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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 (#QDs is probed with transient ca-
pacitance spectroscoppLTS). The SAQDs are epitaxially grown qi00 GaAs and embedded in a slightly
doped Schottky diode. Unprecedented resolution in our measurements enables us to determine different ener-
gies for emission from the 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 occupiedhells. 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 quantumsistate.
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[. INTRODUCTION tronic states in the quantum dots is deep level transient spec-
troscopy(DLTS), which has been very successfully applied
Self-assembled semiconductor quantum dots are interfor decades to investigate deep traps in semiconddétans!

sively studied over the past few years since they represemore recently to SAQDE 1°Here, similar to ionization ex-
artificial atomlike entities with intriguing quantum nature. periments on atoms, the emission of electrons from the quan-
These structures open up applications such as, e.g., lovium dots is probed. In contrast to capacitance measurements,
threshold semiconductor lasérsingle-photon sourcésge-  the electron reservoir, from which the dots have been
tectors for tunneling device?sand infrared detectotsSelf- charged, is generally assumed to hardly play a role for the
assembled InAs quantum dd8AQDs are characterized by thermal electron emission from the dots. Furthermore, the
a strong three-dimensional quantum confinement of chargglectric field at the dots can be easily controlled with a bias
carriers provided by structural constraints, external fields, a§, this experiment. It thus is very interesting to compare
well as by long-range strain fields. The effective confinementagits of the two methods. The resolution of DLTS spectra

potential may have a complex structure, quite sensitive o hjished so far did not suffice to directly resolve the differ-

growth parameters and material composition. On the otheém energies for emission from tiseand p levels or energy

thhaend’quf)tLerﬁI%%tks ngwg?l?g:f;gmislgggsg'; Ie\l/iﬁgitorggture Rifferences due to electron interaction. In the following, we
q ) . : PP ) will describe experiments with unprecedented resolution per-
Valuable information on the electronic level structure can ed on optimized SAQDs ensembles. We are able to re-
be provided by capacitance-voltage{) spectroscopy on |solve thes- and p-shell emission and in addition we find

dot layers incorporated in metal-insulator-semiconducto o : .
(MIS) device§™ or in Schottky diode&® In capacitance significantly different rates for electron emission from the

measurements on quantum dots in MIS diodes the interactiofi"9!y and doubly charged state. Furthermore, we find a
between charges in the dot and the reservoir are significaﬁﬁrong shift of the DLTS spectra with the electric field at the
and clearly observetf. Once an electron is injected from the dOtS-. ] ] ] ]
contact into a dot, further charging is inhibited by the so- With a conventional Arrhenius analysis of the trap signa-
called Coulomb blockade as long as the contact potential i#re, we determine activation energies that are of the same
not readjusted. While capacitance spectra yield informatiorder but slightly larger than those found for similar dots in
on the level separation and the Coulomb charging energy)LTS and admittance spectroscopy measurements published
they do not provide direct information on the absolute bind-previously*2*31"8n previous work the activation energies
ing energies of the dot states. In pure capacitance spectrogere considerably lower than expected from comparison to
copy the measurement frequency is sufficiently low so thatheoretical predictiorf8~??and photoluminescence data. For
the electrons in the dots are always in equilibrium with thean explanation of the low-energy values it was suggested that
reservoir. In admittance spectroscopy the frequency is of ththe emission takes place by thermal excitation to a single
same order of or larger than the rate at which charge exexcited state bound to the quantum dot and a subsequent fast
change with the quantum dots takes place. From the tentunnel process. The latter process is thought to be so fast that
perature dependence of the conductance signal, informatidhdoes not significantly contribute to the emission time. Thus
of the quantum-dot electronic level structure has beenhe activation analysis of the experimental data would reveal
derived**~*3The role of the Coulomb blockade energy, how- the energy difference between the ground and the excited
ever, remained uncledr~*® Furthermore, in these experi- level. The strong field effect on the activation energies found
ments, the electric field at the quantum dots is determined bin our experiments rules out an indirect process in which the
the doping of the diode and cannot be independently conthermal excitation to a single discrete level dominates the
trolled in the experiment. emission time. The change of the activation energies is even
An alternative method to probe the energies of the elecstronger than expected for the Poole-Frenkel effect that we
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T Niorgate T ing no InAs dots. In the first reference sample only an InAs
120 ] inAs-SAQDs i wetting layer was deposited. In the second reference sample

[ 750 | NGaAs, 1 no InAs was deposited at all. At a depth at which our other
. 100F 41x10"an o - Schottky diodes contain the dot layer the growth of this
5 R i_.nA;SAQDs ] sample was interrupted for a time equal to the InAs deposi-
g 80| o, [ nGans GaAs ’ ] tion time used in Schottky diodes with dots.
s ’
g ]
8 ll. RESULTS

i A. CV measurements
1 1

e e L e Lo s ata tin i el te e b Figure 1 presents &V trace of the Schottky diode. The
30 25 20 15 10 -05 00 05 o . .
gate voltage V. [V] trace was recorded at="77 K in order to ensure sufficiently

fast charge exchange between SAQDs and electron reservoir
FIG. 1. ExperimentalCV trace of a Schottky diode for DLTS at thhe rknog_ulgtlon frequency of 258 Hz. On top of the overall

experiments with a layer of INnAs SAQDs, taken at a temperature 0§C ott y-dio e-type behavior of theV trace we observe_ a

77 K and a frequency of 258 Hz. The dashed line is calculated foPlateaulike structure that reflects the charge accumulation in

a Schottky diode without dots and otherwise identical layer structh€ dot layer. The capacitance value of the plateau corre-
ture. The inset depicts the layer structure of the diode. sponds well to the calculated value of 58 pF corresponding

to the distance between dot layer and front gate dof

can assume as an upper limit for any field effect on a bound™ 760 Nm and the gate area of 3:8%0 °cn¥ in this
level. sample. Thus, at-1.7 V<V4<—-0.3 V the depletion zone

On the other hand it is well known from investigations of Poundary traverses the SAQD layer. At closer inspection, a
the field effect on the emission from deep impurity levels inSubstructure is discernible in the plateau that we associate to
bulk semiconductof$?*that phonon-assisted tunneling may the s-shell and thep-shell filling of the dots. Correspond-
become very important. We analyze our data with a simpldndly, We expect that the andp levels start to become oc-
model?®?® in which phonon-assisted tunneling through acupied atVq=—1.7 V andV,=—1.2V, respectively. The

band of energy states is responsible for the strong field effec@fows denote the gate voltage intervals at which two and
four electrons are loaded into the dots, respectively. The in-

tervals are calculated to 0.44 V and 0.88 V for two and four
electrons per dot, assuming 760 nm distance between gate

For the DLTS experiments the InAs SAQDs are embedand quantum dotgFig. 1) and a dot densitNgp=2.1
ded in slightly Si-doped GaAs Schottky diodes grown by X 1010_ cm 2 determined from AFM measurement. Our inter-
molecular-beam epitaxy on semi-insulatifi/0) GaAs. The  Pretation of the substructure is confirmed by the good corre-
doping level of the Schottky diodes is kept very low in orderspondence between the interval lengths and the width of the
to increase the resolution of the DLTS measurement and ttructures, since we expect the SAQDs to accommodate two
reduce tunneling rates. The epitaxial layer sequence of @nd four electrons in the andp shell, respectively.
typical sample is depicted in the inset of Fig. 1. For inspec- The reference sample without InAs showsC& curve
tion with atomic force microscopYAFM), a second SAQD like the one calculated for a SChOttky diode without dot
layer is grown on top of the sample. The AFM data show thafayer. The reference sample containing only the InAs wetting
our self-assembled InAs dots dd00) GaAs have a base layer shows a plateau with shorter length and no substruc-
width of about 30 nm and a height of about 6 nm. In total 12ture. The plateau indicates that some charge is accumulated
samples with slightly different layer thicknesses and donoin the wetting layer.
concentrations of the Schottky diode have been grown.

In the following we concentrate on results that have been
obtained on two samples with effective donor concentration
of 4.1 and 4.& 10 cm™3. All the data presented here are  In our DLTS experiments the SAQDs are charged by a
from a Schottky diode with 42 10™ cm™3 donor density voltage pulse applied across the Schottky diode that pushes
and a NiCr gate of 70@m diameter. The layer thicknesses the boundary of the depletion zone through the SAQD layer.
of the device are depicted in the inset of Fig. 1. The dot layeiThe value of the filling-pulse voltag€;=V, controls the
is locatedd=760 nm below the gate. The dot densMy,,  charging state of the dots. After the filling pulse the gate
=2.1x10" cm 2 was determined with AFM on a crystal voltage is reduced to a so-called reverse-bias valye
piece taken from the wafer in the vicinity of the one used for=V,, which lifts the dot levels above the Fermi energy of
preparation of the DLTS sample. Samples with higher donothe contact. It is important to notice that now the charged
concentration essentially yield qualitatively similar results.dots are not in an equilibrium state. Thermal or tunnel emis-
However, in the DLTS spectra the resolution becomes pooresion will take place and the occupation of the dots decreases.
and thep-emission peak is gradually dissolved by a tunnel-Accordingly, the width of the depletion zone in the Schottky
ing background with increasing donor density. diode will slowly decrease, which is monitored by time-

Furthermore, two reference samples were grown containresolved capacitance measurements. The capacitance tran-

II. SAMPLE PREPARATION

B. DLTS measurements
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FIG. 2. DLTS-spectra of a Schottky diode with SAQDs. The . .
reverse bias is set t9,=—1.9 V. The pulse-bias values are in- FIG. 3. DLTS spectra recorded at two different reference times

_ — ; as denoted. Inset: Arrhenius plots of the emission rates determined
creased fromv,= ~1.8 V o V,=—0.3 Vin steps of 0.1 V. The from the maximum positions of the DLTS spectra for many differ-
ent reference times. The activation energies are determined from the
slopes of a linear fit to the datatraight lineg. The activation en-
ergies for emission frons and p states ares;, 131 meV,s,, 114
meV, p, 66 meV.

trace recorded a¥,=—1.2 V is marked by a thick dashed line.
Peaks associated to emission fremndp levels are marked by, ,
s,, andp, respectively. The reference times,;=4.04 ms.

sient C(t) recorded after the end of the filling pulse thus

reflects the emission of the charge trapped in the dots. While ) i
the filling-pulse bias controls the occupation state of the doP"0C€SSes become important, which cause a temperature-

at the beginning of the emission process, the reverse-bidddependent background at low temperaturds<go K).
value determines the electric field across the dots during th&NiS behavior, indicating that the thermal excitation becomes
emission process and whether the new equilibrium state coplOWer than the tunnel emission at these temperatures, has

responds to partially filled or empty dots. been observed in previous DLTS experiments as {fell.
Figure 2 presents DLTS spectra of SAQDs recorded with
different pulse-bias values ranging from1.8 V to —0.3 V. IV. DISCUSSION

The DLTS signalAC=C(t,) — C(t,) corresponds to the dif-
ference of the capacitance values recorded at two different Usually, DLTS spectra of InAs quantum dots have been
delay timest; andt, after the filling pulse. In the figure the evaluated with a model, in which an activation eneEyyis
signal is normalized to the equilibrium capacitafie mea-  determined from the temperature dependence of the emission
sured atVy=V, . As in conventional DLTS, it turns out that rate with an Arrhenius analysis. In this model it is assumed
a specific emission process exhibits a DLTS-signal maximunthat, at temperatures close to the peaks, the capacitance tran-
at a temperature that depends on the two delay times. Botients are dominated by the emission from one level and thus
reference samples do not exhibit any DLTS signal in thecan be described by a single emission refeC(t)=C..
range 10 KKT<300 K. This establishes that the peaks in —ACgexp(—eqt). In this case the emission rate at the
Fig. 2 originate from the InAs quantum dots. maxima in the DLTS spectra is given mﬁzr;j, where

At a pulse bias/,= —0.3 V clearly three different peaks 7,¢=(t,—t;)/In(ty/ty) is the so-called reference tim&The
are resolved in our spectra, which we associate to emissiotiots are regarded as deep traps that can be discharged only
from quantum dots with fully occupiesland partly occupied by a thermal-activated process such as, e.g., excitation to the
p shell, respectively. The peaks in the DLTS spectra are desontinuum of the barrier. Such a process is described by an
noted s;, s,, and p, correspondingly. The identification emission rates,(T)= o,y T2exp(—E,/kT), where o, is the
of the emission processes is confirmed by comparison ofapture cross sectiory is a temperature independent con-
the pulse biases, at which the peaks arise, with the gatestantk the Boltzmann constant, arfg}, is an apparent barrier
voltage values in th€V traces, at which we expect occupa- height. In the simple case of emission by thermal excitation
tion of the s and p shell. According to theCV trace atV;  from the dot ground state to the continudiip corresponds to
=—1.8 V no dots should be occupied. Indeed in the DLTSthe binding energy of the ground state. In the case of more
measurement no peaks are observed at the correspondiogmplex scenariok, may deviate from this energy. Indirect
filling-pulse value. The peak denoted Ilsy just arises at emission processes have been proposed that involve a ther-
Vp,=—1.7V as expected from th€V trace. Furthermore, mal excitation to a bound dot level and a subsequent tunnel
the peak associated to emission from théevel arises at process?**1"18Neglecting the tunnel time, above analysis
Vg=—1.2V, where the minimum in the substructure of thecan still hold if E; now is identified with the separation
plateau in theCV trace is located. Interestingly, before the between the ground and the excited state.
peak emerges, a peak denosgdppears close to thg peak The emission rate®,(T) are obtained from measure-
which has similar strength and has a maximum position loiments taken with different reference times. In the inset of
cated at slightly lower temperature. We associate this peak tbig. 3 the thus determined emission rates are depicted in a
the emission from the two-electron state in thehell. We  so-called trap signature, i.e., a logarithmic plot of the emis-
note that, with increasing filling of th@ shell, tunneling sion rates, which accounts for the quadratic temperature de-
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pendence of the prefactt®!'The activation energieg, 160 — . . . .

are obtained from the slopes of the data. Bhes,, andp P 8 g 8 og Dan (s,)
peaks yield the activation energies 131 meV, 114 meV, and 4o ., a boa NS
66 meV, respectively. Obviously, the activation energies of 120l LI Eols)
the quantum dots very sensitively depend on the charge state. E‘ A s " E,(s1)

One might expect that the differences of the excitation k= A A
energies simply reflect the energy-level distances assuming ? : 1 E.(2)
the state into which the trapped electrons are excited is iden- g 8 E@ |
tical in all three cases. Indeed, a comparison of our activation I 1e * . P
energy differences with the results 6V measurements on 60 F T MR
very similar InAs SAQDs incorporated in undoped MIS de- 40' , slectric field [10° Vim] . .
vices gives amazing coincidence. Such devices have been 14 1.6 1.8 2.0 22
grown just prior or after the growth of the Schottky diodes electric field [10°V/m]

for the DLTS experiments with identical parameters for the
InAs dot formation. Due to the absence of dopants in thed
MIS diodes, the charging peaks as_soc:lated tosihesz_, and before emission. Data points marked with filled symbols have been
p levels are well resolved in such kind of devEéA simple  ptained from standard Arrhenius analysis. Data points marked with
analysis of theCV traces from our MIS Q'Od_es yields a Cou- gpen symbols are calculated using Et) for enhanced emission
lomb charging energy of 17 meV for injection of the secondates due to phonon-assisted tunneling. The inset shows two plots

electron into thes level and an energy separation of 50 meV from Eq. (1) for a trap withE, =150 meV for the 70 K curve and
betweens andp levels. These values are very close to DLTSwith E, ;=100 meV for the 35 K curve.

data differences of the; ands, activation energies of 17
meV and thes, andp activation energies of 48 meV, deter- dots. Assuming a square-well confinement of width in
mined from the data in Fig. 3. field direction the emission energy is reduced by the electric

However, one should be very careful in directly compar-field F by an amount ofgFAz/2, whereq is the electron
ing these energies. Indeed the coincidence is very surprisingharge. According to the data of Fig. 4 the extensionof
We actually do not expect the Coulomb charging energy othe square well would have to be 52 nm in order to explain
the CV measurements to be directly related to the differencethe electric-field dependence of the energies. This extension
of the activation energies observed in the DLTS spectra. It i$s much larger than the structural dot heights of typical 6 nm
presently understood that the charging energy, which is redetermined by AFM. We thus conclude that the strong field
sponsible for the splitting of thelevel peak in theCV mea-  dependence observed in our experiments cannot be explained
surements of MIS diodes, is dominated by the Coulombby the Poole-Frenkel effect. Furthermore, we note that the
blockade energy. It corresponds to the charging energy of afield dependence of the binding energy of a level bound to
metallic capacitor that has the shape and size of the dot artie quantum dot is expected to be even smaller than the
is related to the rise of the electrical potential difference bewvalue estimated by the Poole-Frenkel effect. Thus the models
tween the dot and the electrodes when the dot is chargeduggested in previous publications, in which the measured
Since the emission process in the DLTS measurement iactivation energies are associated to thermal excitation from
based on a local excitation, e.g., to the barrier surroundinghe ground state to a single excited quantum-dot state, do not
the dot or to an excited state within the dot, it should be lesgxplain our findings.
affected by such potential changes. It is well known from experiments devoted to the electric-

It is important to note that while according to above ar-field dependence of the emission rate from deep impurity
gument the potential difference between the back contact amstates in semiconductors, such that strong field dependence
the dot levels should not affect the activation energy, theof the emission rate occurs, whenever phonon-assisted tun-
electric fieldF across the dot does. In our experiments, weneling becomes importaAt=2>?’ Data on the field depen-
control the field across the dots by the reverse bias. Filledience of the emission rates from deep centers in GaAs were
symbols in Fig. 4 mark activation energies obtained from arunderstood with a model in which the escape from the trap
Arrhenius analysis of the DLTS data at different reverse-biasvas considered to be a two-step process comprising a pho-
voltages. The mean electric field across the dots is calculatetbn absorption and a subsequent tunnel process from higher
analytically from the reverse-bias valdg , the doping of energies where the tunnel probability is more favorable. The
the diode, the charge state of the dots, and the dot density strong field dependence arises from the field dependence of
Nop=2.1X 10'° cm~2. The contribution of the charge in the the tunnel proces? Different models have been proposed
dots to the total electric field is estimated by the field of afor the phonon coupling in the work of Vincéfitand
homogeneous two-dimensional charge distribution with denMakram-Ebeid®*?’ For an estimate we favor the model by
sity according to the dot density and the charge state of th¥incent? since it contains less open parameters. Further-
dot. more, we note that the presence of a band of wetting-layer

The activation energies considerably decrease with instates at energies close to the continuum may render this
creasing electric field. In order to conceive the strength of thenodel a good description. We assume the electrons to be
field effect we may first consider the strength that would bebound by a one-dimensional square well with only a single
expected for the Poole-Frenkel efffct® in our quantum bound state in order to keep the model simple. The emission

FIG. 4. Activation energies as function of the electric field at the
ots calculated from the reverse bias and the charge state of the dots
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rate is given by an integral summing the contributions fromtion are plotted. The parameters of the two traces are chosen
all indirect processes involving virtual states at energies @lose to those of our experiment for emission from $teend

<E<E4o: the p state, respectively. For example, at a fidid=2
X 10° V/m and a temperatur€= 70 K the rate is enhanced
& _ 1. J’EaVO“‘T o (BMH)VAKT)¥2 dz (1) DY factor 12.5 for emission from thestate. Obviously, the
a,o_ 0 exp z—2 3ghF z (1 enhancement is considerably stronger for emission from the

p state rendering the field effect even more important in this
whereE,  is the binding energy of the ground state @d case. Estimatingt, =100 meV for thep state appearing at
the electric field in the barrier estimated as above. The effec35 K in the DTLS spectra and assuming a field of 2
tive massm* =0.07m, is chosen to be close to the GaAs x 10° V/m the emission rate is enhanced by a factct. K
conduction-band mass. The rme,,oocTzexp(—Ea‘O/kT) is  present the precision of the data does not suffice to calculate
the emission rate that would be measured in the absence ddliable values for the-state binding energies according to
phonon-assisted tunneling. Here we neglect the Poolehe phonon-assisted tunneling modste inset of Fig. ¥
Frenkel effect on the binding energy. It can be easily incor- In the following we would like to discuss the shift of the
porated into the mod&l but turns out to yield only small maximum in the DLTS spectrum when the electric field is
corrections in the case of our InAs quantum dots. Employinghanged while the reference time is kept constant. Neglect-
a one-dimensional model is expected to overestimate thiag nonexponential terms and with the help of E2).we can
field effect?® On the other hand the fields estimated by acalculate the shift of the maximum in the DLTS spectrum
homogeneous charge distribution are lower than those iwith electric field expected according to the phonon-assisted
close distance to the dots. We note that in our case(Bg. tunneling model:

can be analytically approximated By

-1
5Tmax_ z Tmax _ 8m* Ea,o(k-rmax)2

@) oF 3 F (qhF)?

()

e, 2nY2 qgkF 1 (ghF)?
3(

— = ex
o (kT)¥?(8m*)¥2 kT)® 8m*

_ ) Assuming a ground-state binding energyEf,=150 meV
which shows that the values of the integral are only veryye optain ST/ F=—1.9 K (1 V/m) ¢ at parameters

weakly dependent on the upper boundBy,. In our model  hosen according to our experiment, i.8=70 K and F
the integral can thus easily be evaluated so that from the. 1 5106 v/m.

measured emission rateg we can calculate the rates, Alternative to the above model one might suggest an in-
that yield the binding energy of the ground state in angirect emission process involving thermal activation to a
Arrhenius analysis. single resonant dot state and subsequent tunneling. Such a

The thus determined binding energies of the ground level.ocess has been previously suggested to explain experimen-
are close to 150 meV and show a weak electric-field dispergy| gata but without considering the influence of the tunnel-
sion. They are depicted in Fig. 4. We note that due to the;ng| process to the emission rafe>7We expect quite dif-
highly nonlinear character of the tunneling process the Me%erent electric-field dependencies for phonon-assisted

;ured emission ra}tes very strongly depend on the eIectnﬁmne”ng via a band of states and an escape process, in
field. Thus our estimate of the contribution of the dot chargeyhich only one excited dot state is involved. In the case of

to the electric field in the barrier may be too coarse. In Viewynne| emission from a single resonant dot state we assume
of the roughly estimated electric fields the differences in they, emission rate according to

emission rates of quantum dots charged with one and two
electrons, respectively, indeed may be explained by differ- w32
ences in the tunneling rates according to the different fields enxeXF{ - A_E) exp< _4 ﬁ
in the barrier alone. KT 3 qghF

Finally, we note that we find in samples with stronger

. : i - here the first term corresponds to thermal excitation from
doping the resolution of the emission peaks from the singl )
ping P g ))é\l]e ground state to the excited state at enex§yabove the

and doubly charged quantum dots to be always poorer. Thi ; S
may be egsily egplai%ed as follows. The min?/mLE)m electricdround state and the second term describes the field-induced

field present at the dots during the reverse bias in the DLT§mneIing through a barrier of apparent height. Thus for

experiment linearly increases with the doping. Thus the relalN® field dependence of the temperature at which the DLTS

tive change of the fields associated to dots occupied with onB'2XIMum occurs we expect
and two electrons becomes smaller. Accordingly, the emis-

: 4

sion rates approach each other. OTmax_ 4 Tmax 2y2m*k % 5)
The p-level maximum is superimposed on a background SF 3| F gh AE’

arising from tunnel emission that becomes important at low

temperatures and thus at low emission enerfidis limits ~ With valuesAE=50 meV, E,=100 meV, and parameters
the precision at which the field effect of tipdevel emission m*, T, and F chosen as above we obtaidT . /dF
energy can be determined. In the inset of Fig. 4 the enhance=—220 K (1¢ V/m) %, which is two orders of magnitude
ment of the emission rates by the phonon-assisted tunnelingrger than the value estimated with our tunneling model.
process with respect to the emission by pure thermal excitaFhe shifts of the DLTS maxima observed in our experiments
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are 8T ma/ OF=—4 K (10° V/m) ! and thus close to the val- the realistic phonon spectrum at the dot éitand include

ues calculated from our model, EQ). resonant excited states. Furthermore, it presently is not clear,
The different behavior of both models originates from twowhether for the emission of the considerably heavier holes

facts. First, in the phonon-assisted tunneling model the emig?honon-assisted tunneling is also important. The values de-

sion takes place from a band located around an energy, whefved here for the electron and hole energies are well within

the integrand in Eq(1) is maximal. The width and location the range predicted by eight-barkdp_calculation$"?* or

of the energy band contributing to the emission rate depend®ultiband pseudopotential calculatiofistaken the uncer-

on the electric field. This in essence causes the field depeiainty with which dot geometry and composition are known.

dence of the activation energy and explains why the shifts of

the DLTS maximum in Eq4:3) and(5) are different. Second, V. SUMMARY

if thermally assisted tunneling would take place through a

single discrete state at the values used for above estimatﬁﬁ,Alg ;Zn(;rgsry\;vénog{:il?Iéﬁssghggtg iilo\,(\j,ﬁi;hcggta;?;g
the electron has to transit through a relatively large tunne ' P P

barrier of about 100 meV height. In contrast the maximum of;afdgqijifssosﬁ':tfgsg\fzg egjftﬂgrnrrf:)?? mdstheegtf;ﬂi(hibi ¢
the integrand in Eq(1) is located at an energy of about 9 ’ ! P

meV below the free continuum energy. This means that indlf'ferent peaks for electron emission from the singly and

the phonon-assisted tunneling model the effective tunnel balﬁggblg Otcr?:p'iﬁ;_%?g‘s Tc;]ee gg]d'zsr‘]'gn p;rno dcesgr?]s aarrizc;ge\r/]vtilt-h
rier is drastically lower, resulting in a smaller shift of the Y P P y . part .
DLTS maximum. capacitance-voltage traces. The reverse bias applied during

Photoluminescence = measurements _on quantum-dg erztp;:lcngfi;g tgircc)zg atﬂfaarcljzetstrggﬁlr?mﬂ;se uesri?s;ci)oﬁongjocletsh:
samples of the same wafer as the one used for this experj-_"" " : : 9 : P :
- : . ctivation energies are derived from a conventional Arrhen-
ment show afT=77 K a luminescence line at enerdsys - ) . -
o L i : o ius analysis of the experimental emission rates. They are
=1.099 eV which is believed to arise from recombination of . L .
. . PP found to be clearly different for emission from the singly and
s-level electrons withs-level holes. At higher excitation in- ;
tensity a second peak occurs Bt.—1 159 eV which we doubly occupieds state. Our results demonstrate that the
y peak o Bp=1. ' charge state of the dots strongly influences the emission pro-
associate to recombination @klevel electrons and holes.

: . cess. Furthermore, we find that the activation energies show
The luminescence energies har(_jly depend on the voltage a.g'very strong electric-field dependence. From the field de-
plied at the Schottky diode, which can be taken as an evg;endence we infer that the electrons escape from the dots by

dence that the dot levels hardly change in the fields applie honon-assisted tunneling processes. We analyze our DLTS
Neglecting exciton binding energies the difference to th d ’

Gahs bulk luminescence of 1.507 eV should account for ata within a simple model that accounts for phonon-assisted

both the binding energies of the electron as well as holetunneling. While the conventional analysis of our DLTS data
ground level in the dot. In order to determine the latter wey'GIdS an activation energy of typically 130 meV for emis-

. : sion from the singly occupied state, an energy of 150 meV
have perfprmed opucally excited DLTS measurements. H.er?s found after correction for the phonon-assisted tunnel pro-
the capacitance transients are recorded after excitation with

oulse of an infrared light emiting diode emitting at &ss. The different activation energies determined from the

. : . conventional analysis of our data for emission from the sin-
=950 nm. A strong DLTS signal is observed from which we : :
determine a hole binding energy of 160 meV at low illumi- gly and doubly occupied state may be due to the different

tion intensitv with tional Arrheni sis of th electric fields in the barrier alone. Finally, we note that we
hation ntensity with a conventional Arenius analysis ot the xpect the field dependence of the emission rates to be more
emission rates. This energy is very similar to values reporte

. ; o ; . ortant in samples with higher doping leading to large
in previous publication>*8From the luminescence energies -~ P g ping g 9

S ; corrections to the emission energies since there the inevitable
and the hole level binding energy we determine an electro 9

binding energy of 248 meV, which is of the same order as[ﬂeldS are larger.

found for electron states in InAs dots by other autHdrs.
On the other hand it is significantly larger than the electron
binding energy determined from our DLTS analysis. The dis- We profited from discussions with A. Rack and M. Tews.
crepancy remains to be resolved and may be understood &¢e thank L. Karsten for photoluminescence measurements.
an indication that possibly more refined models are needed;his work was supported by the Deutsche Forschungsge-
which, e.g., include temperature-dependent capture Fatesmeinschaft via Grant No. SFB 508 “Quantenmaterialien.”
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