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Optically induced charge storage and current generation in InAs quantum dots
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We report on optically induced charge storage effects and current generation in self-assembled InAs quan-
tum dots embedded in an InP matrix. Illumination with photons of energy higher than about 0.86 eV efficiently
loads the dots with a maximum of about 1 hole/dot. The spectral response at lower photon energy is strongly
enhanced at elevated temperatures. We present a detailed balance model for the dots and discuss the thermally
assisted optical excitation processes pertinent to hole accumulation. We also show that these processes make
the dots act as nanometer-scaled temperature-dependent current generators.
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A self-assembled semiconductor quantum dot~SAD! is a
nanometer-sized semiconductor box embedded in a matr
another semiconductor material. The dots are naturally
fined by the so-called Stranski-Krastanow1 growth mode
without any lithography steps. The formed dots can sub
quently be capped with epitaxial quality barrier material
one single growth run without intermediate exposure of
interfaces. The dots’ small size in conjunction with the d
ference in materials confine electrons and holes in all th
dimensions in atomiclike states. During the last few year
lot of attention has been devoted to the growth and cha
terization of SAD’s. The strong interest is motivated by th
potential for future photonics and high-speed electronics
well as by their intriguing electronic properties. To our be
knowledge, the electronic structure of SAD’s has hithe
been investigated primarily by photoluminescence spect
copy and photoluminescence excitation spectroscopy2–4

More recently SAD’s have also been addressed with abs
tion spectroscopy,5,6 tunneling capacitance spectroscopy7,8

and space-charge spectroscopy, e.g., deep-level tran
spectroscopy~DLTS! and photocapacitance.9–13 The latter
family of experimental techniques was traditionally invok
in the study of deep levels in semiconductors.14

So far, most studies have focused on InAs SAD’s in Ga
and InP SAD’s in GaInP. Considerably less attention h
been given to InAs SAD’s embedded in a matrix of In
These dots are very interesting from the point of view
fundamental physics due to unusually large confinement
ergy for holes of about 0.43 eV~Ref. 11! and a complex
electronic structure.6 The dots are also suitable as active m
dia in optoelectronic components compatible with the wa
length range of fibers~1.5–1.8 mm!, e.g., temperature
insensitive lasers with low threshold current.

Another important application area for SAD’s is
memory devices. Lundstromet al. recently reported on an
optical quantum dot memory capable of storing excitons
typically seconds at 3 K.15 The large confinement energy o
0.43 eV for holes discussed in the present work facilita
memory devices where holes can be stored for hours eve
77 K.11,16 In order to realize optical memory devices it is
course important to understand the relevant processes fo
tical charging of the dots. The present paper addresses
issue. The competing processes that actually govern op
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charging, and the related current generation, in InAs d
buried in InP are discussed at length. Previous studies~some
cited above! mainly address thermal emission rates of eith
electrons or holes confined to the dots, or the dots’ electro
structure. As opposed, hereto we model the optical charg
and current generation by simultaneously taking into acco
competing thermal and optical escape processes invol
both the conduction and valence bands, as well as exc
recombination, and show that the model is in good agr
ment with experimental results for InAs dots embedded
InP.

The samples used in this study were grown by metal
ganic chemical vapor deposition. Details on the growth p
cedure can be found in Ref. 17. The dots are incorporate
the middle of a 4-mm not-intentionally doped~n type
;1015cm23! InP epitaxial layer. From atomic force micros
copy ~AFM! measurements of uncapped samples grown
der similar conditions, we estimate a dot density of abou
31010cm22. The dots are expected to be coherent, i
dislocation-free. Noncoherent dots under our conditions
cur very infrequently and only show up as clusters for high
amounts of InAs deposition as shown in Fig. 1 of Ref. 1
Therefore, if no additional dislocations are inserted into
material during overgrowth, we can exclude dislocation
fects. From AFM and optical measurements as well as fr
TEM studies of InAs dots we have no general indicatio
that additional dislocations are created during overgrowt18

Also, using the experimental techniques employed in t
work it is possible to get information on the spatial locati
of defects. We have no indications of specific defects situa
at the site of the dots.

Another important question is the extent of group-V inte
mixing in the dots during epitaxial overgrowth. The inte
mixing phenomenon is complex and, to our best knowled
no detailed analytical values for the here-investigated d
are available. However, there is a clear trend in the direc
of highly As-rich material. InAs dots can easily be produc
by a P-As exchange reaction when AsH3 reacts with an InP
surface. The As incorporation and replacement of P atom
indeed dominating. A study of the effects of simultaneo
introduction of AsH3 ~arsine! and PH3 ~phosphine! into the
reactor was reported in Ref. 17 and it was found that
optical properties of the formed dots were almost identica
©2002 The American Physical Society04-1
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when dots were grown with AsH3 only. It should be men-
tioned that the high As/P incorporation ratio in general
known already since the fundamental investigations of S
uelsonet al.19

Schottky junctions were prepared by evaporating a se
transparent 100-Å thick gold layer through a contact m
with circular apertures having a diameter of about 550mm.
The back ohmic contact was formed by alloying Au-Ge
the n1-InP substrate.

In this work the optical properties of InAs dots were stu
ied employing the photocapacitance technique. Optically
duced charging of dots located in the space-charge regioW
of a Schottky junction result in changes inW that can be
monitored by measuring the differential capacitance~more
details can be found in Ref. 14!. In general, illumination of
our samples induces an initial steplike increase in cap
tance,DC, followed by a slow transient. We show thatDC
corresponds to loading of holes in the dots, whereas the s
transient stems from current generated in the dots. We
traps situated in the space-charge region of the Scho
junction as internal probes to monitor these currents.

In Fig. 1 we have plotted the spectral distribution of t
initial slope s of the slow capacitance transient@i.e., s
5dC(t)/dtu t50#, normalized with respect to the photon flu
Several important features implying that the photorespons
related to the dots are readily noticed. A temperatu
dependent threshold energy of about 0.60–0.65 eV is
served. The roughly exponential energy dependence of
photoresponse in the threshold region reflects the inhom
neous broadening of the quantum dots. The peak observ
0.70 eV in the 200.8-K spectrum is in excellent agreem
with the fundamental transition observed in absorption.6 At
higher energy, a plateau region exists wheres is constant
over an energy range of about 150 meV. The magnitude os
in this region varies strongly with temperature. As an inse

FIG. 1. Spectral distribution ofs measured at three differen
temperatures. The inset shows an Arrhenius plot ofs taken at the
photon energy 0.775 eV. The arrow indicates the onset of electr
transitions from the dots’ hole ground-state to the conduction b
of the barrier.
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Fig. 1 we show the Arrhenius plot ofs taken at the photon
energy 0.775 eV. Interestingly, a perfect exponential dep
dence over three orders of magnitude is observed with
activation energy of about 0.16 eV. This activation energy
close to the ground-state energy of about 0.17 eV for e
trons in InAs dots~measured relative to the band edge of t
InP barrier! as reported by us in Ref. 11. Furthermore, the
is a correlation between the optical response and the
applied to the sample showing that the excitation proc
occurs at the spatial location of the dots. The observed p
tocapacitance signals are always positive. Since the mat
is weaklyn-type the induced charge therefore has to be po
tive. It is tempting to attribute this charge to holes stored
the dots. We note however that neither illumination w
low-energy photons (hv.0.43 eV) nor increasing the tem
perature leads to the expected reemission of trapped h
back to the valence band of the InP barrier. Instead we fo
that the only way to remove the charge was to basica
short-circuit the sample. This implies that the charge mus
located much closer to the sample surface than the dot la

A model that can account for all the experimental fa
discussed above is presented in the following. Resonant
mination with photons of energy smaller than the seco
threshold at about 0.86 eV~marked by an arrow in Fig. 1 and
discussed later in the text! creates electron-hole pairs in th
dots. The electrons and holes quickly thermalize to
ground state where after they escape to their respective b
or recombine depending on the temperature. The obse
flat plateau region reflects the fact that the electrons
holes initially thermalize. The relevant electronic proces
can principally be described by the rate equations

d^ f n&
dt

5G2R2
^ f n&
tn

, ~1!

d^ f p&
dt

5G2R2
^ f p&
tp

, ~2!

whereG is the excitation rate,R the recombination rate, an
tn and tp the time constants for emission of electrons a
holes to the respective band. Both these emission time c
stants comprise an optical part and a thermal part, i.e.,tn,p

5@(1/tn,p
o )1(1/tn,p

t )#21. The optical emission time constan
tn,p

o is obviously due to the excitation light~G! itself. Since
the electrons are weakly bound,tn

o is also strongly affected
by blackbody radiation from the surroundings. The imp
tance of this radiation has previously been noted in de
spectroscopy on shallow impurities. The thermal emiss
time constants are governed by well-known Arrhenius
pressions of 1/tn,p

t 5A exp(2DEn,p /kT), whereDEn,p is the
binding energy for the electrons and holes, respectively.
preexponential factorA is very large, primarily due to a large
capture cross section, which makes thermal emission p
sible to observe in spite of the fact thatDEn,p@kT. ^ f n&
and^ f p& are the average occupancies of the electron and
ground states in the dots.

Under the present experimental conditions of weak ex
tation (mW) andtp@tn , R'^ f n&/t r , wheret r is the exci-
ton lifetime. The steady-state solutions to Eqs.~1! and~2! are

ic
d
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therefore given by ^ f n&5G@t rtn /(t r1tn)# and ^ f p&
5G@t rtp /(t r1tn)#. Effectively, each dot acts as a tin
temperature-dependent source of electron and hole curr
both with magnitudeI n,p5qG@t r /(tn1t r)#. As an ex-
ample, we plot the photocurrent due to a single InAs qu
tum dot excited with 0.775 eV as an inset in Fig. 2. For t
plot G andt r were taken from simulations described belo
whereastn was experimentally determined. On their way
the surface of the sample the holes subsequently get cap
by traps. This charging process is observed as a capacit
transient. We do not dwell on the possible origin of the tra
except noting that DLTS measurements show that deep t
are present in the samples. For the plateau region observ
elevated temperatures in Fig. 1 ist r!tn'tn

t leading to cur-
rents, and thus capacitance transients, with a temperatur
pendence governed byDEn in agreement with the inset. In
contrast, at low temperatures the emission time constan
electrons is dominated by optical excitation, i.e.,tn'tn

o .
Since this source of excitation is relatively weak we wou
expect the corresponding current to be orders of magnit
smaller than actually observed~open circles in Fig. 1!. We
therefore attribute the low-temperature response to mid
background defects present in all our samples.

Besides acting as a minute current generator, each dot
stores a net amount of holes given by^ f p&2^ f n&'^ f p&
5@t rtp /(t r1tn)#G. The total accumulation of holes in a
dots is experimentally detected as a small initial steplike
crease in capacitance,DC. We verify that the signal indeed
stems from accumulation of holes in the dots by noting t
the capacitance signal vanishes when the sample is illu
nated with low-energy photons as described previously~or if
the temperature is raised!. DC can be converted into the tota
amount of holes stored in all dotsn, using the expression
DC/C5nL/(W2ND). HereC is the capacitance measured
the detection bias~23 V in our case!, L is the distance of the
dot layer from the surface, andW is the width of the space
charge region of the Schottky junction. Since the average

FIG. 2. Comparison between experimentally observed net a
mulation of holes in the dots~solid circles! and those theoretically
calculated~solid line!. The inset shows the temperature depende
of the photocurrent generated in a single InAs dot.
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density is approximately known,^ f p& can readily be calcu-
lated. In Fig. 2 we plot the accumulation of holes for t
typical excitation energy 0.775 eV~solid circles!, together
with the results from a fitting to the expression for^ f p&
above ~solid line!. For the fitting procedure we have use
emission time constants (tn,p) extrapolated over many or
ders of magnitude from experimentally determined value11

Such an extrapolation is necessary since our setup ca
measure time constants smaller than about 1 ms. We th
fore consider the agreement between theory and experim
to be good. It should be added that a perfect agreement c
easily be obtained assuming that the effective energy bar
for electrons and holes become slightly smaller at high te
peratures. This is not unreasonable if other processes suc
e.g., phonon-assisted tunneling become important. In the
ting procedure we obtained a generation rateG5185
electron-hole pairs/s and an exciton lifetimet r52 ns. We
have also verified the expected dependence of^ f p& on the
photon flux. At high temperatures wheretp'tp

t the accumu-
lation scales with the fluxF, sinceG}F. At lower tempera-
tures wheretp'tp

o the accumulation is basically insensitiv
to the flux sincetp

o}1/F. For all temperatures relevant t
this discussion istn'tn

t .
The second threshold at about 0.86 eV, observed at 7

in Fig. 1 ~indicated by an arrow!, reflects an increase in pho
tocurrent due to an electronic transition from the dots’ h
ground state to the conduction band of the barrier. Add
the ground-state energy for holes of 0.43 eV and taking i
account the influence of inhomogeneous broadening on
onset of the photoresponse discussed previously we ob
an energy in good agreement with the band gap of InP~1.40
eV!. It is also possible that the excitation involves states
the wetting layer.1 This layer, always present in the Stransk
Krastanow growth mode, is a thin strained quantum w
with a thickness of only about 1 ML on top of which the do
are formed. In the barrier the electrons are efficiently sw
away by the inherent electric field of the Schottky junctio

u-

e

FIG. 3. Spectral distribution of the photocapacitance signal~left
y axis! due to charging of the InAs dots and the correspond
average number of holes/dot~right y axis!.
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BRIEF REPORTS PHYSICAL REVIEW B 65 073304
effectively leading to the caset r@tn and a corresponding
photocurrentI n,p5qG. The photocurrent thus reveals th
spectral response ofG itself.

The increase in photocurrent in this energy range is
companied by a large initial steplike increase in capacita
due to loading of holes in the dots. In Fig. 3 we plot th
spectral distribution of this capacitance signal, converted i
the average number of holes/dot. The onset is appare
slightly larger as compared to the 0.86 eV observed in Fig
We attribute this discrepancy mainly to the fact that the s
nal in Fig. 3 has only been measured over two orders
magnitude. Interestingly, the spectral distribution becom
flat for photon energies exceeding about 1.10 eV. We und
stand this saturation in the following way: The absolu
value of the capacitance signal gives the width of the spa
charge regionW from the relationC5««0(A/W), whereA is
the area of the Schottky junction and««0 the dielectric con-
stant. In reality, the edge of the space-charge region is
sharp due to the Debye tail, but still the approximation
expected to be good. In the experiment we observe that
saturation in accumulation occurs whenW corresponds to the
position of the dot layer. In other words, the charging of t
dots results in a contraction of the space-charge region u
en

v.

.

W

, W

M

P
ff

r
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the point where electrons start to diffuse from the bulk in
the dots, which render further loading of holes impossib
This model is furthermore supported by the fact that a sli
decrease in the quiescent reverse bias~corresponding to a
small change inW! instantaneously results in a decrease
the amount of holes stored in the dots.

In conclusion, we have reported on optically induc
charge storage effects and current generation in s
assembled InAs quantum dots embedded in an InP ma
Illumination with photons of energy higher than about 0.
eV results in transitions from hole states of the dots
conduction-band states in the barrier that efficiently load
dots with a maximum of about 1 hole/dot. The spectral
sponse at lower photon energy is strongly enhanced at
evated temperatures. We discuss this effect at length usi
detailed balance model taking into account both thermal
optical emission processes.
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