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Photocurrent and capacitance spectroscopy of Schottky barrier structures
incorporating InAs ÕGaAs quantum dots
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We present photocurrent, capacitance, and photoluminescence studies of GaAs-based Schottky barrier struc-
tures incorporating InAs self-assembled quantum dots. We show that the photocurrent is mainly controlled by
thermal escape of electrons out of the dots and is suppressed at low temperatures, below 100 K. At higher
temperatures~.185 K!, we are able to control the magnitude of the photon absorption, and hence the photo-
current, by varying the bias voltage applied to the device.
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I. INTRODUCTION

InAs/GaAs self-assembled quantum dots~QD’s! are of
great current interest. Their zero-dimensional character
potential for new optoelectronic devices, such as lo
threshold lasers1 infrared detectors,1,2 and high-density opti-
cal memories.3,4 Carrier transport plays an important role
determining the properties of these devices. Therefore
great deal of attention has been devoted to studies of e
sion and capture processes of charge carriers by the Q
using both electrical5–9 and optical techniques.10–13

Capacitance-voltageC(V) measurements provide informa
tion about the electronic structure of the QD’s;5–7 carrier
escape processes from the QD’s can be investigated by t
resolved capacitance measurements, which can separate
mionic and tunneling escape mechanisms.8,9 In addition,
photocurrent~PC! spectroscopy combines the advantages
both electrical and optical methods of investigation.11–13The
PC spectrum reflects, in part, the optical absorption in
QD layer, but carriers that are photogenerated in the Q
have to be separated in order to contribute to the PC sig
As a result, the intensity of the PC signal is governed by
interplay between the recombination and escape rates of
togenerated carriers.11

Previous work on PC spectroscopy11–13 has principally
involved p-i-n structures, in which the QD layers wer
placed in the high electric field of the intrinsici layer. In this
type of structure, the QD’s are empty and it is not possible
determine the electronic structure and the escape param
of the QD’s using capacitance spectroscopy. Changet al.13

have found that the temperature dependence of the PC s
from InAs QD’s is controlled by thermally assisted hole tu
neling, implying that holes are the more weakly confin
carriers. However, capacitance spectroscopy measurem
on InAs QD’s indicate that the hole ground state may hav
larger binding energy than the corresponding electron le
relative to the corresponding band edge.6 In addition, time-
resolved capacitance spectroscopy has revealed that the
escape rate from the QD’s is much lower than the elect
escape rate.9 To resolve this apparent contradiction, it is ne
essary to use both capacitance and PC spectroscopy to
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vide a complete description of the electronic properties o
QD structure. In this paper, we report both capacitance
PC spectroscopy of a Schottky barrier structure, incorpo
ing InAs QD’s in a uniformly dopedn-GaAs layer. The
analysis of photoluminescence~PL! andC(V) measurements
allows us to determine the electronic structure of the Q
and the escape rate of carriers out of the dots. The res
obtained are then used in the analysis of the PC data. We
show that it is possible to control the photon absorption
QD’s by changing their electron occupation. In principle, it
therefore possible to use the bias to modulate the QD abs
tion.

The paper is organized as follows. In the following se
tion, we describe the growth conditions and compositio
structure of our sample. In Sec. III, we investigate the el
tronic structure of the dots using PL andC(V) measure-
ments. In Sec. IV, we use admittance spectroscopy to inv
tigate the thermal escape of electrons from the dots.
combination with PL andC(V) studies, this allows us to
identify the mechanisms responsible for the PC signal du
QD’s. The paper concludes with a summary~Sec. V!.

II. SAMPLES

The QD structure was grown by molecular-beam epita
on a n1-GaAs ~001! substrate. The InAs layer, of averag
thickness 4 monolayers, was deposited at 485 °C. The Q
were sandwiched between a 0.4-mm-thick GaAs cap and a
1-mm-thick GaAs buffer layer. The cap and buffer laye
were uniformly doped with Si at 231016 cm23, except for
two 10 nm thick, undoped spacers, one on each side of
QD layer @see Fig. 1~a!#. Plan-view transmission electron
microscopy images reveal a uniform spatial distribution
dots, with mean diameter of 15 nm. The areal concentra
was found to beNQD5(3.560.5)31014 m22.

A Ni-Cr Schottky barrier of 350mm diameter was depos
ited on top of then-type structure for capacitance and co
ductance,G, measurements. TheC(V) andG(V) character-
istics were measured using an HP4275A or an HP428
LCR meter. For the PC and PL measurements, a semitr
parent, Ni-Cr Schottky barrier of diameter 100mm was de-
©2002 The American Physical Society26-1
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posited on top of the structure to provide optical access to
sample. The excitation source for the PC measurements
a tungsten-halogen lamp, dispersed by a 0.25 m monoc
mator and the PC signal was recorded using standard loc
techniques. PL measurements were performed with the o
cal excitation provided by a He-Ne laser.

III. ELECTRONIC STRUCTURE OF QD’s

Figure 1~b! shows the PL spectrum of the QD structure
T580 K. We observe three QD-related bands,hn0, hn1,
andhn2 peaked, respectively, at 1.150, 1.222, and 1.281
Bandhn0 is due to ground-state electron-hole transitions
the dots, whilsthn1 andhn2 are due to transitions involving
the excited-electron and hole states.14,15 Each PL band has a
linewidth of DE'50 meV, obtained by fitting the measure
spectrum to three Gaussian curves. Increasing the powe
creases the intensity of the high energy bands relative to
of the ground-state peakhn0. Also, increasing the tempera
ture tends to suppress the PL peaks, due to the therma
cape of carriers from the QD’s.

Model calculations of the energy levels of InAs/GaA
QD’s, similar to those considered in the present work, in

FIG. 1. ~a! Sketch of the sample structure.~b! Photolumines-
cence~PL! spectrum of InAs/GaAs self-assembled quantum d
measured atT580 K with 20 W/cm2 excitation power. The con-
tinuous line is a fit to the data using three Gaussians. The i
sketches the electronic structure of the dots.
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cate that the energy separation of hole states in the do
only a few meV~,11 meV!.14 This implies that the large-
energy spacingDE.60 meV between bandshn0, hn1, and
hn2 is mainly due to the energy separationDEe between
successive electron states of the dot. In particular, the en
spacing between bandshn0 and hn1 (DE572 meV) is
within the range of values of the energy splittingDEe021

570– 90 meV between the ground state and the first exc
state of the electron calculated in Ref. 14.

We investigated in further detail the electron states of
dot by means ofC(V) measurements. As shown in Fig. 2~a!,
the C(V) characteristic of the QD structure shows two p
teau regions indicated by arrows, with a small step betw
them at22.0 V, indicating the filling of two electronic state
of the QD’s.7 At a given temperature, the charge located
the QD plane is determined by the sheet concentrationNQD

of the QD’s and by the positions of the electron energy lev
in the QD’s, Eei , relative to the chemical potentialm @see
inset in Fig. 2~a!#. We use a Gaussian distribution to descri
the density of states associated with the distribution of Q
sizes. The density of chargeQQD accumulated in the QD
plane may be written as6,7

s

et

FIG. 2. ~a! Capacitance-voltage characteristicC(V) measured at
1 kHz andT580 K ~open circles!, simulated using a quasistati
model ~continuous line!. The inset shows the conduction band di
gram of the QD structure at zero bias. The horizontal lines repre
the mean energiesEei of the QD levels.~b! Occupation of the
electron ground~solid line! and first excited~dashed line! state in
QD’s as a function of the reverse bias as determined from the si
lation of theC(V) data.
6-2
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giNQD

DE

3exp@22~E2Eei!
2/DE2# f ~E,m!dE, ~1!

where f (E,m) is the Fermi function,gi is the spin-
degeneracy factor, ande is the electron charge. The summ
tion (i 50,1,2) is taken over all dot energy levels.

A quasistatic charging model6 is used to fit theC(V)
curve at T580 K, as shown in Fig. 2~a!. The numerical
analysis indicates that, atV50 V, there are two filled elec-
tron states in the QD’s, atEe05(140610) meV andEe1
5(60610) meV below the bottom of the GaAs conductio
band @see the inset in Fig. 2~a!# both with width DE5(50
610) meV deduced independently from the PL measu
ments. We believe that, due to the band-bending effe
caused by the charging of the dots, the highest energy s
of the dot are empty and cannot be measured byC(V) ~see
inset of Fig. 2!. However, the observation of the QD-relate
bandhn2 in the PL indicates the existence of a second e
tron excited state in the dot.

The first two electron energy levels derived fromC(V)
measurements, Ee05(140610) meV and Ee15(60
610) meV, are close to the values calculated for$113% fac-
eted dots~Ee05177 meV andEe1586 meV!.14 The same
model predicts a second electron energy levelEe2
577 meV and an energy spacing betweenEe1 and Ee2 ,
DEe12259 meV. If we assume that bandhn2 is due to a
transition from the second excited states to the holes sta
then the large-energy spacing of 60 meV between bandshn1
and hn2 is not consistent withDEe122 . However, this in-
consistency may be due to the different shape and comp
tional profile of the dot assumed in the model compared
the actual dots in our experiment. Also, the measured va
of Ee15(60610) meV and the calculated electron ener
level EeWL530– 50 meV of the InAs wetting layer~WL!,
suggest that the second excited state has a small bin
energy @see inset of Fig. 1~b!# or is possibly in resonanc
with the levels of the WL continuum states.

TheC(V) measurements indicate that the energy splitt
DEe021 between the ground state and the first excited s
of the electron in the dot isDEe021580620 meV. This
value is comparable with the energy spacing of bandshn0
and hn1 derived from the PL measurementsDE;70 meV
and is within the range of values ofDEe021570– 90 meV
calculated in Ref. 14.

The comparative analysis of the PL and theC(V) mea-
surements allows us to determine the hole energy levels
sketched in the inset of Fig. 1~b!, the sum of the ground-stat
electron energyEe05140 meV, the ground-state hole ener
Eh0 , and the ground-state recombination energyhn0
51150 meV should correspond to the GaAs band gap a
K, EGaAs;1507 meV. Hence, we estimate the position of t
hole ground-state level in the QD’s to beEh05(200
610) meV above the top of the GaAs valence band. T
estimate includes a small correction due to the exciton b
ing energy in the QD’s, which is;20 meV.1 A similar analy-
sis for the first hole excited state givesEh15205610 meV, a
value that is very close toEh0 , thus supporting the predictio
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of a small energy separation between the two first hole lev
of QD’s ~;7 meV!,14 which is within the error of our mea
surement~;10 meV!.

IV. PHOTOCURRENT SPECTROSCOPY OF QD’s

Figure 3~a! shows logarithmic PC spectra of the devi
measured atT5200 K for various reverse biases. AtV
50 V, the PC spectrum is dominated by a step at 1.45
related to the absorption by bulk GaAs. An increase of
reverse bias up to27 V leads to the appearance of features
;1.40 eV, due to optical absorption in the InAs wettin
layer, and three features at 1.102, 1.182, and 1.240
caused by absorption into the ground and excited state
the InAs QD’s. The positions of the last three features ag
quite well with the energy positions of the corresponding
peaks measured at 200 K, taking into account a small Sto
shift ~,10 meV! related to carrier thermalization.16

As shown in Fig. 3~a!, the PC signal from the QD’s mea
sured atT5200 K grows monotonically with increasing re

FIG. 3. ~a! Photocurrent~PC! spectra measured as a function
reverse biasV at T5200 K. From the bottom to the top,V is equal
to 0, 21, 22, 22.5,23, 25, 27 V. ~b! Intensity of the PC ground-
state peakI PC(e02h0) versusV at various temperatures.
6-3
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verse bias, almost saturating atuVu.3 V. Similar behavior is
observed in the temperature range from 180 to 300 K@see
Fig. 3~b!#. Below 180 K, the voltage modulation of the P
signal becomes weaker and, below 100 K, there is no
signal from the QD’s. The temperature dependence of the
spectra measured at reverse biasV523 V shows that the PC
signal from QD’s is suppressed below 200 K, as shown
Fig. 4.

Analysis of theC(V) characteristics indicates that, atV
50 V, the two lowest electron states of the QD’s are fill
with electrons. This is shown in Fig. 2~b!, which plots the
occupation of electron ground and first excited state in
QD’s as a function of the reverse bias, as determined b
simulation of theC(V) characteristic. Increasing the magn
tude of the reverse bias from 0 to23 V results in successive
depopulation of the levelsEe1 and Ee0 , respectively. Note
that the PC signal from the QD states increases over
voltage range@Fig. 3~b!#. It is found from C(V) measure-
ments that atuVu.3 V, there are no electrons occupying th
ground-state level in the QD’s@Fig. 2~b!#. Note that this
value of the reverse bias agrees very well with the onse
the saturation of the PC signal from the QD’s@Fig. 3~b!#.
This suggests that the reason for the absence of the PC s
at low bias is that no absorption is possible because mos
the dots are occupied. Thus, by changing the electron o
pation in the QD’s, one can use the reverse bias to contro
photon absorption and, consequently, the PC signal. At
K, the voltage modulation of the PC signal from the QD’s
weaker@Fig. 3~b!# because the concentration of electrons
the ground state of the QD’s decreases with increasing t
perature so that a PC signal is observed even atV50 V.

The amplitude of the PC signal from the QD’s depends
the photon absorption. However, carriers photogenerate
the QD’s can recombine before they are able to escape
contribute to the PC signal.11–13 Therefore, the strength o
PC signal from the dots depends also on the relation betw
the recombination (1/t rec) and escape rates (1/tesc) of carri-
ers. In particular, as follows from a coupled-rate equat

FIG. 4. ~a! Photocurrent~PC! spectra measured forV523 V at
various temperatures. The current scale applies to the lowest c
For clarity, the different curves are displaced along the vertical a
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model, the intensity of the PC signal is mainly controlled
the escape rate of the faster carrier and can be represent
the following form13,17

I PC5
g

S 11
tesc

t rec
D ~2!

where g is the carrier photogeneration rate in the QD
which is proportional to the incident photon fluxP. Then,
since the electron-hole recombination time is about 1 n10

for significant PC,tesc should be smaller than 1 ns.
The electron escape time can be expressed as

tesc
e 5tesc

0 exp~DEa
e0/kT!. ~3!

whereDEa
e0 is the activation energy for thermal escape

carriers andtesc
0 is the escape time in the high-temperatu

limit kT@DEa
e0. A similar expression holds also for the ho

time constant.
In order to measure the temperature dependence of

electron escape rate out of the dots, we used admitta
spectroscopy. Admittance spectroscopy involves measu
the capacitance and conductance of the device in the ac m
with tunable frequencyf. As discussed in Ref. 7 and 18,
step in theC(V) curve and a peak in theG(V) characteristic
of the device are observed when the rate of escape of e
trons 1/tesc

e out of the dots becomes comparable withf, ac-
cording to the relation

2p f tesc
e >2. ~4!

At a fixed frequency, as the temperature decreases, 1tesc
e

becomes lower thanp f , i.e., carriers freeze into the QD
states. This reveals itself as a characteristicT dependence of
the capacitance and conductance curves: with increasinT,
the capacitance shows a steplike behavior and the con
tance exhibits a peak as shown in Fig. 5~a,b!. The analysis of
theC(T) andG(T) curves measured at different frequenci
allow us to determine the temperature dependence oftesc

e .7

In particular, using admittance spectroscopy in the range
the reverse biases from22.1 to23.0 V, we can measuretesc

e

associated with thermal escape of electrons from the gro
state of the QD’s: by changingV, we are able to vary the
position of the electron levels in the QD’s,Eei , relative to
the chemical potentialm @ see inset in Fig. 2~a!#. As indicated
by the quasistaticC(V) simulations@Fig. 2~a, b!#, depopula-
tion of the electron ground state of the QD’s occurs in t
range of the reverse biasesV from 22 to 23 V.

Figure 5~c! shows the Arrhenius plot oftesc
e and a fit to

the data by Eq.~3!, with fitting parametersDEa
e0 and tesc

0

listed in Table I. In the range of bias,22.3 to 22.9 V, we
find thatDEa

e0 varies in the range 64–107 meV. We attribu
this spread of values to the energy distribution of the d
caused by fluctuations in their size, composition, and sha
In particular, we find that atV522.4 V, the chemical po-
tentialm is in resonance with the maximum of the density
states associated with the ground-state energy distributio
QD’s @see inset of Fig. 2~a!#. For this bias condition, the

ve.
s.
6-4
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value of DEa
e0 is equal to 69 meV. This quantity is smalle

than the energy of the electron ground stateEe05140 meV
determined from the quasistaticC(V) simulations@Fig. 2~a!#
and compares with the spacing between the ground state
first excited state of electrons in the QD’s,DEe580
620 meV, as obtained fromC(V) measurements. This sug
gests that electron emission from the QD’s into the Ga
layers occurs by thermal escape of electrons out of exc
states of the dots. This is in agreement with the results
tained by time-resolved capacitance spectroscopy.9,19

We can now interpret the observed temperature dep
dence of the PC signal in terms of our analysis of all
measurements. Figures 6~a! show the temperature depe
dence of the intensity of the PC peak associated with the
ground stateI PC(e02h0) at V523.0 V. The temperature
dependence of the PC signal is well described by Eq.~2! and
~3!, using electron-escape parametersDEa

e0 and tesc
0 mea-

sured by admittance spectroscopy in the voltage ra
22.3–22.9 V ~Table I!. For V,22.9 V, we are not able to
measure electron-escape rate by admittance spectroscop

FIG. 5. Temperature dependence of~a! capacitance,C, and~b!
conductance,G, measured atV522.6 V as a function of the mea
surement frequencyf: 1 kHz ~solid squares!, 10 kHz ~solid tri-
angles!, 100 kHz~solid circles!, 1000 kHz~solid stars!. ~c! Arrhen-
ius plots of the electron emission rate at different reverse bia
Continuous lines are fits to the data by Eq.~3!.

TABLE I. Values ofDEa
e0 andtesc

0 determined from the Arrhen
ius plots of Fig. 5.

V ~V! tesc
0 ~ps! DEa

e0 ~meV!

22.3 11.3 64
22.4 10.9 69
22.5 8.8 76
22.6 4.8 86
22.8 1.1 100
22.9 1.1 107
08532
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cause the dots are not filled with electrons. A good agreem
between the model and the data is obtained forV in the range
22.4–22.9 V @see Fig. 6~a!#. This indicates that the strengt
of the PC signal is determined by the electron-escape r
For the holes, previous measurements9 in p doped devices
incorporating QD’s similar to that considered in this wor
showed that the thermal activation of holes from the Q
ground state has an activation energy ofDEa

h05(164
610) meV. The value ofDEa

h0 is smaller than the position
of the hole ground-state level in the QD’s measured by
C(V) measurementsEh05(200610) meV and suggests tha
the thermal activation of holes involves both the ground a
the higher excited states of the dots, which are separate
only few meV ~see discussion of Sec. III!. Since the holes
are heavier and more deeply confined than the electron
tunneling is involved in the escape process, their transm
sion coefficient should be lower. Therefore, in modeling t
PC data, we can assume that the escape rate (tesc

e )21 of
photoexcited electrons from the QD’s is a few orders of m
nitude larger then the hole escape rate (tesc

h )21. In this case,
the photocurrent is proportional to (tesc

e )21 at sufficiently

s.

FIG. 6. ~a! Temperature dependence of the intensity of the
peakI PC(e02h0) for V523 V ~open circles! and of the PL peak,
PL(e02h0), ~solid circles! associated with the ground-state tran
tion in the QD’s. The calculated temperature dependence
I PC(e02h0) for thermal escape of electrons from QD’s at differe
reverse biases are also shown:V522.4 V ~dash-dotted line!, 22.6
V ~dotted line!, 22.9 V ~solid line!. ~b! Temperature dependence o
I PC(e02h0) at differentV. Continuous lines are guides to the ey
6-5
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low temperature whentesc
e @t rec @Eq. ~2!#. At high tempera-

tures, when the electron-escape rate is very high, the cur
is independent oftesc

e ~andtesc
h ! and is determined simply by

the rate of photon absorption by the QD’s@Eq. ~2!#.
Under the conditions of our experiment, the incident ph

ton flux is relatively low: the strength of the PC signal i
creases linearly with photon fluxP, with no indication of
saturation of the QD absorption. Therefore, most of the Q
remain unexcited and neutral so that the positive chargin
the QD’s by the higher electron-escape rate has a neglig
effect on the dynamics of the carrier escape from the QD

Figure 6~a! shows that forT,110 K there is a strong
increase in the intensity of the PL peak, PL(e02h0), asso-
ciated with the ground-state transition in the QD’s. This im
plies that, in this temperature range, the recombination
photogenerated carriers dominates over escape proce
consistent with our description of the thermally activated
associated with the QD’s. In particular, we estimate that
electron escape time constant is lower than the recomb
tion time t rec51 ns for temperaturesT.185 K @Fig. 5~c!#,
consistent with the experimentally observed suppression
the PC signal from the QD’s measured atV523.0 V
@Fig. 4~a!#.

Figure 6~b! shows the temperature dependence of the
signal for different applied biases. VaryingV from 23 to 27
V results into a weakerT dependence of the PC signal. I
particular, forV527 V the PC signal becomes almost ze
.
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for T,1455 K, while for V522 V, it quenches forT
,185 K. This behavior is due to the increasing rate of tu
neling escape of electrons out of the dots with increas
bias.11,12,20In our structure, the main contribution to the P
signal is due to thermally activated tunneling of electrons
of the dots. The maximum value of the electric field used
our experiments is 100 kV/cm, which is not enough to r
cover the PC signal by simple tunneling processes at
lowest temperatures~,100 K!.

V. CONCLUSIONS

In summary, we have shown that it is possible to cont
photon absorption in QD’s by changing their electron occ
pation by means of an applied bias. In principle, it is the
fore possible to use the reverse bias to modulate the op
absorption of a QD array. In addition, we have found that
temperature dependence of the PC signal from the QD’
governed by the relatively fast thermal escape of electro
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