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Charge-carrier statistics at InAs/GaAs quantum dots
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The statistics of thermal electron emission from InAs/GaAs quantum dots with base/height dimensions of
20/10 (nm) are developed. The quantum dots considered are assumed to have two electron energy levels. For
the electrons captured in the ground state, this gives the possibility of two different emission paths. Starting
from a grand canonical ensemble and using an idea for “truncated cascade capture,” we derive “effective
thermal emission rates” corresponding to experimental quantities. From experimental data of the capture cross
sections, we demonstrate that the thermal emission path for electrons is shifted when the temperature is
changed. In an Arrhenius plot for electron emission rates from the ground state, this is manifested as a
transition region with varying slope which does not give any information about activation energies. The
position on a temperature scale of this transition region depends on the internal relaxation time for electrons to
go from the excited to the ground states. Due to limitations of experimental setups normally used for measuring
activation energies, such measurements are done within a very limited temperature range. Erroneous interpre-
tations of measured data therefore may occur if the possibility of a change in emission path is not taken into

account. A method to avoid this problem in an experimental situation is pointed out in the discussion.
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I. INTRODUCTION

For quantum dots (QDs) embedded in a semiconductor
matrix, the emission and capture of charge carriers have a
resemblance with the corresponding phenomena of recombi-
nation centers.'~ Their electron potentials confine the charge
carriers to orbitals similar to those in impurity atoms.~® The
most extensively investigated system, the InAs/GaAs com-
bination, has InAs dots with base/height dimensions of about
20/10 (nm) embedded in a GaAs matrix and gives rise to
discrete energy levels with only a few electrons captured. For
the InAs/GaAs system, theory and experiments have dem-
onstrated that in most cases two different electron shells exist
inside the dots. The eigen energies of their electron states are
dependent on dot dimension, shape, orientation, and chemi-
cal composition. In general, for 20/10 (nm) dots, discussed
in the present work, an electron shell with s character is
found at an energy level of about 150 meV from the GaAs
conduction band, and a p shell occurs about 50 meV above
the s ground states. The s shell can accept two electrons with
opposite spins. Due to the flattened shape of the dots, one of
the p orbitals receives an eigen energy in or very close to the
conduction band,® and cannot normally be experimentally
observed. The other two p orbitals capture four electrons
together. When all six electrons are present in the two shells,
as a result of the difference in eigen energies, the thermal
emission rate of electrons in the p states will be much higher
than for the s electrons. Furthermore for the two s electrons,
there is a Coulomb-induced energy difference of a few mil-
lielectron volts that was omitted from our previous work.” As
the normal experimental temperature range for investigations
of thermal electron emission from the s shell'>"'* is not lower
than about 60 K, this interval is within k7. Therefore, from a
statistical point of view, it is reasonable to lump these two
energy levels together in the following treatment and con-
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sider the s shell to have the same energy level for both the
one- and two-electron states. This gives the electron energy
scheme shown in Fig. 1. For the thermal emission from the s
level of this arrangement, two paths exist: direct emission
from the level to the conduction band, or a two-step process
across the p level.

In this paper, we present a theory for thermal emission of
electrons from QDs, where the dots are treated using a grand
canonical ensemble. By specializing in InAs/GaAs dots with
base/height dimensions of 20/10 (nm) and taking into ac-
count the two possible thermal emission paths, expressions
for measurable thermal emission rates are derived. We dem-
onstrate that the thermal emission of electrons from the
quantum dot s shell to the host material gradually changes
from being dominated by a two-step excitation process via
the p shell at the lower temperatures, to a direct emission at
the higher temperatures. The transition temperature region is
determined by the time it takes for an electron excited to the
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FIG. 1. Energy scheme for an InAs/GaAs quantum dot with
base/height dimensions 20/10 nm. For larger dots, a level with d
character appears closer to the conduction band at E,. Arrows (a)
and (c)—(e) indicate the two possible thermal emission paths for s
electrons while arrows (b) and (d)—(f) show the corresponding cap-
ture paths.

©2005 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.72.075360

0. ENGSTROM AND P. T. LANDSBERG

p energy level to relax back to the s level. The influence of
this effect on experimental data is pointed out.

II. QUANTUM DOTS IN THE GRAND CANONICAL
ENSEMBLE

Treating QDs with /={1,2,3,...,} eigen state configura-
tions and capable of capturing M electrons, counted by i

={1,2,3,...,} in a grand canonical ensemble, the probability
P(r) of a QD to capture r electrons is given by
NZ,
P(r)=——", (1)

2Nz
i=0
where

)\=exp(%>. (2)

Here, u is the Fermi level, k is Boltzmann’s constant, and T
is absolute temperature. Z, is the partition function for a
canonical ensemble

E(Lr)
Zr=Elexp[— 7}, (3)

where E(l,r) is the eigen energy for configuration [ with r
electrons captured.

If the electron states merge into degenerate energy levels,
for each r the summation over configurations / can be limited
to the configurations available at every specific degenerate
level E(r). Furthermore, assuming that the degenerate energy
levels are separated by a number of k7 units, the summation
over [ in Eq. (3) can be approximated by a product of the
number of permutations g, of r electrons among the number
of available states, and a Boltzmann factor

Z,= g,exp{— @} . 4)

kT
The ratio P(r—1)/P(r), is then given by Egs. (1) and (4) as
P(r-1) 1g,., E(r)-E(r-1)
=—=—exp\—————— (.
P(r) N g kT

)

Taking e, as the thermal emission rate of electrons, from a
QD with r QD electrons captured, to the conduction band,
and ¢, as the capture rate for an electron in the conduction
band to become the r-th captured electron in the QD, we
have at thermal equilibrium

e,P(r)=cnP(r—1). (6)

Here, n=N_ exp[—(E.—u)/(kT)] is the concentration of elec-
trons in the conduction band, N. is the effective density of
states in the conduction band, and E. is the energy position
of the conduction band edge. Using Eq. (5) in Eq. (6), we get
E —[E(r)-E(r-1)]
kT '

It should be noticed that the difference E(r)—E(r—1) is the
energy added to the ensemble when adding one electron.

€= hC,NCCXp - (7)
8r
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Assuming, for example, that the first i electrons are captured
to the same degenerate energy level, all energy differences
E(r)-E(r—=1) up to r=i have the same value. For
InAs/GaAs QDs with base/height dimensions of about
20/10 nm, where two energy levels with s and p characters,
respectively, occur,? the s shell is two-fold, and the p shell is
fourfold degenerate. This means that

B -Br—1)=1 " 7= ®)
TP URE, r=3.4.5.6,

The thermal emission rate for the s electrons when r elec-
trons are captured in the QDs, therefore, can be expressed as

AE

‘o or=12, 9
el o

gs,r—l

es,r -

Cx,rNceXp{ -

s,

and for the p electrons

€y = gwcp’,NCexp{— A—Eﬂ}, r=1,2,3,4, (10)
Do kT
where AE=E ~E; and AE,=E.~E, and E, is the conduc-
tion band edge level. In the following, we assume that AE,
—AE, is larger than a few kT units. This enables one to treat
the two energy levels as independent® and motivates count-
ing r from 1 to 4 in Eq. (10) instead of using the total number
(ie., r=3,...,6).

Due to the different physical properties of the QD crystal
and the host, the electron potential, and thus the electron
eigen energies, may be influenced by lattice strain and by the
energy band-gap off-set values. A certain influence on energy
eigen values by temperature is then expected

AE,=AE'—a,T, x=s,p. (11)

If the «, coefficient is constant, AES is the energy eigen
value at zero temperature. In practice, «, is often temperature
dependent, which means that AEQ can be taken as the eigen-
value extrapolated to zero temperature from a linearized tem-
perature region of Eq. (11). Understanding the factor «, as an
entropy contribution from the lattice, the total entropy AS, ,
associated with a captured electron can be expressed by
AS,, = o+ k InS2L, (12)
gx,r
Introducing a free energy, AFW:AES—ASX,,T, the thermal
emission rates in Egs. (9) and (10) can now be expressed in
two alternative ways depending on the energy quantity used
in the Boltzmann factor

AE] AF,,
Crr= Xx,rcx,rNceXp - F = Cx,rNceXp - kT >
(13)

where

Xx,r = exp(

AS,,
) a

is an entropy factor expressing the influence of the total en-
tropy change connected with electron emission and capture.
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TABLE 1. Possible configurations and associated degeneracy factors for a quantum dot with a maximum of three electrons. The ratios
&x.—1/ & are obtained by taking into consideration that the possible permutation number for an empty level is 1, for a single electron on the
s level it is 2, for two electrons on the s level it is 1, and for a single electron on the p level it is 4.

Configu- R
ration I _L '
p — p — p P p
e e s s —® s — s
(a) (b) (c) (d) (e)
gx,r-I/gx,r gp,O/gp‘1:1/4 gs,l/gs,ZZZ/l gs,()/gs,lz 172 gp,O/gp.1:1/4 gp,()/gp,lzl/4

The first part of Eq. (13) is to be used in the interpretation of
activation plots while the second part should be used for data
taken at constant temperature, e.g., when the Fermi level is
used as a probe to detect an energy level.!”

The degeneracy factors g, , /g, , in Eq. (12) are different
for different combinations of x and r depending on the car-
rier configuration from which the emission takes place. Table
I demonstrates the possibilities available, assuming that we
limit the study to a maximum of three captured electrons.

III. THERMAL EMISSION RATES FOR InAs/GaAs
QUANTUM DOTS

In the treatment below, we will take into account the
emission of two s electrons and one p electron, which means
that cases (a)—(c) of Table I are treated. This limitation is
consistent with what normally is found in experiments. As
the energy separation between the two levels is normally
larger than a few kT, the thermal emissions of electrons from
each of the two shells are regarded as independent.?”

After emission of the p electrons, the two s electrons left
in the QD may each be emitted through two different chan-
nels as depicted in Fig. 1. The first s electron emitted may go
directly to the conduction band or via one of the p states, as
arrows (a) and (c) indicate in the figure. The second s elec-
tron has the same possibilities but based on different magni-
tudes of the quantum statistical parameters. The electron
emission, therefore, consists of an independent thermal pro-
cess from the p shell [arrow (e) in Fig. 1] and from a coupled
two-electron system in the s shell [arrows (a) and (c)—(e) in
Fig. 1]. For the analysis of such a system we use the argu-
ments developed for “truncated cascade capture” as dis-
cussed in Ref. 11 and slightly altered in Ref. 5. For this
treatment, the different emission rates associated with differ-
ent emission channels are lumped into one effective emission
rate e, . as shown for the two electrons in Fig. 2 as discussed
below.

The process marked e, , in Fig. 1 is much faster than the
process labeled e, due to the difference in binding energy
and is given by

AE°

ep’3=cp,3NoXp,3eXp(— ﬁ) (15)

This process is followed by the emission of the s electrons.
We consider the energy level system in Fig. 1 and let it
represent the situation when emitting an electron thermally
from the s states of the quantum dots studied here.

For the transfer between the s and p levels we introduce
two time constants: ¢, for the excitation from s to p and ¢, for
the relaxation from p to s. The portion of the total cycle time,
f.+1,, spent by the electrons in the p states is given by the
ratio #,/(t,+1,). This is the relative time slot open for emis-
sion of an electron in the p state to the conduction band. The
total emission time f,, for an electron stepping from s to p
and from there to the conduction band is thus given by

! tr _1
t,,,ztr+{ ,ep} , r=1,2. (16)
1.+t

r r

The effective emission rate can now be expressed as the sum
of the thermal emission rate e, for excitation from the s
level to the conduction band and the inverse of 7, ,

-1
e =65, +1,. (17)

At thermal equilibrium, we expect

ee, 1

FIG. 2. Energy scheme illustrating the electron “effective emis-
sion rates” from a single-level two-electron system. The first elec-
tron leaves with a rate e, , from the s shell, occupied by two elec-
trons, and turns the QD into a one-electron system (dashed arrow).
This increases the concentration of one-electron systems before the
second electron leaves with a rate e, ;.
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-1 _ (-1
L, Pp,r_ (tr) Ps,r’ (18)

where P, and P, , are the probabilities for an electron to
occupy the s and p levels, respectively. These two quantities
are related by (see Sec. 4.1 in Ref. 5)

P, X AE® — AE°
J=_Mexp(5—ﬁ>_ (19)
P X kT

pr S,r

From Egs. (18) and (19), assuming that AE?—AE?, is large
enough compared to k7, we find 7,<<t, so that Eq. (16) can
be approximated as
o1
=1 +—-—. (20)
te,,
From Eq. (9) together with Egs. (17)—(20), we find the effec-
tive emission rate

AE]
o, =(cy, +0,c, )X, Nexp| - 7 ) (21)

where
0,=(1+1e,)" (22)

is a “sticking probability” expressing the tendency for an
electron to stay on the p level.!!

Considering Eq. (21), one observes that the effective ther-
mal emission process from the s shell is made up of two
parts. The first part, with the capture rate c,, for electrons
into the s state in the preexponential factor, corresponds to
the direct transitions between the s level and the conduction
band [arrows (a) and (b) in Fig. 1]. The second part ex-
presses the two-step transitions between the s state and the
conduction band via the p state, involving the capture rate to
the p level and the sticking probability ©, [arrows (c)—(e)
and (d)—(f) in Fig. 1].

IV. THERMAL EMISSION OF ELECTRONS FROM A
SINGLE-LEVEL TWO-ELECTRON SYSTEM

With the effective emission rates from the s shell defined,
we can now treat the system as the single-level two-electron
system, shown in Fig. 2. The concentration 7, of QDs which
have two electrons in the s shell has a time evolution deter-
mined by

dnxz
dt

=—€,00N 9. (23)

Every electron emitted from the two-electron system leaves
behind a single-electron system and increases the concentra-
tion ny; of QDs occupied by one electron. Taking further into
account the emission of the last electron gives the following
time evolution of ng :

dns,l
dt

=€l 2 = €, 11 1 - (24)

As boundary conditions we take n,;(0)=0 and n,,(0)=Nr,
where N7 is the total concentration of QDs. We find for the
time dependence of the electron occupation
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ns (1) = Nyexp(= e, ot), (25)
4
na(t) = ——=—Nifexp(=e.1) —exp(-ecat)]. (26)
e2 " Cell

The concentration p; of empty dots and dots filled by one
and two electrons, respectively, sum up to the total concen-
tration of dots, Ny

pr(0) + ng () + ng (1) = Ny. (27)

In deep-level transient spectroscopy (DLTS),'>!# the tran-
sients expressed by Egs. (25) and (26) are measured as
changes of charge in a semiconductor depletion region. Dur-
ing the process of emitting electrons from the dots, each dot
occupied by one electron gives rise to a change of one el-
ementary charge and each empty dot gives rise to a change
of two elementary charges in the space charge region. The
concentration of elementary charges Ap. produced in the
space charge region during the emission process is, by using
Eq. (27)

ApC(t) = 2pT+ ns,l + (NT_ np,B) = 3]VT_ ns,l(t) - zns,Z(I)
- np,S(t)’ (28)

where the time dependencies of n,; and n,, are given by
Egs. (25) and (26), respectively, while n,; is determined by
the same kinetics as n;, in Eq. (25)

p3

ny3=Nexp(=e, 1), (29)

and where ¢, 5 is given by Eq. (15).

As long as the charge represented by Ap is much smaller
than the total charge in the space charge region, it is propor-
tional to the amplitude of the capacitance transient obtained
from a DLTS measurement.'>4

V. ACTIVATION PLOTS AND EMISSION TRANSIENTS

For calculation purposes, we rewrite Eq. (21) in the fol-
lowing way:

AE
e, =Y, +0.Y )Tzexp(——s), r=1,2 (30

re p,r. kT
where
Y,,=Ao,,X,,, r=12, (31)
Y,,=Acg, X, r=12. (32)

Here, we have used the relation ¢, ,=(v)oy ,, where the aver-
age thermal electron velocity (v), is set to (v)=(3kT/m")'"?
with m” representing the electron effective mass in the GaAs
conduction band while o, and o,, are the capture cross
section for electrons of the s and the p levels, respectively.
For the effective density of states in the GaAs conduction
band we have used the relation N,=4.45X 10" (7/300)%?
cm™ which gives A=3.51Xx10* [s7! K™2].

For our calculations of the emission rates we use values
for the capture cross section obtained experimentally in an
earlier study,10 where we determined the values for the first
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TABLE II. Quantities used in the numerical calculations of Figs.
3 and 4.

O-S,I O-S,Z Up,3 Xs,] XS,Z Xs,j AEs AEp
(cm?) (cm?) (cm?) (meV) (meV)
2x10712 2x 10712 2x107" 12 2 14 150 100

captured electron into the QDs. It has been demonstrated in
intraband spectroscopy that the capture at low temperature
occurs by a two-step process, first into the p shell and from
there to the s shell.!> The values of the capture cross sections
measured in Ref. 10, therefore, should be taken as those of
the p shell as given in Table II. As the direct transition from
the conduction band to the s shell has not been observed in
luminescence, it is reasonable to assume that the capture
cross sections are smaller for such a process than for the
capture into the p shell. In the calculations below, we set
capture cross sections for direct transitions to the s shell one
order of magnitude smaller than those to the p shell. The
internal relaxation time , has been investigated in a number
of published works on InAs/GaAs QDs. It seems to depend
on the physical properties of the dot structures and varies
between different works'®~'® in the interval 107'2-107" s.
Therefore, the calculations below have been done with 7,
varying in this region.

Figure 3 shows the sticking probability ®;, given by Eq.
(22) as a function of inverse absolute temperature, 1000/7,
for four different values of the internal relaxation time ¢,. 0,
has a similar shape. At higher temperatures, ®; approaches
zero because of the high value of the emission rate e, ;.
When the temperature is lowered and e, ; decreases, ®, in-
creases within a limited temperature interval depending on
the value of 7; and approaches unit value. This influences the
effective thermal emission rates e, ;, given by Eq. (21), as
shown in Fig. 4. The change in sticking probability separates
two different regions of the activation curve for the emission
rates. At the higher temperatures the direct emission process
from the s shell to the conduction band dominates, while for
the lower temperatures, the emission is dominated by the

0.8

©,

0.4

0.2

—_—

1000/T [mK™]

FIG. 3. Sticking probability of the (s, 1) electron as a function of
reciprocal temperature as obtained by Eq. (22) for different values
of the time #, it takes for an electron to relax from the p level to the
s level when the p level is filled by one electron and the s level is
empty.
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16 \‘/‘t1= 10125
14 t=10"s

t=10"s

In (eo1/T2[s'K2) s t=107s
10

|

FIG. 4. Thermal emission rate e,; of an electron from the s
level when occupied by one electron as obtained by Eq. (13). For
the lower temperatures, the two-step emission path across the p
level dominates the emission, while the direct process from the s
level to the conduction band dominates for higher temperatures.
Between these two temperature regimes, there is a transition region,
where the slope of the Arrhenius plot origins from a combination of
the two emissions.

—  1000/T [mK™

two-step excitation from the s to the p shell and further to the
conduction band. The slopes of the two sections in Fig. 4 are
the same because the two different emission paths require the
same energy as seen from Eq. (23) and illustrated by Fig. 1.

The results of the calculation presented in Fig. 4 depend
on the values chosen for the entropy factor X; , which in turn
depends on the degeneracy factors and the lattice entropy
contribution a, as expressed by Eq. (12). The degeneracy
factors depend on the possible electron configurations as
shown in Table I. The actual configurations for X; | and X;,
to be used in Eq. (21) are those labeled (b) and (c) in Table
II, respectively, while the configuration (a) is valid for X, 5 to
be inserted into Eq. (15). A recent theoretical investigation
on the influence of temperature on lattice strain for
InAs/GaAs QDs of the present size, indicates that the QD
electron potential and the energy eigenvalues are only mar-
ginally influenced by a temperature variation between zero
and 100 K.

The time dependence of the probabilities for electron oc-
cupation, Py =ng(1)/Ny and Py,=n(1)/ Ny, respectively, of
the s shell during an emission cycle is shown in Fig. 5. The
transient P, falls off exponentially and feeds the increase of
P, before the remaining single-electron occupation de-
creases as expressed by Egs. (27) and (28) and illustrated by
Fig. 2. The total change of elementary charges in the QDs
when emitting one p electron followed by two s electrons, as
given by Eq. (30), is shown in the semilogarithmic graph of
Fig. 6. The transient is valid for 1000/T=12, at the low-
temperature side of the transition region in Fig. 4 between
the two-step and the direct s to conduction band emission.
Due to the combination of emission from the p shell and the
two electrons in the s shell, the transient has a steep nonex-
ponential shape at the beginning of the time scale for times
smaller than about 0.5 ws. For times longer than about 3 us,
a straight line is approached revealing an exponential devel-
opment. This part reflects the emission of the last electron
(s1) leaving the QD. In the intermediate region between 0.5
and 3 us, the nonexponential behavior originates from a mix
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—> Time [us]

FIG. 5. Emission transients for the first (s,2) and second (s, 1)
electrons leaving the quantum dot. The curves show the probabili-
ties Py 1=ng /Ny and P;,=n;,/Ny that the s shell is occupied by
one and two electrons, respectively. Calculation has been done for
t;=t,=10"1" s and 1000/7T=12 mK™!

of emissions by the two s electrons. These kinds of tran-
sients, composed of multielectron emission are expected to
be reflected in spectra obtained from deep-level transient
data. The two-electron character of the s level and the emis-
sion from the p level have been observed in such experimen-
tal spectra.!314

VI. DISCUSSION AND CONCLUSIONS

The temperature dependence of the sticking probability,
shown in Fig. 3 is strongly influenced by the internal relax-
ation time ¢, of electrons from the p shell to the s shell
indicated by an arrow (d) in Fig. 1. It is related to the so
called “phonon bottleneck,”'%~!° often mentioned in the lit-
erature, and depends on the availability of phonon energies
fitting to the energy difference between the different energy
levels in the QD. The relaxation time, therefore, may be
expected to be dependent on the sizes, shapes, and chemical
compositions of dots. This has a consequence for the inter-
pretation of activations plots for the thermal emission rates
of charge carriers. The calculated set of curves in Fig. 4,
demonstrates how the relaxation time influences the transi-
tion from s to p shell to conduction band at lower tempera-
tures to approach direct emission from the s shell to the
conduction band for the higher temperatures. Experimental
setups for DLTS, normally used for measuring emission
rates, have response times which for the present system limit
the measurements to the temperature region below about 100
K. Therefore, the slope of an activation curve may be influ-
enced by the change due to the change of emission path. For
the largest values of the relaxation time, there is an obvious
risk to misinterpret the values of activation energies and cap-
ture rates. In order to avoid such erroneous interpretations,
additional and independent measurements of, for example,
the capture cross sections may be necessary. For the data
used in the present analysis, this was done in earlier work
which supported an assumption that the relaxation time was
short enough for the transition region to be outside the mea-
sured activation plot.!%13:20
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0.2
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FIG. 6. Logarithm of the charge Ap. in units of elementary
charge, created per quantum dot in a semiconductor depletion re-
gion as it would appear in a DLTS measurement for #=t,
=10"'"s and 1000/T=12 mK~! as in Fig. 5

In DLTS, capacitance transients transformed into tem-
perature spectra are used to find the thermal activation ener-
gies related to charge carrier emission. When emissions take
place by more than one electron with close lying activation
curves, the spectral peaks may interfere and give rise to mis-
leading conclusions. The emission of the two s electrons in
the present system has been investigated experimentally in
the low temperature range where two-step processes across
the p shell take place'® and the peaks occurring in DLTS
spectra could be explained by the spread in QD size.

Thermal emission rates are often measured by DLTS,
where the emission sources are placed in a space charge
region of a p-n junction or a Schottky diode. Especially for
QDs, with the electron eigen energies relatively shallow, in
the region of 200 mV and lower, a nonvanishing tunneling
rate may add to the thermal emission rate studied for higher
applied voltages. This is clearly the case for some of the data
in Refs. 12—-14 and has a significance for higher voltages and
lower temperatures. Tunneling was not included in the
present description. Taking into account the tunneling paths
from both the s and the p shells, these processes can be
added to the thermal processes expressed in Eq. (21) in order
to obtain the full expression for electron emission. In this
context it should be observed that when a realistic potential
for the QD electrons is taken into account’ the tunneling
rates deviate by at least one order of magnitude from those
given in the classical paper by Korol,”' often used in the
literature. In this latter case, the calculation was done for
deep impurities represented by a delta function and can
hardly be used for QDs as demonstrated in Ref. 9.

Grundmann and Bimberg had earlier developed statistics
for the capture of electrons into quantum dots.?? It should be
noted that their treatment is valid under nonequilibrium situ-
ations and for a high concentration of excess charge carriers
in the semiconductor energy bands, i.e., for example, for
luminescence experiments. In the present work, we have
given the statistics for an experiment where electrons are
thermally emitted from quantum dots in a semiconductor
depletion region. This is the common situation when measur-
ing thermal emission rates by DLTS. The two treatments,
therefore, describe charge-carrier traffic at quantum dots for
two different and complementary experimental cases.
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