically
by other author$? represented in Fig. 10. In the diagra@ stands for the gen-
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Here we adopt similar assumptions proposed by San-
guinettiet al* The terms involving factorg and 8’ express
the reemission of holes and excitons from the WL to GaAs
layer, and that involvingy, expresses reemission of excitons
from theith QD to the WL. The ternCnypy, indicates the
generation rate of excitons in the WL, aih,, 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-

FIG. 10. Schematic of the rate equation model. Carrier dens'%eously form excitons. The reemission of electrons and holes

is indicated byn and p for electrons and holes in GaAs, respec-
tively, andn,, and p,, in the WL. Exciton density is indicated by

nywyx in the WL andny ; in thei-th QD.

from the QD to WL is assumed to occur in a correlated
mannef’ as well as that from the WL to Ga&8.We also

consider only two sizes of QDs corresponding to the peak
emissions P1 and P2, and ignore the size distribution of

eration rate of electron-hole pairs, which is proportional toQDs.

the incident electron beam currelf The hole density is

We introduce two important ideas in the proposed model.

smaller than that of electrons in the GaAs and WL in thepne js seen in Eqd), which is the rate equation for holes in
steady state, because the lifetime of the holes is shortefhe undoped GaAs layer. The second tea p shows a
Therefore the holes are regarded as a minority carrier in thiéapture rate of holes by the WL, where we introduce a
system. Thus we deal only with the behavior of the holes inemperature-dependent factar which involves an activa-

the rate equations. The hole densities in the GaAs layer ang,

n energyE,. This energy expresses a small potential bar-

WL are represented by and py, respectively, and electron ier for holes captured by the WL from the GaAs layer as
densities in the WL by, The exciton densities in the WL gchematically depicted in Fig. 9. This potential barrier acts as

andith QD (i=1,2) are, represented lyyx andny;, respec-

an obstacle for the holes flowing from the GaAs layer into

tively. Radiative and nonradiative, recombination rates arghe WL, which can be the origin of the increase in QD emis-
expressed aR andR’ with subscription of each region. The sjon with increasing temperature. The second idea is that the
rate equations for holes and excitons in each region are Writontribution of single carriers is explicitly involved in the

ten as follows:

dp ) 't
EZG‘AQP_RBP+BI3PW+B/3”WX, (1)
dpw
gt = Aap = BBpy = Criypy — D pudN; =) + EdNx,
I
(2
dn\N ! ! !
at X = Crypw— (Ry+ RiwNwx— B’ B"nyyx
= D' Ny — ) — Ednyx+ FX N, (3)
I I
dny;

at Dpw(N; — nxi) + D'nyx(N; — ny;) — Fyiny — Ry,
(4)

where

ol 5 ol 58
a—exy{ T/’ B=e KT )

rate equation for the WL, i.e., the terms involvipg, in Eq.

(2), which has been ignored in previous theorie€because

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,
Nnwx because it is proportional to the WL emission intensity.
In this temperature range, it is plausible to consider that
nwx=> pywand y,=0. In the steady state, the above rate equa-
tions are reduced to

G- Aap-Rgp+BBpw+B'B'nyx=0, (6)

Aap - Cnypw— DNpy+ Ednyx=0, (7)

Cnypw — (Ry+ Riynyx— B’ B nyyx— D'Nnyx— Ednyx =0,
(8
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DNpyw+ D'Nnyx— Rny; = 0. (9) increasing with increasing temperature in contrast to the de-
. crease of,. Therefore a model which treats only the behav-

Here we assume that the QDs are far from saturation, angh. of excitons cannot explain the temperature dependences
then ZiN;i—ny;=ZiN;=N, whereN is the total number of ¢ the QD and WL emissions at the same time. This is the

QDs concerned here. In E(f) the last two terms are small 53500 why we leave the terms associated with holes in the
compared to the others and can be neglected. Then we obtgig equations.

1 In the higher temperature range from 50 to 220 K, we
p= Aa+R(3G' (100  may approximate thatyx=0, and DNp,>Cnypy. Then
the rate equation is reduced to
At low temperatures, it is expected that the electrons and ,
holes in the WL tend to trap each other to produce excitons G- Aap-Rgp+BBpw=0, (19
before captured by QDs. Then neglecting the last two terms
in Eq. (7), we get Aap - BBpyw—DNpy =0, (16)
Aap-Cnypyw=0. (11
. . L DpwN; = Eyinyi — Rny; = 0. (17)
Using Eqs10) and (11), the exciton density in the WL can
be obtained from Eq8) as In Eq. (15) the last term is still smaller than the other terms,
R’ . and then Eq(10) for p holds. From Eqs(16) and (17) we
nwx=(D’N+RW+RQV+B’ﬁ+Ea)‘1<1+fa-1> G. get
12 o Aa o Ax
o o P~ Bg+onP~ DN 9
The emission intensity of excitons in the WL is given by
IW: RWI"IWX (13) DNI
o . . Nyi = —— Pw- (19
The expression in the second parentheses in (EB) is R+Ey

nearly constant at low temperatures, and thus the Then the emission intensity from tll QDs is expressed
temperature-dependence of the WL emission comes from t

expression in the first parentheses involving the two
temperature-dependent terms. We can deduce the activation N, E \! R, -1
energy ing or 6 by fitting with the observed curve in Fig. 7. i=Rn=—{1+—»%] (1+ Xa_l G. (20

The solid line in Fig. 7 is a calculated curve for the WL N R

emission, fitted with a simple formula involving a single The solid curves fitted to the P1 and P2 emissions in Fig. 7
temperature dependent factor in the first parentheses in Egye calculated using EGR0). The expression in the first pa-
(12), using the parameters in the second parentheses obtaingshtheses expresses the quenching of the QD emissions in
from the. fitt[ng of l; at hig_her' temperatures as shown later.the high-temperature range from 100 to 220 K, while the
From this fitting the activation energy is obtained to beeypression in the second parentheses gives the increase in the
13 meV. The binding energk.y of the exciton in the WL QD emissions with increasing temperature from 50 to around
was recently calculated to be 12.9 meV for a 1 ML InAs 100 K. The fitting parameters are as follovig=216 meV,
quantum well in GaAs on the basis of the tight-binding E,=175 meV, andE,=4.4 meV. The ratid\;/N, is also de-
approactt’ while the activation energigy, for excitons or  termined from the fittings to be 1.60. The fitting curves well
electron-hole pairs thermally emitted from the quantum wellyeproduce the observed ones using common parameters of
to the barrier is considered to be half of the total confinement, g/R and Ry/A. The values ofE; and E, are slightly

energy of the electon-hole pair in the quantum v##lh the  |arger than those obtained from the linear slope measure-
present casé&py=(1/2)(Egans— Ew) =29 meV With Egans  ments in Fig. 7.

=1.507 eV andey, =1.449 eV at 80 K. Thus the activation  The appearance of the potential bartigrcan be attrib-
energy obtained from the fitting is close to the exciton bind-yted to band bending due to the strain field induced by the
ing energyExy. This means that the decrease in the WL |attice misfit between the GaAs and InAs layers. The lattice
emission around 60 K is caused by the dissociation processisfit in the (001) plane, (aas—acand/dcans 1S 7.17

of excitons in the WL. _ X102 Alarge amount of it can be relaxed in the InAs layer,

_ On the other hand, from Eg9), we obtain the emission pyt the rest of it causes a biaxial tensile strain in the GaAs

intensity from theith QD as layer near the interface. Using the deformation potentials and
I, = Ry = DNipyy+ D' Ninyx. (14) elastic constants, the valence band edge sifts induced by a

straine are expressed BY
If the first term associated with the capture rate of holes

by QDs is ignored, the QD emission intensity is proportional
to nyy or ly. This approximation can be valid in the very

low-temperature range below 30 K, but not in the tempera-
ture range above 30 K wheleis nearly constant or rather where the plus and minus signs are for the heavy lidlé)

C C
5E,= - 2ay<1 ——12)8 + 2b<1 + 2—12)8,
C11 11
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and light hole (LH), respectively. For GaAs witha, V. CONCLUSION
=-1.00eV, b=-18eV, Cy;=832.9GPa, and C,,
=452.6 GPa, we gebE,=8.4% eV for the HH, anddE, Self-assembled InAs quantum dots in GaAs layers were

=-6.6Q: eV for the LH23 This means that the band gap for studied by a cathodoluminescece detection system combined

the HH in the GaAs layer increases near the interface, whil@ith TEM. Three distinct peaks are observed to appear in the
for the LH it decreases. For an HH the valence band edge dfl spectrum by narrowing the beam scanning area to a
the InAs WL is lower than that of GaAs, while for a LH the 1 #m° region. The excitation rate dependence of the CL

valence band edge of the WL is higher than that of GaAsSPectra and the monochromatic CL image observations iden-

Then the holes are in the HH state in the WL, and combinéified those. peaks:_ the lowest-energy peRd) is the emis-
with the conduction band electrons to form excitons or are>O" associated with the ground state of the large size QDs,

captured by the QDs to become HH excitons in the QDs.and the higher-energy peakB2 and Pgare the emissions

Therefore we should consider the flow process of the HI—ffJ‘SSOCia.t'EOI with the grou_nd state and excited state of the
from the GaAs layer rather than that of the LH. Jiazigal 20 small sized QDs, respectively. As the temperature increases

. .. . from 20 K, the emission intensities of those QD peaks first
consider the transition process for the LH exciton to transfe\rncrease as much as three times from 20 to around 100 K
into QDs through LH states in the WL. However, this pro- ’

, " ~ = while that of the WL peak decreases and disappears above
cess cannot be dominant because the transition probability ¢y k  This anomalous temperature dependence of the QD

holes and excitons to the LH state in the WL should be muchymyission peaks was simulated using the rate equations for
smaller than that to the HH state. Thus it is unlikely that this.g riers in the steady state. In the model we proposed the
process is the origin of the anomalous temperature depesxistence of a potential barrier at the interface between the
dence. The energy barrier derived from the fitting isGaAs layer and the WL. The barrier height is derived from
4.4 meV. If this corresponds to the valence band shift of thehe fitting to be about 4 meV, which can be attributed to the
HH, the biaxial strain is estimated to be %20 using the  band shift due to the strain field generated by the lattice
above equation. This value is two orders of magnitudemismatch between the two layers. We also deal with the rate
smaller than the lattice misfit between GaAs and InAs in theequation for holes as well as excitons, and can consistently
(001 plane. It is plausible that such a small strain is left inexplain the temperature dependence of the emission intensi-

the GaAs layer near the interface. ties from the QDs and the WL.
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