
PHYSICAL REVIEW B 66, 195337 ~2002!
Hole emission processes in InAsÕGaAs self-assembled quantum dots
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We present a study of the hole emission processes in InAs/GaAs quantum dots using capacitance and
admittance spectroscopies. From the conductance mapping, the hole levels show a quasicontinuous distribu-
tion, instead of the clear shell structures that have been observed in electron systems. According to a com-
parative analysis of the capacitance and admittance spectroscopies, the hole emission process is identified to be
via thermally activated tunneling through the wetting layer as an intermediate state. An energy level diagram
of the quantum dot is also constructed, which shows the hole in our quantum dots to be more weakly confined.
We propose a general thermally activated tunneling model to explain our results and those in other works. The
conclusion is that both the localization energy and the electric field are important for the carrier emission
processes. This model is further extended to predict which carrier type~i.e., electron or hole! will be more
relevant during the exciton dissociation processes in quantum dots.

DOI: 10.1103/PhysRevB.66.195337 PACS number~s!: 73.63.Kv, 73.23.2b, 73.21.La
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I. INTRODUCTION

Self-assembled InAs/GaAs quantum dots~QD’s! have at-
tracted considerable attention in recent years due to t
applications in QD lasers,1 infrared photodetectors,2,3 and
their potentials in the development of quantum nanodevic4

Motivated in part by these applications, a considerable nu
ber of studies on InAs/GaAs QD’s have been reported.5 For
these devices to operate at room temperature, the therm
emission of carriers from the QD’s is always the main co
sideration.

The most important inherent factor determining the c
rier emission process is the localization energy, i.e., the c
finement depth of the electron or hole energy levels in
QD’s with respect to the GaAs band edge. Several exp
ments have been devoted to the investigation of the elec
and hole levels separately, either by using electrical6–11 or
optical11–13 techniques. However, for InAs/GaAs QD sy
tems, a large variety in electron/hole localization energ
have been found in different works, ranging from relative
less confined hole levels13 to relatively more localized hole
levels.9 For example, the capacitance-voltage measurem
combined with self-consistent simulation reported
Brounkov et al.9 suggest the holes to be more deeply co
fined in InAs/GaAs QD’s. However, recent midinfrared ph
tocurrent spectroscopy results reported by Chuet al.13 show
the localization energy of the electrons to be by far lar
than that of the hole.

On the theoretical side, the multibandk•p model14 and
empirical pseudopotential theory15 developments had en
abled us to get a deeper insight into the electronic struc
of strained InAs/GaAs QD’s. However, these model calcu
tions rely strongly on the detailed structural properties of
QD’s. Indeed, in the limited number of theoretical works, t
calculated localization energies depend not only on the Q
size, shape~whether pyramidal with different facet angles
lens shape with different aspect ratios!, inside composition
0163-1829/2002/66~19!/195337~8!/$20.00 66 1953
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distribution ~possibly caused by the interdiffusion or indiu
aggregations!, but also on the input material parameters14

For example, the theoretical calculations reported by S
et al.14 have shown that the relative strength of the elect
and hole localization energies were inverted when differ
values of the InAs/GaAs band offset were chosen. Rec
empirical pseudopotential calculations16 have indicated that
the electrons are more localized than the holes for a le
shaped QD of pure InAs, while the holes become even m
confined when a nonuniform In/Ga distribution is intr
duced.

The mechanisms for electron and hole emissions fr
InAs/GaAs QD’s have also been investigated, most co
monly by using the so-called space-charge techniques, s
as admittance10,11,17 and deep-level transient spectr
scopies7,8,18,19~DLTS!, which have long been used to cha
acterize the deep levels20 and the band offset of various kind
of heterostructures.21–23 However, the escape mechanism
reported in different works were varied, even when the sa
experimental techniques were employed.8,18,19

Due to the above-mentioned discrepancies, the car
emission mechanism for the InAs/GaAs QD system need
be carefully reexamined. This paper is therefore aimed
constructing a more general picture for realizing the car
emission processes. In this work, we focus on the hole le
and their escape mechanisms by using the capacitance
admittance spectroscopies. The investigation is then c
pleted by a comparison with our previous works on the el
tron system in similar QD’s.11 We find that, in our InAs QD
system, the hole localization is weaker than the electron
calization. The hole emission process is found to be a th
mally activated tunneling process, via the wetting layer as
intermediate state, instead of the available excited state
observed in electron systems.7,11 We generalize the thermally
activated tunneling model to explain our results and those
other works, concluding that both the localization energy a
the electric field are important for the carrier emission p
©2002 The American Physical Society37-1
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cesses. Finally, we further extend this model to expl
which carrier types will be more relevant during exciton d
sociation from the QD’s.

II. EXPERIMENTS

To study the hole levels, we incorporated an InAs Q
layer into a GaAsn1-p diode. The sample was grown on a
~001!-orientedn1-type GaAs substrate by solid-source m
lecular beam epitaxy. An InAs QD layer, sandwiched b
tween two 10-nm nominally undoped GaAs spacers, was
bedded in thep-type GaAs region of then1-p diode, at a
distance of 300 nm above then1-p interface. Thep-type
doping concentration was about (661)31016 cm23. The
InAs QD’s were formed by depositing 2.7 monolayers
~ML ! InAs at 520 °C using the Stranski-Krastanow grow
mode, while the growth of the other GaAs layers was ma
tained at 580 °C under As-stabilized conditions. According
transmission electron microscopy~TEM! studies, the QD’s
had an average diameter of 18(62) nm, were '3.5
(60.5) nm high, and had a sheet density of 331010 cm22.

After growth, the sample was processed into square m
for electrical characterizations. The front electrode w
formed by evaporating a metal contact on the mesa
while the back contact was formed by alloying indium to t
n1-type GaAs substrate. The capacitance-voltage (C-V),
conductance-voltage (G-V) and admittance spectroscopi
were measured by an HP 4284ALCR meter~20 Hz–1 MHz!
operated at a test signal of 20 mV. Temperature-depen
measurements were performed in a close-cycle helium
ostat equipped with a temperature controller having a te
perature stability better than 0.5 K.

The sample was first characterized by low-temperat
(T510 K) photoluminescence~PL! spectroscopy unde
various excitation powers, which are shown in Fig. 1. In t
PL spectra, two main luminescence peaks, at 1.069 eV
1.144 eV, can be seen, which are the transitions of the gro
states and the first excited states of InAs QD’s. The wetti
layer ~WL! transition was not observed under the excitat
conditions used here. To reveal the WL transitions, electro
flectance~ER! spectroscopy have been performed, which

FIG. 1. The PL spectra for the InAs/GaAs QD’s taken atT
510 K under various excitation conditions. The ER spectrum ta
at the same temperature is also displayed.
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also included in this figure. The WL signal can be observ
in the ER spectrum at;1.42 eV. This energy approximatel
corresponds to a;1.6-ML thick quantum well of pure
InAs.24–26 The estimated WL thickness is also very close
the observed critical thickness (;1.7 ML) during QD for-
mations.

Figure 2~a! shows the temperature evolution of theC-V
and G-V characteristics measured at a test frequency of
5500 kHz. Due to thep-type modulation doping in the
GaAs matrix, the InAs dots are charged by holes at a z
bias. When a reversed bias is applied to then1-p diode,
these accumulated holes will be gradually swept out of
dots. ForT.100 K, a capacitance plateau in the bias ran
of 22.8 V<U<24.5 V can be seen, corresponding to t
discharging of the holes in the QD layer.9,11,27,28When the
temperature is gradually lowered toT512 K, the capaci-
tance plateau is suppressed, accompanied by a conduc
peak near the edge of the capacitance plateau. This phen
enon is a manifestation of a nonequilibrium chargin
discharging effect.10,11 In the bias range of22.8 V<U<
24.5 V, the Fermi levelEf crosses through the hole leve
of the dots. The small ac voltage with an angular frequen
v(52p f ) will alternatively fill and empty the QD hole lev
els in this bias range. When the characteristic time (t) for
such hole exchanges between the dots and the ba
matched the applied ac frequencyv, i.e.,vt51, a resonant
condition is achieved and a conductance maximum (Gmax) is
exhibited. Since the time constantt depends on both the hol
localization energies and the temperature, the applied ac
quency will resonate with different hole levels as the b
and the temperature are varied.

In Fig. 2~b!, the admittance spectra for both the capa
tance and the conductance measured at different bias
ages are displayed. SinceGmax is proportional to the numbe
of holes being exchanged between the dots and the ba
the experiment of a temperature-bias mapping for the
conductance can be an alternative way to probe the h
level distribution in the dots. Figure 3~a! displays a contour
plot of such conductance mapping. For comparison purpo

n
FIG. 2. ~a! The temperature evolution of the 500-kHzC-V and

G-V spectra measured atT512, 50, 75, and 100 K. EachC-V trace
has been offset by 2 pF for clarity.~b! The temperature scans of th
admittance spectra measured at different biases.
7-2
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we also display in Fig. 3~b! the conductance mapping o
electron levels in similar InAs QD’s for anothern-type
sample. The capacitance and admittance spectroscopie
this sample have been previously studied~see Ref. 11!,
where detailed sample structures and experimental re
can also be found. In the electron-level spectrum in Fig. 3~b!,
well-defined shell structures can be seen. However, in c
trast, the hole-level spectra presented in Fig. 3~a! display a
quasicontinuous distribution. This indicates that the ho
level splitting is quite small, and its discrete nature
smeared out by the inhomogeneous size distribution.

To extract the activation energies of these hole levels,
bias-dependent admittance spectra are analyzed by the
lowing relation,

v5v0exp~2EA /kBTmax!, ~2.1!

wherev0 is a preexponential factor,Tmax is the temperature
at Gmax, EA is the activation energy, andkB is the Boltzmann
constant. In our analysis, thev0 is assumed to be tempera
ture independent.29 The activation energies for different b
ases can then be deduced from the Arrhenius plot ofv vs
1/Tmax. By the use of Eq.~2.1!, the activation energies fo
different bias voltages can be obtained from the Arrhen
plots, which are displayed in Fig. 4. For each bias, theG-T
spectra were taken at ten measurement frequencies ran
from 1 kHz to 1 MHz. As shown in Fig. 4, the activatio

FIG. 3. ~a! Conductance mapping of the hole levels in InA
GaAs QD’s. ~b! The same conductance mapping for the elect
levels in a similarn-type sample, as reported in Ref. 11.
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energy isEA5125 meV atU524.8 V, then quasicontinu-
ously decreases toEA51865 meV as the bias increases u
to U523 V.

III. DISCUSSION

As shown in Fig. 2~a!, the C-V characteristics are quas
static for T.100 K. As a first approximation, the width o
the capacitance plateauDU can be used to estimate th
amount of hole accumulations byQ'CDU, whereC is the
average capacitance of the plateau. ForDU;1.6 V andC
;350 pF, we estimate a two-dimensional hole density in
QD layer of pdot;3.531011 cm22. For a dot density of
;331010cm22, determined from the TEM studies, the es
matedpdot corresponds to about;12 holes per dot. How-
ever, this value may be reduced somewhat, since the W
also lightly populated, as can be seen from the weak cond
tance shoulder@indicated by an arrow in Fig. 2~a!# that ap-
pears in the 12-KG-V trace. The effective hole density o
state ~DOS! can also be estimated from the accumula
holes and the activation energy dispersionDEA . For a
DEA'107 meV ~from U524.8 V to U523 V), the ef-
fective hole DOS is given by;331012/eV cm2. This value
is very close to the value observed in Ge/Si QD system,30 but
is about two orders of magnitude smaller than the tw
dimensional hole DOS of an InAs quantum well.31 This low
DOS for the QD’s may be caused by the Coulomb-charg
effects, which will further split the hole-level spacing durin
the charging of the holes by the applied bias. Furthermo
the charging effects may push some higher excited hole
els into the WL continuum, and hence reduce the effect
hole DOS in the QD’s.

We now discuss the bias-dependent activation ene
Since the deducedEA’s only representapparentactivation
energies, extreme care has to be taken in interpreting th
data. To relate theseEA’s to the hole-level structure, the ac
tual path whereby holes escape from the dots should be i
tified first. This requires detailed information on the valenc
band bending induced by the hole that accumulated in

n

FIG. 4. The deduced activation energies (EA) as a function of
the bias voltages (U). The inset shows the Arrhenius plots forU
523.5 V to U524.8 V.
7-3



io
e

ig
n
in
e
s
p
s

d

b

t
es
bi

-

r
c
te
t
r
a
th

th
e.
th
be
v

f

e
th
u

at

d to
ilar
d
he

be
at
ini-
vel

y a
nd

t in
of

e
all
per
o-

from
-

ted
l

d at
of
d

the

e
eti
n
d

CHANG, CHEN, HSU, YEH, AND CHYI PHYSICAL REVIEW B66, 195337 ~2002!
QD layer. However, due to coupling between the deplet
width of the n1-p diode and the density of hole that hav
accumulated in the dots, the band bending cannot be stra
forwardly deduced simply from the depletion approximatio
Fortunately, the depletion approximation is still applicable
the following two extreme cases, which can be used to
amine the band bending near the QD layer. First, the hole
the QD layer are considered to be decoupled from the de
tion region of then1-p junction. The band bending in thi
case can be roughly related to the bias condition,U;
23 V, which is schematically depicted in Fig. 5~a!. From
the estimatedpdot in the QD layer, the induced valence-ban
bending~on both sides of the QD layer! can be calculated by
a simple depletion approximation, which is estimated to
qVdot'5565 meV. Taking theEf position into account, the
energy difference betweenEf and the QD barrier is abou
Ef2qVdot'7065 meV. Second, consider that all the hol
in the QD layer are just depleted, which corresponds to a
condition ofU;24.8 V @see Fig. 5~b!#. By using the deple-
tion width determined from theC-V characteristics, an en
ergy difference ofEf2qVdot'195615 meV is estimated.

The quantity ofEf2qVdot represents the barrier height fo
the hole to be thermally activated into the GaAs valen
band. By comparing the activation energy with the estima
barrier heights in both cases discussed above, we found
obtainedEA’s to be about 50–70 meV smaller than the co
responding barrier heights. This implies that the hole esc
process is not a direct thermal activation process into
GaAs, but instead, a two-step process,7,8,11 i.e., thermally ac-
tivated tunneling via an intermediate state situated within
range of 50–70 meV above the GaAs valence-band edg
this energy range, the most likely intermediate state is
WL. The heavy-hole ground state in the InAs WL can
estimated by the effective mass approximation. For a hea
hole effective mass ofmh* 50.34m0, the hole ground state o
1.6-ML-thick InAs WL is aboutEhWL

563 meV above the
valence-band edge, which lies just within the energy rang
the intermediate state. In other words, the hole escape pa
that thermally activated into the WL, and then tunneling o
by the assistance of electric field.

For more rigorous calculations, we adapt the quasi-st
model proposed by Brounkovet al.9 to simulate theC-V

FIG. 5. ~a! The valence-band bending near the QD layer wh
the accumulated holes in the dots are decoupled from the depl
region of then1-p junction. ~b! The valence-band bending whe
the holes that have accumulated in the dots have just all been
pleted.
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characteristics. This model has been successfully applie
describe the charge distribution and band bending in sim
InAs QD systems.9,32 In this study, the simulation is achieve
by self-consistently solving the Poission equation for t
whole layer structure. The hole DOS,D(E), of the InAs
QD’s is described by multiple Gaussian peaks:

D~E!5Ndot(
i

1

GAp/2
expF22S E2Ei

G D 2G , ~3.1!

whereNdot is the dot density,Ei is the i th hole energy level
and G is a broadening parameter. Since the QD’s may
filled up to ;12 holes per dot, it seems impractical to tre
the parameters for these hole levels independently. To m
mize the number of free parameters, we model the hole le
distribution as follows. First, we describe the hole levels b
two-dimensional harmonic oscillator model, with a grou
state energy ofEh0 and a quantization energy ofDEh . Sec-
ond, since the Coulomb-charging effects may be relevan
the hole-level system, we also include a charging energy
EC in the model calculation. Third, for sake of simplicity, th
broadening parametersG are assumed to be the same for
levels. Finally, because the WL is considered to be the up
bound for the charging of the hole into the QDs a tw
dimensional DOS of the WL atEhWL

is also included in this

calculation. TheNdot is determined independently by TEM
measurements, and the doping concentration is deduced
the C-V characteristic itself. The number of fitting param
eters are therefore reduced to five, which areEh0 , DEh , EC ,
EhWL

andG.

The optimal simulatedC-V curve forT5100 K is shown
in Fig. 6. Despite the crude DOS used here, the simula
result fits the experimental curve fairly well. An optima
simulation shows that the hole ground state is centere
Eh05170(65) meV, with an inhomogeneous broadening
G560(65) meV. The determined hole-level splitting an
the charging energy areDEh525(62) meV andEC513
(62) meV, respectively. The simulation also shows that

n
on

e-
FIG. 6. Self-consistence simulation for theC-V curves mea-

sured atT5100 K. Except the optimal simulated curve~solid line!,
two curves with deviation of 25 meV fromE0 are also shown for
comparison.
7-4
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HOLE EMISSION PROCESSES IN InAs/GaAs SELF- . . . PHYSICAL REVIEW B 66, 195337 ~2002!
WL is lightly populated, with an energy ofEhWL
560

(65) meV above the GaAs valence band.
By combining the determined hole levels and the int

band energy acquired from the optical investigations, we
construct the energy-level diagram of the investigated In
GaAs QD’s, which are summarized in Fig. 7~a!. The deduced
hole ground state energy,Eh05170(65) meV, agrees very
well with the theoretical value of 176 meV reported in Re
14 for an InAs pyramid of similar ground-state emission e
ergy ~1.098 eV!, calculated by an eight-bandk•p model.
This value is also comparable with the value of 193 m
reported in Ref. 16, for a lens-shaped dot, calculated usin
empirical pseudopotential model. Combining theEh0 with
the PL results, the ground-state electron localization ene
is estimated to beEe05280(610) meV. This value is in
excellent agreement with that reported by Chuet al.13 using
midinfrared photocurrent spectroscopy on InAs QD’s w
similar ground-state PL emissions~1.08 eV!. This means that
the localization energy of the hole is relatively weaker th
that of the electron in the investigated InAs/GaAs QD’s. F
hole-level splitting, the determinedDEh52562 meV is
comparable to the value (;30 meV) determined by the mid
infrared unipolar emission spectra.33 By combining the hole-
level splitting DEh with the interband energy splitting~75
meV! determined from the PL spectra, the electron-le
splitting is found toDEe'50 meV. This agrees very we
with those determined from capacitance34 and far-infrared35

spectroscopies. However, we note that the charging en
EC513(62) meV determined from our simulations
somewhat smaller than the theoretically predicted val
~20–30 meV! for similar sized dots. This may be due the fa
that theEC is also occupation dependent. As has been sho
in Ref. 36, for a two-dimensional harmonic oscillator, t
direct Coulomb interaction will get smaller for the high
hole excited states. Thus, the constantEC used in our model
calculation may present an average value. Moreover, in
calculations the charge distribution is reduced to an effec
one-dimensional electrostatic problem. A more extended

FIG. 7. ~a! The energy-level diagram for the investigated InA
GaAs QD’s.~b! A comparison between the deduced activation
ergiesEA ~symbols! and the barrier heightEf2qVdot ~solid line!
obtained from the self-consistence simulations. Note that the
and right axes have been offset by 60 meV~see dotted line!.
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vestigation is needed to deal with the electrostatic proble
using a three-dimensional approach.

After the numerical simulations, we can now compare
deducedEA’s with the barrier heightEf2qVdot for the full
bias range, which are shown in Fig. 7~b!. For comparison
purposes, theseEA values have been offset by a consta
energy ofEhWL

560 meV. In this figure, the simulatedEf

2qVdot agrees very well with the obtainedEA’s, when the
EhWL

is included as an intermediate state.

In Ref. 11, we have determined that the electron emiss
process is dominated by thermally activated tunneling via
available excited states. This is similar to the assignm
reported by Kapteynet al.7,8 using DLTS measurements. Th
hole emission process found in the current study is als
thermally activated tunneling process, but the intermed
state is the hole’s WL state instead of the excited states of
dots. However, the work reported by Kapteynet al.8 has sug-
gested that hole emission is a direct activation process
fact, a large variety of emission processes can be foun
different published works, even the same experimental te
niques have used. For example, a direct activation proc
for both electron and hole escape has also been suggest
Wang et al.15 after their DLTS studies, while the DLTS re
sults reported by Iba´ñezet al.18 showed the tunneling escap
process to be important for both the electron and the ho

To resolve these apparent discrepancies, we intend to
struct in the following a general picture of the carrier em
sion processes. In general, the carrier emission processe
not only determined by the inherent properties of the QD
but also by the environmental conditions. The most imp
tant inherent property is the carrier localization energy, sin
they directly determine the thermionic emission rates from
given QD level to the band edge. Some other inherent pr
erties in the QD’s are also relevant, for example, the ener
level splitting and the carrier effective mass. The most i
portant factor for the environmental conditions is the elec
field, which is either internally exhibited in the designe
structures or externally applied during the experimen
Some other effects may be also relevant, such as intenti
modification of the barrier height using AlxGa12xAs ~Ref. 4!
or InxGa12xAs ~Ref. 39! instead of GaAs. In this work, we
conclude that the hole localization is weaker than the e
tron localization. This means that the electron escape
will be slower than that of the hole, if only thermionic emi
sions into the barrier are considered. However, this situa
may change when the electric field is presented. As show
Fig. 8, the electric field can cause the higher excited Q
states to become quasistationary. Thus, thermally activ
tunneling via these quasistationary states becomes poss
The total escape rate (1/t tot) for such thermally activated
tunneling can then be determined by the product of the th
mionic emission rate (1/t th) and the tunneling rate (1/t tun).

As schematically depicted in Fig. 8, both the 1/t th and the
1/t tun depend exponentially onE, but have opposing tenden
cies. This means that the total escape rate will reach a m
mum at a certain optimal energyEopt, depending on the
electric field and the effective mass. This optimal ene
plays a decisive role in both the electron and the hole esc

-

ft
7-5
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CHANG, CHEN, HSU, YEH, AND CHYI PHYSICAL REVIEW B66, 195337 ~2002!
processes. For the electron escape process, shown in
8~a!, due its smaller effective mass, theEopt can be deeper
The electron can find an available excited state near theEopt

as an optimal intermediate state (EI* ) for the subsequent tun
neling process. In this case, the escape of ground-state
trons tends to be mediated by the first or the second exc
states, as reported in Ref. 8 and Ref. 11, depending on
field strength, the interlevel splitting of the QD’s, and t
temperature. For the hole escape process shown in Fig.~b!,
since the effective mass of the hole is about 5–10 tim
larger than that of the electron, the optimal energyEopt will
be pushed toward the valence-band edge, and hence the
lower WL state becomes the favored intermediate state. F
lower electric field, the hole tunneling will be further su
pressed, and hence the holes can even be directly activ
into the valence band. This is the situation observed in R
8.

A simple way to further analyze this thermally activat
tunneling is to approximate theV(z) by using a linear poten
tial, i.e.,V(z)5qFz, whereq is the electrical charge andF is
the electric field. Thus, the tunneling rate can then be
proximated by an effective one-dimensional confini
potential37,38of width Lz . The total escape rate is then give
by

1

t tot
;

\p

2m* Lz
2

expS 2
4A2m* ~EI* !3/2

3q\F D 3expS 2
Eh2EI*

kBT D ,

~3.2!

whereEh is a given hole level andLz can be taken as the do
height (3.565 nm). By comparing Eq.~2.1! and Eq.~3.2!,
one finds that the tunnelling rate is involved in the p
exponential factor, i.e.,v0}1/t tun. Therefore, thev0 ob-

FIG. 8. The thermally activated tunneling processes for e
trons~a! and holes~b! escaping from the QD’s via optimal prospe
tive intermediate states.
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tained from the Arrhenius plots~the inset to Fig. 9! can be
further used to analyze the hole tunneling barrier height. A
cording to the self-consistence simulations, the electric fi
crossing the QD layer increases fromF'25 kV/cm at
U523 V to F'52 kV/cm atU524.8 V. Therefore, plot-
ting the obtainedv0 as a function of 1/F can be used to
determine the tunneling barrier height of the intermedi
state, as shown in Fig. 9. From the apparent slope, and
suming a hole effective mass ofm* 50.34m0, the tunneling
barrier height is estimated to be 49(65) meV, which is
comparable to the hole energy level of the WL.

According to Eq.~3.2!, it is now possible to qualitatively
compare the electron and hole emission rates, which m
enable us to get a closer look at the underlying mechanism
exciton dissociation from the dots. This subject has be
investigated by different groups using temperatu
dependent photocurrent~PC! spectroscopy.12,39,40 Interest-
ingly, the deduced thermal activation energies are qu
small, typically 2–3 times smaller than the correspond
exciton localization energies.12,39,40 Such a small activation
energy has been attributed to the thermally activated tun
ing of less-confined holes in the dots.39 However, Brounkov
et al.12 argue that the PC is mainly controlled by the therm
escape of electrons out of the dots. This discrepancy ma
resolved by comparing the optimal escape rates of elect
and holes using Eq.~3.2!. In Fig. 10~a!, we first compare the
emission rates for more deeply confined electrons (Ee0
5280 meV) and weakly confined holes (Eh05170 meV)
under different electric fields at a typical temperature ofT
5100 K. We set the electron’s and hole’s effective masse
be me* 50.04m0 and mh* 50.34m0, respectively. ForF
550 kV/cm, the optimal emission rate for the electron
almost;4 orders of magnitude slower than the hole’s. Ev
when the electric field is increased up toF580 kV/cm the
thermally activated tunneling of the hole is still more re
evant, due to its weaker localization energy. However, t
situation will be inverted when the holes become mo

-

FIG. 9. Thev0 as a function of the inverse electric field 1/F.
The v0’s are obtained from the Arrhenius plot at different bi
voltages, while the electric fieldsF are deduced from the self
consistent simulations.
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deeply confined. This behavior is displayed in Fig. 10~b!,
where the electron and hole localization energies are set t
Ee05140 meV andEh05200 meV, i.e., the values reporte
in Ref. 12. In this case, the electron escape process beco
considerably faster that of the hole, which may explain w
the temperature dependence of PC spectra, observed in
12, was controlled by the thermal escape of the electro
From the above comparative analysis, it can be conclu
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