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Charge-state dependence of InAs quantum-dot emission energies
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The emission of electrons from self-assembled InAs quantum dots~SAQDs! is probed with transient ca-
pacitance spectroscopy~DLTS!. The SAQDs are epitaxially grown on~100! GaAs and embedded in a slightly
doped Schottky diode. Unprecedented resolution in our measurements enables us to determine different ener-
gies for emission from thes shell and thep shell of the quantum dots and to observe a strong field dependence
of the activation energies derived from our DLTS spectra. Furthermore, we resolve different DLTS peaks for
the emission from singly and doubly occupieds shells. The analysis of our data reveals that both the electric
field as well as charge-state dependence of our spectra can be explained by a model in which phonon-assisted
tunneling plays a crucial role for emission from the quantum-dots state.

DOI: 10.1103/PhysRevB.69.195317 PACS number~s!: 73.21.La, 73.23.Hk
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I. INTRODUCTION

Self-assembled semiconductor quantum dots are in
sively studied over the past few years since they repre
artificial atomlike entities with intriguing quantum natur
These structures open up applications such as, e.g.,
threshold semiconductor lasers,1 single-photon sources,2 de-
tectors for tunneling devices,3 and infrared detectors4. Self-
assembled InAs quantum dots~SAQDs! are characterized by
a strong three-dimensional quantum confinement of cha
carriers provided by structural constraints, external fields
well as by long-range strain fields. The effective confinem
potential may have a complex structure, quite sensitive
growth parameters and material composition. On the o
hand, a precise knowledge of the electronic level structur
the quantum dots is crucial for the above applications.

Valuable information on the electronic level structure c
be provided by capacitance-voltage (CV) spectroscopy on
dot layers incorporated in metal-insulator-semiconduc
~MIS! devices5–7 or in Schottky diodes.8,9 In capacitance
measurements on quantum dots in MIS diodes the interac
between charges in the dot and the reservoir are signifi
and clearly observed.10 Once an electron is injected from th
contact into a dot, further charging is inhibited by the s
called Coulomb blockade as long as the contact potentia
not readjusted. While capacitance spectra yield informa
on the level separation and the Coulomb charging ene
they do not provide direct information on the absolute bin
ing energies of the dot states. In pure capacitance spec
copy the measurement frequency is sufficiently low so t
the electrons in the dots are always in equilibrium with t
reservoir. In admittance spectroscopy the frequency is of
same order of or larger than the rate at which charge
change with the quantum dots takes place. From the t
perature dependence of the conductance signal, informa
of the quantum-dot electronic level structure has be
derived.11–13The role of the Coulomb blockade energy, ho
ever, remained unclear.11–13 Furthermore, in these exper
ments, the electric field at the quantum dots is determined
the doping of the diode and cannot be independently c
trolled in the experiment.

An alternative method to probe the energies of the e
0163-1829/2004/69~19!/195317~7!/$22.50 69 1953
n-
nt

w-

e
s
t

to
er
in

r

on
nt

-
is
n
y,
-
os-
t

e
x-

-
on
n

y
n-

-

tronic states in the quantum dots is deep level transient s
troscopy~DLTS!, which has been very successfully applie
for decades to investigate deep traps in semiconductors14 and
more recently to SAQDs.15–19Here, similar to ionization ex-
periments on atoms, the emission of electrons from the qu
tum dots is probed. In contrast to capacitance measurem
the electron reservoir, from which the dots have be
charged, is generally assumed to hardly play a role for
thermal electron emission from the dots. Furthermore,
electric field at the dots can be easily controlled with a b
in this experiment. It thus is very interesting to compa
results of the two methods. The resolution of DLTS spec
published so far did not suffice to directly resolve the diffe
ent energies for emission from thes andp levels or energy
differences due to electron interaction. In the following, w
will describe experiments with unprecedented resolution p
formed on optimized SAQDs ensembles. We are able to
solve thes- and p-shell emission and in addition we fin
significantly different rates for electron emission from t
singly and doubly chargeds state. Furthermore, we find
strong shift of the DLTS spectra with the electric field at t
dots.

With a conventional Arrhenius analysis of the trap sign
ture, we determine activation energies that are of the sa
order but slightly larger than those found for similar dots
DLTS and admittance spectroscopy measurements publi
previously.12,13,17,18In previous work the activation energie
were considerably lower than expected from comparison
theoretical predictions20–22 and photoluminescence data. F
an explanation of the low-energy values it was suggested
the emission takes place by thermal excitation to a sin
excited state bound to the quantum dot and a subsequen
tunnel process. The latter process is thought to be so fast
it does not significantly contribute to the emission time. Th
the activation analysis of the experimental data would rev
the energy difference between the ground and the exc
level. The strong field effect on the activation energies fou
in our experiments rules out an indirect process in which
thermal excitation to a single discrete level dominates
emission time. The change of the activation energies is e
stronger than expected for the Poole-Frenkel effect that
©2004 The American Physical Society17-1
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can assume as an upper limit for any field effect on a bo
level.

On the other hand it is well known from investigations
the field effect on the emission from deep impurity levels
bulk semiconductors23,24 that phonon-assisted tunneling ma
become very important. We analyze our data with a sim
model,23,25 in which phonon-assisted tunneling through
band of energy states is responsible for the strong field eff

II. SAMPLE PREPARATION

For the DLTS experiments the InAs SAQDs are emb
ded in slightly Si-doped GaAs Schottky diodes grown
molecular-beam epitaxy on semi-insulating~100! GaAs. The
doping level of the Schottky diodes is kept very low in ord
to increase the resolution of the DLTS measurement an
reduce tunneling rates. The epitaxial layer sequence o
typical sample is depicted in the inset of Fig. 1. For insp
tion with atomic force microscopy~AFM!, a second SAQD
layer is grown on top of the sample. The AFM data show t
our self-assembled InAs dots on~100! GaAs have a base
width of about 30 nm and a height of about 6 nm. In total
samples with slightly different layer thicknesses and do
concentrations of the Schottky diode have been grown.

In the following we concentrate on results that have be
obtained on two samples with effective donor concentrat
of 4.1 and 4.831015 cm23. All the data presented here a
from a Schottky diode with 4.131015 cm23 donor density
and a NiCr gate of 700mm diameter. The layer thicknesse
of the device are depicted in the inset of Fig. 1. The dot la
is locatedd5760 nm below the gate. The dot densityNQD
52.131010 cm22 was determined with AFM on a crysta
piece taken from the wafer in the vicinity of the one used
preparation of the DLTS sample. Samples with higher do
concentration essentially yield qualitatively similar resul
However, in the DLTS spectra the resolution becomes po
and thep-emission peak is gradually dissolved by a tunn
ing background with increasing donor density.

Furthermore, two reference samples were grown cont

FIG. 1. ExperimentalCV trace of a Schottky diode for DLTS
experiments with a layer of InAs SAQDs, taken at a temperatur
77 K and a frequency of 258 Hz. The dashed line is calculated
a Schottky diode without dots and otherwise identical layer str
ture. The inset depicts the layer structure of the diode.
19531
d

le

ct.

-

r
to
a
-

t

r

n
n

r

r
r

.
er
-

n-

ing no InAs dots. In the first reference sample only an In
wetting layer was deposited. In the second reference sam
no InAs was deposited at all. At a depth at which our oth
Schottky diodes contain the dot layer the growth of th
sample was interrupted for a time equal to the InAs depo
tion time used in Schottky diodes with dots.

III. RESULTS

A. CV measurements

Figure 1 presents aCV trace of the Schottky diode. Th
trace was recorded atT577 K in order to ensure sufficiently
fast charge exchange between SAQDs and electron rese
at the modulation frequency of 258 Hz. On top of the over
Schottky-diode-type behavior of theCV trace we observe a
plateaulike structure that reflects the charge accumulatio
the dot layer. The capacitance value of the plateau co
sponds well to the calculated value of 58 pF correspond
to the distance between dot layer and front gate ofd
5760 nm and the gate area of 3.8531023 cm2 in this
sample. Thus, at21.7 V,Vg,20.3 V the depletion zone
boundary traverses the SAQD layer. At closer inspection
substructure is discernible in the plateau that we associa
the s-shell and thep-shell filling of the dots. Correspond
ingly, we expect that thes andp levels start to become oc
cupied atVg521.7 V andVg521.2 V, respectively. The
arrows denote the gate voltage intervals at which two a
four electrons are loaded into the dots, respectively. The
tervals are calculated to 0.44 V and 0.88 V for two and fo
electrons per dot, assuming 760 nm distance between
and quantum dots~Fig. 1! and a dot densityNQD52.1
31010 cm22 determined from AFM measurement. Our inte
pretation of the substructure is confirmed by the good co
spondence between the interval lengths and the width of
structures, since we expect the SAQDs to accommodate
and four electrons in thes andp shell, respectively.

The reference sample without InAs shows aCV curve
like the one calculated for a Schottky diode without d
layer. The reference sample containing only the InAs wett
layer shows a plateau with shorter length and no subst
ture. The plateau indicates that some charge is accumul
in the wetting layer.

B. DLTS measurements

In our DLTS experiments the SAQDs are charged by
voltage pulse applied across the Schottky diode that pus
the boundary of the depletion zone through the SAQD lay
The value of the filling-pulse voltageVg5Vp controls the
charging state of the dots. After the filling pulse the ga
voltage is reduced to a so-called reverse-bias valueVg
5Vr , which lifts the dot levels above the Fermi energy
the contact. It is important to notice that now the charg
dots are not in an equilibrium state. Thermal or tunnel em
sion will take place and the occupation of the dots decrea
Accordingly, the width of the depletion zone in the Schott
diode will slowly decrease, which is monitored by tim
resolved capacitance measurements. The capacitance
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sient C(t) recorded after the end of the filling pulse th
reflects the emission of the charge trapped in the dots. W
the filling-pulse bias controls the occupation state of the
at the beginning of the emission process, the reverse-
value determines the electric field across the dots during
emission process and whether the new equilibrium state
responds to partially filled or empty dots.

Figure 2 presents DLTS spectra of SAQDs recorded w
different pulse-bias values ranging from21.8 V to 20.3 V.
The DLTS signalDC5C(t2)2C(t1) corresponds to the dif
ference of the capacitance values recorded at two diffe
delay timest1 and t2 after the filling pulse. In the figure the
signal is normalized to the equilibrium capacitanceC` mea-
sured atVg5Vr . As in conventional DLTS, it turns out tha
a specific emission process exhibits a DLTS-signal maxim
at a temperature that depends on the two delay times. B
reference samples do not exhibit any DLTS signal in
range 10 K,T,300 K. This establishes that the peaks
Fig. 2 originate from the InAs quantum dots.

At a pulse biasVp520.3 V clearly three different peak
are resolved in our spectra, which we associate to emis
from quantum dots with fully occupieds and partly occupied
p shell, respectively. The peaks in the DLTS spectra are
noted s1 , s2, and p, correspondingly. The identificatio
of the emission processes is confirmed by comparison
the pulse biases, at which the peaks arise, with the g
voltage values in theCV traces, at which we expect occup
tion of the s and p shell. According to theCV trace atVg
521.8 V no dots should be occupied. Indeed in the DL
measurement no peaks are observed at the correspon
filling-pulse value. The peak denoted bys1 just arises at
Vp521.7 V as expected from theCV trace. Furthermore
the peak associated to emission from thep level arises at
Vg521.2 V, where the minimum in the substructure of t
plateau in theCV trace is located. Interestingly, before thep
peak emerges, a peak denoteds2 appears close to thes1 peak
which has similar strength and has a maximum position
cated at slightly lower temperature. We associate this pea
the emission from the two-electron state in thes shell. We
note that, with increasing filling of thep shell, tunneling

FIG. 2. DLTS-spectra of a Schottky diode with SAQDs. T
reverse bias is set toVr521.9 V. The pulse-bias values are in
creased fromVp521.8 V to Vp520.3 V in steps of 0.1 V. The
trace recorded atVp521.2 V is marked by a thick dashed line
Peaks associated to emission froms andp levels are marked bys1 ,
s2, andp, respectively. The reference time ist re f54.04 ms.
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processes become important, which cause a tempera
independent background at low temperatures (T,30 K).
This behavior, indicating that the thermal excitation becom
slower than the tunnel emission at these temperatures,
been observed in previous DLTS experiments as well.18

IV. DISCUSSION

Usually, DLTS spectra of InAs quantum dots have be
evaluated with a model, in which an activation energyEa is
determined from the temperature dependence of the emis
rate with an Arrhenius analysis. In this model it is assum
that, at temperatures close to the peaks, the capacitance
sients are dominated by the emission from one level and
can be described by a single emission rateen :C(t)5C`

2DC0exp(2ent). In this case the emission rate at th
maxima in the DLTS spectra is given byen5t re f

21 , where
t re f5(t22t1)/ln(t2 /t1) is the so-called reference time.14 The
dots are regarded as deep traps that can be discharged
by a thermal-activated process such as, e.g., excitation to
continuum of the barrier. Such a process is described by
emission rateen(T)5sngT2exp(2Ea /kT), wheresn is the
capture cross section,g is a temperature independent co
stant,k the Boltzmann constant, andEa is an apparent barrie
height. In the simple case of emission by thermal excitat
from the dot ground state to the continuumEa corresponds to
the binding energy of the ground state. In the case of m
complex scenariosEa may deviate from this energy. Indirec
emission processes have been proposed that involve a
mal excitation to a bound dot level and a subsequent tun
process.12,13,17,18Neglecting the tunnel time, above analys
can still hold if Ea now is identified with the separatio
between the ground and the excited state.

The emission ratesen(T) are obtained from measure
ments taken with different reference times. In the inset
Fig. 3 the thus determined emission rates are depicted
so-called trap signature, i.e., a logarithmic plot of the em
sion rates, which accounts for the quadratic temperature

FIG. 3. DLTS spectra recorded at two different reference tim
as denoted. Inset: Arrhenius plots of the emission rates determ
from the maximum positions of the DLTS spectra for many diffe
ent reference times. The activation energies are determined from
slopes of a linear fit to the data~straight lines!. The activation en-
ergies for emission froms and p states ares1, 131 meV,s2, 114
meV, p, 66 meV.
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pendence of the prefactor.14,16,17The activation energiesEa

are obtained from the slopes of the data. Thes1 , s2, andp
peaks yield the activation energies 131 meV, 114 meV,
66 meV, respectively. Obviously, the activation energies
the quantum dots very sensitively depend on the charge s

One might expect that the differences of the excitat
energies simply reflect the energy-level distances assum
the state into which the trapped electrons are excited is id
tical in all three cases. Indeed, a comparison of our activa
energy differences with the results ofCV measurements on
very similar InAs SAQDs incorporated in undoped MIS d
vices gives amazing coincidence. Such devices have b
grown just prior or after the growth of the Schottky diod
for the DLTS experiments with identical parameters for t
InAs dot formation. Due to the absence of dopants in
MIS diodes, the charging peaks associated to thes1 , s2, and
p levels are well resolved in such kind of device.5,7 A simple
analysis of theCV traces from our MIS diodes yields a Cou
lomb charging energy of 17 meV for injection of the seco
electron into thes level and an energy separation of 50 me
betweens andp levels. These values are very close to DLT
data differences of thes1 and s2 activation energies of 17
meV and thes2 andp activation energies of 48 meV, dete
mined from the data in Fig. 3.

However, one should be very careful in directly comp
ing these energies. Indeed the coincidence is very surpris
We actually do not expect the Coulomb charging energy
theCV measurements to be directly related to the differen
of the activation energies observed in the DLTS spectra.
presently understood that the charging energy, which is
sponsible for the splitting of thes-level peak in theCV mea-
surements of MIS diodes, is dominated by the Coulo
blockade energy.5,7 It corresponds to the charging energy o
metallic capacitor that has the shape and size of the dot
is related to the rise of the electrical potential difference
tween the dot and the electrodes when the dot is char
Since the emission process in the DLTS measuremen
based on a local excitation, e.g., to the barrier surround
the dot or to an excited state within the dot, it should be l
affected by such potential changes.

It is important to note that while according to above a
gument the potential difference between the back contact
the dot levels should not affect the activation energy,
electric fieldF across the dot does. In our experiments,
control the field across the dots by the reverse bias. Fi
symbols in Fig. 4 mark activation energies obtained from
Arrhenius analysis of the DLTS data at different reverse-b
voltages. The mean electric field across the dots is calcul
analytically from the reverse-bias valueVr , the doping of
the diode, the charge state of the dots, and the dot densi
NQD52.131010 cm22. The contribution of the charge in th
dots to the total electric field is estimated by the field o
homogeneous two-dimensional charge distribution with d
sity according to the dot density and the charge state of
dot.

The activation energies considerably decrease with
creasing electric field. In order to conceive the strength of
field effect we may first consider the strength that would
expected for the Poole-Frenkel effect16,26 in our quantum
19531
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dots. Assuming a square-well confinement of widthDz in
field direction the emission energy is reduced by the elec
field F by an amount ofqFDz/2, whereq is the electron
charge. According to the data of Fig. 4 the extensionDz of
the square well would have to be 52 nm in order to expl
the electric-field dependence of the energies. This exten
is much larger than the structural dot heights of typical 6
determined by AFM. We thus conclude that the strong fi
dependence observed in our experiments cannot be expla
by the Poole-Frenkel effect. Furthermore, we note that
field dependence of the binding energy of a level bound
the quantum dot is expected to be even smaller than
value estimated by the Poole-Frenkel effect. Thus the mo
suggested in previous publications, in which the measu
activation energies are associated to thermal excitation f
the ground state to a single excited quantum-dot state, do
explain our findings.

It is well known from experiments devoted to the electr
field dependence of the emission rate from deep impu
states in semiconductors, such that strong field depend
of the emission rate occurs, whenever phonon-assisted
neling becomes important.23–25,27 Data on the field depen
dence of the emission rates from deep centers in GaAs w
understood with a model in which the escape from the t
was considered to be a two-step process comprising a
non absorption and a subsequent tunnel process from hi
energies where the tunnel probability is more favorable. T
strong field dependence arises from the field dependenc
the tunnel process.28 Different models have been propose
for the phonon coupling in the work of Vincent23 and
Makram-Ebeid.24,27 For an estimate we favor the model b
Vincent,23 since it contains less open parameters. Furth
more, we note that the presence of a band of wetting-la
states at energies close to the continuum may render
model a good description. We assume the electrons to
bound by a one-dimensional square well with only a sin
bound state in order to keep the model simple. The emiss

FIG. 4. Activation energies as function of the electric field at t
dots calculated from the reverse bias and the charge state of the
before emission. Data points marked with filled symbols have b
obtained from standard Arrhenius analysis. Data points marked
open symbols are calculated using Eq.~1! for enhanced emission
rates due to phonon-assisted tunneling. The inset shows two
from Eq. ~1! for a trap withEa,05150 meV for the 70 K curve and
with Ea,05100 meV for the 35 K curve.
7-4
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rate is given by an integral summing the contributions fro
all indirect processes involving virtual states at energie
,E,Ea,0 :

en

en,0
511E

0

Ea,0 /kT

expS z2z3/2
~8m* !1/2~kT!3/2

3q\F Ddz, ~1!

whereEa,0 is the binding energy of the ground state andF
the electric field in the barrier estimated as above. The ef
tive massm* 50.07me is chosen to be close to the GaA
conduction-band mass. The rateen,0}T2exp(2Ea,0 /kT) is
the emission rate that would be measured in the absenc
phonon-assisted tunneling. Here we neglect the Po
Frenkel effect on the binding energy. It can be easily inc
porated into the model25 but turns out to yield only smal
corrections in the case of our InAs quantum dots. Employ
a one-dimensional model is expected to overestimate
field effect.25 On the other hand the fields estimated by
homogeneous charge distribution are lower than those
close distance to the dots. We note that in our case Eq~1!
can be analytically approximated by23

en

en,0
5

2p1/2

~kT!3/2

q\F

~8m* !1/2
expF 1

3~kT!3

~q\F !2

8m*
G , ~2!

which shows that the values of the integral are only v
weakly dependent on the upper boundaryEa,0 . In our model
the integral can thus easily be evaluated so that from
measured emission ratesen we can calculate the ratesen,0
that yield the binding energy of the ground state in
Arrhenius analysis.

The thus determined binding energies of the ground le
are close to 150 meV and show a weak electric-field disp
sion. They are depicted in Fig. 4. We note that due to
highly nonlinear character of the tunneling process the m
sured emission rates very strongly depend on the ele
field. Thus our estimate of the contribution of the dot cha
to the electric field in the barrier may be too coarse. In vi
of the roughly estimated electric fields the differences in
emission rates of quantum dots charged with one and
electrons, respectively, indeed may be explained by dif
ences in the tunneling rates according to the different fie
in the barrier alone.

Finally, we note that we find in samples with strong
doping the resolution of the emission peaks from the sin
and doubly charged quantum dots to be always poorer. T
may be easily explained as follows. The minimum elect
field present at the dots during the reverse bias in the DL
experiment linearly increases with the doping. Thus the re
tive change of the fields associated to dots occupied with
and two electrons becomes smaller. Accordingly, the em
sion rates approach each other.

The p-level maximum is superimposed on a backgrou
arising from tunnel emission that becomes important at
temperatures and thus at low emission energies.18 This limits
the precision at which the field effect of thep-level emission
energy can be determined. In the inset of Fig. 4 the enha
ment of the emission rates by the phonon-assisted tunne
process with respect to the emission by pure thermal exc
19531
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tion are plotted. The parameters of the two traces are cho
close to those of our experiment for emission from thes and
the p state, respectively. For example, at a fieldF52
3106 V/m and a temperatureT570 K the rate is enhance
by factor 12.5 for emission from thes state. Obviously, the
enhancement is considerably stronger for emission from
p state rendering the field effect even more important in t
case. EstimatingEa,05100 meV for thep state appearing a
35 K in the DTLS spectra and assuming a field of
3106 V/m the emission rate is enhanced by a factor 104. At
present the precision of the data does not suffice to calcu
reliable values for thep-state binding energies according
the phonon-assisted tunneling model~see inset of Fig. 4!.

In the following we would like to discuss the shift of th
maximum in the DLTS spectrum when the electric field
changed while the reference time is kept constant. Negl
ing nonexponential terms and with the help of Eq.~2! we can
calculate the shift of the maximum in the DLTS spectru
with electric field expected according to the phonon-assis
tunneling model:

dTmax

dF
5

2

3

Tmax

F S 12
8m* Ea,0~kTmax!

2

~q\F !2 D 21

. ~3!

Assuming a ground-state binding energy ofEa,05150 meV
we obtain dTmax/dF521.9 K (106 V/m)21 at parameters
chosen according to our experiment, i.e.,T570 K and F
51.53106 V/m.

Alternative to the above model one might suggest an
direct emission process involving thermal activation to
single resonant dot state and subsequent tunneling. Su
process has been previously suggested to explain experim
tal data but without considering the influence of the tunn
ing process to the emission rate.12,13,17We expect quite dif-
ferent electric-field dependencies for phonon-assis
tunneling via a band of states and an escape proces
which only one excited dot state is involved. In the case
tunnel emission from a single resonant dot state we ass
an emission rate according to

en}expS 2
DE

kT DexpS 2
4

3

A2m* Ea
3/2

q\F D , ~4!

where the first term corresponds to thermal excitation fr
the ground state to the excited state at energyDE above the
ground state and the second term describes the field-ind
tunneling through a barrier of apparent heightEa . Thus for
the field dependence of the temperature at which the DL
maximum occurs we expect

dTmax

dF
52

4

3 S Tmax

F D 2A2m* k

q\

Ea
3/2

DE
. ~5!

With valuesDE550 meV, Ea5100 meV, and parameter
m* , T, and F chosen as above we obtaindTmax/dF
52220 K (106 V/m)21, which is two orders of magnitude
larger than the value estimated with our tunneling mod
The shifts of the DLTS maxima observed in our experime
7-5



-

o
i

he

n
pe
s o
,

at
ne
o
9
t i
ba
e

-d
pe

o
-

.
a

ev
ie
th
fo
o
w
e
ith

e
i-
he
rte
s

tro
a

ro
is
d
e

es

lear,
les
de-

hin

n.

g
te

ibit
nd
ti-
ith
ring
the
ss.
n-
are

nd
he
pro-
how
de-
s by
LTS
ted
ta

s-

ro-
the
in-
t
e
ore

ge
able

s.
nts.
ge-

’’

S. SCHULZ, S. SCHNU¨ LL, CH. HEYN, AND W. HANSEN PHYSICAL REVIEW B69, 195317 ~2004!
aredTmax/dF524 K (106 V/m)21 and thus close to the val
ues calculated from our model, Eq.~3!.

The different behavior of both models originates from tw
facts. First, in the phonon-assisted tunneling model the em
sion takes place from a band located around an energy, w
the integrand in Eq.~1! is maximal. The width and location
of the energy band contributing to the emission rate depe
on the electric field. This in essence causes the field de
dence of the activation energy and explains why the shift
the DLTS maximum in Eqs.~3! and~5! are different. Second
if thermally assisted tunneling would take place through
single discrete state at the values used for above estim
the electron has to transit through a relatively large tun
barrier of about 100 meV height. In contrast the maximum
the integrand in Eq.~1! is located at an energy of about
meV below the free continuum energy. This means tha
the phonon-assisted tunneling model the effective tunnel
rier is drastically lower, resulting in a smaller shift of th
DLTS maximum.

Photoluminescence measurements on quantum
samples of the same wafer as the one used for this ex
ment show atT577 K a luminescence line at energyEss
51.099 eV which is believed to arise from recombination
s-level electrons withs-level holes. At higher excitation in
tensity a second peak occurs atEpp51.159 eV, which we
associate to recombination ofp-level electrons and holes
The luminescence energies hardly depend on the voltage
plied at the Schottky diode, which can be taken as an
dence that the dot levels hardly change in the fields appl
Neglecting exciton binding energies the difference to
GaAs bulk luminescence of 1.507 eV should account
both the binding energies of the electron as well as h
ground level in the dot. In order to determine the latter
have performed optically excited DLTS measurements. H
the capacitance transients are recorded after excitation w
pulse of an infrared light emitting diode emitting atl
5950 nm. A strong DLTS signal is observed from which w
determine a hole binding energy of 160 meV at low illum
nation intensity with a conventional Arrhenius analysis of t
emission rates. This energy is very similar to values repo
in previous publications.13,18From the luminescence energie
and the hole level binding energy we determine an elec
binding energy of 248 meV, which is of the same order
found for electron states in InAs dots by other authors.12,18

On the other hand it is significantly larger than the elect
binding energy determined from our DLTS analysis. The d
crepancy remains to be resolved and may be understoo
an indication that possibly more refined models are need
which, e.g., include temperature-dependent capture rat29
V.
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the realistic phonon spectrum at the dot site,27 and include
resonant excited states. Furthermore, it presently is not c
whether for the emission of the considerably heavier ho
phonon-assisted tunneling is also important. The values
rived here for the electron and hole energies are well wit
the range predicted by eight-bandk•p calculations21,22 or
multiband pseudopotential calculations,30 taken the uncer-
tainty with which dot geometry and composition are know

V. SUMMARY

In summary, in optimized Schottky diodes containin
InAs SAQDs, we obtain DLTS spectra in which separa
maxima associated to the emission from thes and thep shell
of the dots are resolved. Furthermore, the spectra exh
different peaks for electron emission from the singly a
doubly occupieds shell. The emission processes are iden
fied by the pulse-bias dependency and comparison w
capacitance-voltage traces. The reverse bias applied du
sampling of the capacitance transient is used to control
electric field across the dots during the emission proce
Activation energies are derived from a conventional Arrhe
ius analysis of the experimental emission rates. They
found to be clearly different for emission from the singly a
doubly occupieds state. Our results demonstrate that t
charge state of the dots strongly influences the emission
cess. Furthermore, we find that the activation energies s
a very strong electric-field dependence. From the field
pendence we infer that the electrons escape from the dot
phonon-assisted tunneling processes. We analyze our D
data within a simple model that accounts for phonon-assis
tunneling. While the conventional analysis of our DLTS da
yields an activation energy of typically 130 meV for emi
sion from the singly occupieds state, an energy of 150 meV
is found after correction for the phonon-assisted tunnel p
cess. The different activation energies determined from
conventional analysis of our data for emission from the s
gly and doubly occupieds state may be due to the differen
electric fields in the barrier alone. Finally, we note that w
expect the field dependence of the emission rates to be m
important in samples with higher doping leading to lar
corrections to the emission energies since there the inevit
fields are larger.
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