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Electron escape from InAs quantum dots
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We identify fundamental mechanisms of electron escape from self-organized InAs quantum dots~QD’s! in
a vertical electric field by time-resolved capacitance spectroscopy. Direct tunneling and a thermally activated
escape process are observed. The QD electron ground and first-excited states are concluded to be located;190
and ;96 meV below the GaAs matrix conduction band, respectively. Our experimental results and their
interpretation are in good agreement with eight-bandk•p calculations and demonstrate the importance of
tunnel processes.@S0163-1829~99!01344-2#
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Quantum dots~QD’s! exhibit unique electronic propertie
due to the ultimate reduction of size in all three dimensio
of real space. Over the past few years, they have there
attracted rapidly growing attention.1 Self-organization pro-
cesses during epitaxial growth of highly lattice-mismatch
materials, i.e., the Stranski-Krastanow growth mode,2 are in-
creasingly employed to form relatively homogeneous
sembles of QD’s.3–5 Their peculiar optical properties6,7 and
enormous application potential for novel optoelectronic
vices such as lasers,8–10 detectors,11 and optical memory
structures12–14 has stimulated additional research intere
For most applications, however,single-carriercapture, con-
finement, and escape play a significant role. Only few rela
investigations were reported until now, none in an exter
electric field, and unambiguous interpretation has only
cently been facilitated due to progress in the theory of e
tronic states in QD’s.15–17 This article reports the first direc
observation of electron escape from InAs QD’s, shedd
new light on the physics of the emission mechanisms.

In the case of deep centers and quantum wells~QW’s!,
capacitance spectroscopy and deep-level transient spec
copy ~DLTS!,18 have proven to be powerful tools in invest
gating electronic properties, carrier capture, and esc
dynamics,19 Tunnel emission from a single QW was report
several years ago by Letartre, Stievenard, and Lonoo.20 The
electronic properties of QD’s Coulomb charging effects, a
the shell structure of the few-electron ground states, h
been studied by capacitance and admitta
spectroscopy.21–28 The frequency-dependence of the tunn
charging process has recently been studied by Luy
et al.29 In the present work, we present time-resolved obs
vation of electron escape from QD’s as a function of te
perature and electric field. From our experiments, we id
tify direct and thermally activated tunneling, and determ
the contributing QD levels. The results are found to be
excellent agreement with numerical calculations based
eight-bandk•p theory.16

All samples investigated are GaAspn diodes with a layer
structure as schematically depicted in Fig. 1~a!, and differ
only regarding the InAs insertion. The samples were gro
PRB 600163-1829/99/60~20!/14265~4!/$15.00
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by metal organic chemical vapor deposition.30 On top of the
highly n-doped GaAs substrate, a 1.6-mm Si-doped (n51.7
31016cm23) GaAs buffer was deposited. Then three laye
of InAs, with 2.8-nm undoped GaAs spacers on top, w
grown, followed by 448-nm Si-doped (n51.731016cm23)
GaAs. After this, 650-nm Zn-doped (p52.531017cm23)
GaAs and 200-nm highly Zn-doped (p51.831018cm23)
GaAs were deposited. Using standard optical lithograp
and lift-off techniques Ohmic contacts were formed
evaporation and subsequent alloying of Ni-Zn-Au to the t
and Ni-Au/Ge-Au to the back of the structure. Finally, mes
with a diameter of 800mm were defined by chemica
wetetching.

We fabricated one sample with three layers of InAs QD
~1.7 ML nominal layer thickness! embedded in the Si-dope
(n51.731016cm23) GaAs—in the following referred to as
‘‘ A’’—another sample ‘‘B’’ with only wetting layers~WL’s!,
and a third sample ‘‘C’’ without any InAs. Because of the
thin GaAs spacer~2.8 nm!, the QD’s in sampleA grow ver-

FIG. 1. Layer structure of sampleA ~a!, and schematic conduc
tion band of a QD along the growth direction in the presence of
electric field~b!. Two electron escape mechanisms are shown; t
neling from the QD ground stateE0 into the GaAs conduction band
and thermal activation into an intermediate stateE1 with subsequent
tunnel emission. The electric-field-induced barrier-loweringDEBL

and the experimentally determined energiesDEa andDEt , the ac-
tivation energy and the tunnel barrier height, are also indicated
14 265 ©1999 The American Physical Society
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14 266 PRB 60C. M. A. KAPTEYN et al.
tically aligned and are electronically strongly coupled31

Such a stack is expected to act as asinglelocalizing potential
for carriers. From cross-section transmission electron
croscopy~TEM! of sampleA ~Fig. 2!, we derive about 12 nm
base width and 2.5 nm height of the QD’s~assuming a
truncated-pyramid shape with$101% facets!, and a wetting
layer~WL! thickness of about 0.5 nm. A QD sheet density
NOD5131010cm22 was determined by plan-view TEM~not
shown here!.

The distance of the InAs insertion from thepn interface is
chosen such that at zero bias the QD’s are outside the de
tion region and thus filled by electrons. At a reverse b
U low below about23.4 V, the space charge region exten
over the QD layer. Carriers trapped inside the depletion
gion, e.g., in the QD’s, are emitted with a characteristic ti
constant dependent on the escape mechanism. After app
filling pulses atUhigh.U low , the transient capacitance at r
verse biasU low is measured by a capacitance meter opera
at a frequency of 1 MHz and recorded afterA/D conversion
during controlled warm-up cycles under dark conditions. T
transient data sets are converted into DLTS plots usin
double-boxcar correlator with a reference time constantt ref .

The photoluminescence~PL! of sampleA @Fig. 3~a!# ex-
hibits pronounced peaks from excitonic recombination in
QD’s at 1.12 eV, with a full width half maximum~FWHM!
of 150 meV, and in the WL system at 1.36 eV, as commo
observed in similar samples.10,31 In the capacitance-voltag
~C-V! data of sampleA @Fig. 3~b!#, a plateau around22 V is
visible. Upon plotting the same data as a concentration p
file @inset of Fig. 3~b!#, a strong peak reflecting the carrie
accumulation in the QD/WL plane, and depletion regions
both sides of the peak, become apparent. The peak pos
appears shifted towards larger depth by about 120 nm, s
the charge on a energetic level significantly below the c
duction band edge of the matrix material can only be
tected for a somewhat higher reverse bias corresponding
larger depth in the concentration profile. This is a comm
phenomenon known from C-V measurements of QW’s.19

Typical DLTS spectra from samplesA, B, andC are dis-
played in Fig. 4. Only the QD sampleA exhibits a pro-
nounced signal, which appears below 70 K. At higher te
peratures no DLTS signal is visible, except for a peak for
three samples at about 350 K~not shown here!, which is
identified as the intrinsic GaAs EL2 deep level32 commonly
observed in MOCVD-grown GaAs. We take the absence

FIG. 2. Cross-section TEM in~100! direction of the triple-layer
InAs QD’s in GaAs matrix~a!, magnification of a single QD stac
~b!, and average dimensions as determined from TEM images~c!.
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FIG. 3. Photoluminescence of the QD sample atT58.5 K ~a!.
Capacitance-voltage data of sampleA at T5200 K for a measure-
ment frequency of 1 MHz~b!. The plateau in the C-V data betwee
21 and23.5 V is due to carrier accumulation in the QD layer. T
inset of panel~b! shows the same data as concentration profile.

FIG. 4. DLTS signal of samplesA ~circles!, B ~squares!, andC
~triangles! measured at detection/pulse bias23.5/20.2 V with ref-
erence time constantt ref521 ms. The data of samplesB and C is
displayed25 and210 fF offset, respectively. The dashed line is
fitted DLTS peak taking ensemble fluctuations in the activation
ergy into account. The inset shows an Arrhenius plot of the DL
peak of sampleA.
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any further defect-related DLTS signal as an indication
high-material quality. In the following, we discuss the da
of sampleA.

At a temperature of about 40 K a peak, and a cons
contribution below 30 K are the significant features of t
DLTS signal~Fig. 4!. The emission rate of a thermally act
vated process is usually given by18

ea5gT2s` exp~2DEa /kT!, ~1!

where DEa is the activation energy,s` the capture cross
section forT5`, andg a temperature-independent consta
From an Arrhenius plot of the DLTS peak position for var
ing reference time constantst ref ~inset of Fig. 4! we obtain
s`'1310211cm2 andDEa5(9465) meV.

In order to clarify the origin of the observed DLTS signa
we check the relative strength of the peak at 40 K for vary
bias conditions~Fig. 5!. Keeping the detection biasU low
fixed at 23.5 V and varying the filling pulse biasUhigh al-
lows us to charge an increasing part of the space ch
region towards thepn interface. An increasing signal i
found for filling pulse biases between23.3 and22.9 V; for
higher bias the signal saturates, indicating that the obse
electron emission is not a bulk effect, but confined to a v
narrow layer. If we fix the filling pulse biasUhigh to 22.0 V,
and instead varyU low , we observe a similar behavior: Th
DLTS signal appears forU low,23.0 V and has a maximum
at 23.3 V. This confirms the QD layer as the origin of th
emitted charge, since only for a sufficiently high-reverse b
~23.0 V in our case! the QD’s are inside the depletion regio
and their energy levels are lifted above the Fermi lev
which leads to the observed electron emission. ForU low
,23.3 V the DLTS signal decreases again, since the r
tive change in capacitance, due to emission of a fixed amo
of charge from the QD layer, becomes smaller because o
increasing depletion width. This behavior follows eviden
from the relative DLTS peak amplitude

DC

C
5

nQDxQD

xd
2Nd

, ~2!

FIG. 5. DLTS depth profile. Dependence of relative DLTS pe
height DC/DCmax at 40 K on detection bias~squares! for fixed
filling pulse biasUhigh522.0 V and on filling bias~circles! for
fixed detection biasU low523.5 V.
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where DC is the DLTS peak amplitude andC the steady
state capacitance at detection bias.

Fluctuations in the activation energy broaden the DL
peak and also significantly decrease the observable p
height. From a single-peak fit with a simulated DLTS spe
trum, assuming a Gaussian distribution of the activation
ergies~dashed line in Fig. 4!, we obtain a FWHM of (40
65) meV. Estimating the sheet density of the charge emit
from the QD layer from Eq.~2!, using the realDC as given
from the fit, we obtainnQD'1.231010cm22. Taking into
account the QD sheet density observed by TEM leads u
believe that the QD’s are charged on average by one, ma
two electrons in our experiment.

We will now discuss the temperature-independent DL
signal below 30 K, which can be explained by tunneling in
the GaAs conduction band. Assuming a triangular barrier
tunneling rate can be written as33

et5
eE

4A2m* DEt

expS 24A2m* DE1
3/2

3e\F D , ~3!

whereF is the electric field,m* the GaAs effective electron
mass, andDEt the barrier height. In order to estimateDEt ,
we use as tunnel emission rate the inverse of the refere
time constant for which the DLTS signal has its maximu
value. We obtain an apparent barrier height ofDEt5(165
610) meV. As the electric field increases, the tunnel con
bution is strongly enhanced and quickly dominates the DL
signal. Therefore, the dependence of the thermally activa
process on the electric field cannot be studied in our exp
ment. A further effect of the electric field is to be expecte
namely, a reduction of barrier height,DEBL5eFdQD/2,
wheredQD is the overall thickness of the triple-QD layer. W
estimate this field effect to be in the range ofDEBL
523 . . . 26 meV for thedetection bias levels in our exper
ment.

The remarkable difference between the thermal activa
energy DEa and the estimated tunnel barrier heightDEt
leads to our interpretation of the observed energies sum
rized in Fig. 1~b!. We identify two different escape mecha
nisms; tunneling from the QD ground state into the Ga
conduction band, and thermal activation into excited QD le
els with subsequent tunnel emission. The observed tun
barrier height thus corresponds with the QD ground-state
ergy, and the thermal activation energy reflects the ene
difference between ground and excited states. This mod
supported by comparing our results with numerical simu
tions of the electron level scheme in our QD system based
eight-bandk•p theory taking into account strain and piez
electric effects. Details of the calculation procedure ha
been described elsewhere.16 For the present structure w
have calculated the electron ground-state energyE0
5195 meV relative to the GaAs conduction band edge. T
value agrees very well withDEt1DEBL'190 meV. Fur-
thermore, the experimentally determined thermal activat
energyDEa'94 meV is close to the calculated energy d
ference between the electron ground state and the first
cited state ofE02E1584 meV.

The observation of an energetically relatively sharp DL
peak compared to a broad PL signal is consistent with
physical picture. It even further supports the interpretation
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the thermally activated process being an intraband tra
tion. E02E1 is expected to depend considerably less
ensemble fluctuations of the QD dimensions~e.g., the vol-
umew! than the PL caused bye-h ground-state recombina
tion, i.e.,](E02E1)/]w!](E02Ẽ0)/]w, whereẼ0 denotes
the hole ground-state energy~see also Fig. 4 in Ref. 16!.

In conclusion, we have investigated the physics of el
tron escape from QD’s in the presence of an external elec
field. Two contributing emission mechanisms are observ
tunneling from the QD ground state into the GaAs barri
A

e

si-
n

c-
tric
d:
r,

and thermal activation from the QD ground state into exci
QD states with subsequent emission into the GaAs ma
This scenario is found to be in good agreement with res
from numerical simulations based on eight-bandk•p theory
of the QD level structure.
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Phys. Rev. Lett.73, 716 ~1994!.

7M. Grundmann, J. Christen, N. N. Ledentsov, J. Bo¨hrer, D. Bim-
berg, S. S. Ruvimov, P. Werner, U. Richter, U. Go¨sele, J. Hey-
denreich, V. M. Ustinov, A. Y. Egorov, A. E. Zhukov, P. S
Kop’ev, and Z. I. Alferov, Phys. Rev. Lett.74, 4043~1995!.

8Y. Arakawa, and H. Sakaki, Appl. Phys. Lett.40, 939 ~1982!.
9D. Bimberg, N. Kirstaedter, N. N. Ledentsov, Z. I. Alferov, P. S

Kop’ev, and V. M. Ustinov, IEEE J. Sel. Top. Quantum Elec
tron. 3, 196 ~1997!.

10F. Heinrichsdorff, M.-H. Mao, N. Kirstaedter, A. Krost, D. Bim-
berg, A. O. Kosogov, and P. Werner, Appl. Phys. Lett.71, 22
~1997!.

11J. C. Campbell, D. L. Huffaker, H. Deng, and D. G. Depp
Electron. Lett.33, 1337~1997!.

12S. Muto, Jpn. J. Appl. Phys.34, 210 ~1995!.
13G. Yusa and H. Sakaki, Appl. Phys. Lett.70, 345 ~1997!.
14J. J. Finley, M. Skalitz, M. Arzberger, A. Zrenner, G. Bo¨hm, and

G. Abstreiter, Appl. Phys. Lett.73, 2618~1998!.
15M. Grundmann, O. Stier, and D. Bimberg, Phys. Rev. B52,

11 969~1995!.
16O. Stier, M. Grundmann, and D. Bimberg, Phys. Rev. B59, 5688

~1999!.
17L.-W. Wang, J. Kim, and A. Zunger, Phys. Rev. B59, 5678

~1999!.
n

.

.
-

,

18D. V. Lang, J. Appl. Phys.45, 3023~1974!.
19P. Blood, and J. W. Orton,The Electrical Characterization of

Semiconductors: Majority Carriers and Electron States~Aca-
demic, London, 1992!, and references herein.

20X. Letartre, D. Stievenard, and M. Lanoo, J. Appl. Phys.69, 7336
~1991!.

21H. Drexler, D. Leonard, W. Hansen, J. P. Kotthaus, and P.
Petroff, Phys. Rev. Lett.73, 2252~1994!.

22G. Medeiros-Ribeiro, D. Leonard, and P. M. Petroff, Appl. Phy
Lett. 66, 1767~1995!.

23S. Anand, N. Carlsson, M.-E. Pistol, L. Samuelson, and W. Se
ert, Appl. Phys. Lett.67, 3016~1995!.

24S. Anand, N. Carlsson, M.-E. Pistol, L. Samuelson, and W. Se
ert, J. Appl. Phys.84, 3747~1998!.

25G. Medeiros-Ribeiro, F. G. Pikus, P. M. Petroff, and A. L. Efro
Phys. Rev. B55, 1568~1997!.

26B. T. Miller, W. Hansen, S. Manus, R. J. Luyken, A. Lorke, J. P
Kotthaus, S. Huant, G. Medeiros-Ribeiro, and P. M. Petro
Phys. Rev. B56, 6764~1997!.

27P. N. Brunkov, A. Polimeni, S. T. Stoddart, M. Henini, L. Eave
P. C. Main, A. R. Kovsh, Y. G. Musikhin, and S. G. Konnikov
Appl. Phys. Lett.73, 1092~1998!.

28S. K. Zhang, H. J. Zhu, F. Lu, Z. M. Jiang, and X. Wang, Phy
Rev. Lett.80, 3340~1998!.

29R. J. Luyken, A. Lorke, A. O. Govorov, J. P. Kotthaus, G
Medeiros-Ribeiro, and P. M. Petroff, J. Appl. Phys.74, 2486
~1999!.

30F. Heinrichsdorff, A. Krost, M. Grundmann, D. Bimberg, A. Ko
sogov, and P. Werner, Appl. Phys. Lett.68, 3284~1996!.

31N. N. Ledentsov, V. A. Shchukin, M. Grundmann, N. Kirstaedte
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