PHYSICAL REVIEW B, VOLUME 65, 073304

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. lllumination 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 hanometer-scaled temperature-dependent current generators.
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A self-assembled semiconductor quantum @®AD) is a  charging, and the related current generation, in InAs dots
nanometer-sized semiconductor box embedded in a matrix dfuried in InP are discussed at length. Previous studiese
another semiconductor material. The dots are naturally decited abovg mainly address thermal emission rates of either
fined by the so-called Stranski-Krastanowrowth mode electrons or holes confined to the dots, or the dots’ electronic
without any lithography steps. The formed dots can subsestructure. As opposed, hereto we model the optical charging
quently be capped with epitaxial quality barrier material inand current generation by simultaneously taking into account
one single growth run without intermediate exposure of thecompeting thermal and optical escape processes involving
interfaces. The dots’ small size in conjunction with the dif- both the conduction and valence bands, as well as exciton
ference in materials confine electrons and holes in all thregecombination, and show that the model is in good agree-
dimensions in atomiclike states. During the last few years @nent with experimental results for InAs dots embedded in
lot of attention has been devoted to the growth and charadnP.
terization of SAD’s. The strong interest is motivated by their The samples used in this study were grown by metal or-
potential for future photonics and high-speed electronics, aganic chemical vapor deposition. Details on the growth pro-
well as by their intriguing electronic properties. To our bestcedure can be found in Ref. 17. The dots are incorporated in
knowledge, the electronic structure of SAD’s has hithertothe middle of a 4um not-intentionally doped(n type
been investigated primarily by photoluminescence spectros=10cm3) InP epitaxial layer. From atomic force micros-
copy and photoluminescence excitation spectroséoby. copy (AFM) measurements of uncapped samples grown un-
More recently SAD’s have also been addressed with absorgler similar conditions, we estimate a dot density of about 2
tion spectroscopy® tunneling capacitance spectroscéfly, *x10°cm 2. The dots are expected to be coherent, i.e.,
and space-charge spectroscopy, e.g., deep-level transiafislocation-free. Noncoherent dots under our conditions oc-
spectroscopy(DLTS) and photocapacitance’® The latter  cur very infrequently and only show up as clusters for higher
family of experimental techniques was traditionally invokedamounts of InAs deposition as shown in Fig. 1 of Ref. 17.
in the study of deep levels in semiconducttfs. Therefore, if no additional dislocations are inserted into the

So far, most studies have focused on InAs SAD’s in GaAgnaterial during overgrowth, we can exclude dislocation ef-
and InP SAD’s in GalnP. Considerably less attention hadects. From AFM and optical measurements as well as from
been given to InAs SAD’s embedded in a matrix of InP. TEM studies of InAs dots we have no general indications
These dots are very interesting from the point of view ofthat additional dislocations are created during overgrdfith.
fundamental physics due to unusually large confinement erAlso, using the experimental techniques employed in this
ergy for holes of about 0.43 eYRef. 11) and a complex work it is possible to get information on the spatial location
electronic structur@ The dots are also suitable as active me-of defects. We have no indications of specific defects situated
dia in optoelectronic components compatible with the wave-at the site of the dots.
length range of fibers(1.5-1.8 um), e.g., temperature- Another important question is the extent of group-V inter-
insensitive lasers with low threshold current. mixing in the dots during epitaxial overgrowth. The inter-

Another important application area for SAD’s is in mixing phenomenon is complex and, to our best knowledge,
memory devices. Lundstroret al. recently reported on an no detailed analytical values for the here-investigated dots
optical quantum dot memory capable of storing excitons forare available. However, there is a clear trend in the direction
typically seconds at 3 R° The large confinement energy of of highly As-rich material. InAs dots can easily be produced
0.43 eV for holes discussed in the present work facilitatedy a P-As exchange reaction when Asi¢acts with an InP
memory devices where holes can be stored for hours even atirface. The As incorporation and replacement of P atoms is
77 K180 order to realize optical memory devices it is of indeed dominating. A study of the effects of simultaneous
course important to understand the relevant processes for optroduction of AsH (arsing and PH (phosphing into the
tical charging of the dots. The present paper addresses thisactor was reported in Ref. 17 and it was found that the
issue. The competing processes that actually govern opticalptical properties of the formed dots were almost identical as
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Fig. 1 we show the Arrhenius plot ef taken at the photon

10" _ energy 0.775 eV. Interestingly, a perfect exponential depen-
200.8K dence over three orders of magnitude is observed with an
1071 activation energy of about 0.16 eV. This activation energy is

close to the ground-state energy of about 0.17 eV for elec-
1071 trons in InAs dotgmeasured relative to the band edge of the
InP barriey as reported by us in Ref. 11. Furthermore, there
is a correlation between the optical response and the bias
applied to the sample showing that the excitation process
8B=162 me occurs at the spatial location of the dots. The observed pho-
tocapacitance signals are always positive. Since the material
is weaklyn-type the induced charge therefore has to be posi-
tive. It is tempting to attribute this charge to holes stored in
1 T the dots. We note however that neither illumination with
1072 L \ o AN low-energy photonsHv>0.43eV) nor increasing the tem-
060 070 080 090 1.00 1.10 1.20 perature leads to the expected reemission of trapped holes
Energy (eV) back to the valence band of the InP barrier. Instead we found
that the only way to remove the charge was to basically
FIG. 1. Spectral distribution of- measured at three different Short-circuit the sample. This implies that the charge must be
temperatures. The inset shows an Arrhenius plot-a@ken at the located much closer to the sample surface than the dot layer.
photon energy 0.775 eV. The arrow indicates the onset of electronic A model that can account for all the experimental facts
transitions from the dots’ hole ground-state to the conduction bandliscussed above is presented in the following. Resonant illu-
of the barrier. mination with photons of energy smaller than the second
threshold at about 0.86 elvharked by an arrow in Fig. 1 and
when dots were grown with AsHonly. It should be men- discussed later in the textreates electron-hole pairs in the
tioned that the high As/P incorporation ratio in general isdots. The electrons and holes quickly thermalize to the
known already since the fundamental investigations of Samdround state where after they escape to their respective band,
uelsonet al1? or recombine depending on the temperature. The observed
Schottky junctions were prepared by evaporating a semiflat plateau region reflects the fact that the electrons and
transparent 100-A thick gold layer through a contact maskoles initially thermalize. The relevant electronic processes
with circular apertures having a diameter of about 560. ~ ¢an principally be described by the rate equations
The back ohmic contact was formed by alloying Au-Ge to

¢ (arb. units)

La (initial slope (arb. units))
b h s — s

then™-InP substrate. M:G_R_ () (1)
In this work the optical properties of InAs dots were stud- dt Tn

ied employing the photocapacitance technique. Optically in-

duced charging of dots located in the space-charge rédfion d(fp) —G_R_ @ @

of a Schottky junction result in changes W that can be dt T

monitored by measuring the differential capacitafcere . o L
details can be found in Ref. 14in general, illumination of whereG is the excitation rateR the recombination rate, and

our samples induces an initial steplike increase in capaciln @nd 7p the time constants for emission of electrons and
tance,AC, followed by a slow transient. We show thAC holes to the r_especuve_band. Both these emission time con-
corresponds to loading of holes in the dots, whereas the sloffants comprise an ?Fit'cal part and a thermal part, 4.,
transient stems from current generated in the dots. We usgl(1/7n,p) +(1/m )] ". The optical emission time constant
traps situated in the space-charge region of the Schottkgn,p iS Obviously due to the excitation lighi€) itself. Since
junction as internal probes to monitor these currents. the electrons are weakly bounef, is also strongly affected

In Fig. 1 we have plotted the spectral distribution of theby blackbody radiation from the surroundings. The impor-
initial slope o of the slow capacitance transiefite., o tance of this radiation has previously been noted in defect
=dC(t)/dt|;—o], normalized with respect to the photon flux. spectroscopy on shallow impurities. The thermal emission
Several important features implying that the photoresponse #me constants are governed by well-known Arrhenius ex-
related to the dots are readily noticed. A temperaturepressions of %’p=Aexp(—AEn,p/kT), whereAE, , is the
dependent threshold energy of about 0.60-0.65 eV is oldinding energy for the electrons and holes, respectively. The
served. The roughly exponential energy dependence of thgreexponential factoh is very large, primarily due to a large
photoresponse in the threshold region reflects the inhomogeapture cross section, which makes thermal emission pos-
neous broadening of the quantum dots. The peak observed sible to observe in spite of the fact thaE, ;>kT. (f)
0.70 eV in the 200.8-K spectrum is in excellent agreemenand(f ;) are the average occupancies of the electron and hole
with the fundamental transition observed in absorpfiét.  ground states in the dots.
higher energy, a plateau region exists wherés constant Under the present experimental conditions of weak exci-
over an energy range of about 150 meV. The magnitude of tation (uW) and 7,>7,, R~(f,)/7,, wherer, is the exci-
in this region varies strongly with temperature. As an inset inton lifetime. The steady-state solutions to Eds.and(2) are
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T FIG. 3. Spectral distribution of the photocapacitance sigiedt
FIG. 2. Comparison between experimentally observed net accy @IS due to charging of the InAs dots and the corresponding
mulation of holes in the dotésolid circleg and those theoretically —average number of holes/datght y axis).
calculatedsolid line). The inset shows the temperature dependence

of the photocurrent generated in a single InAs dot. density is approximately knowr{f,) can readily be calcu-

therefore given by (f)=G[77y/(7+ )] and (f,) Iatgd. In Fi_g. .2 we plot the accumulgtior_1 of holes for the
=Gl r,7y/(7,+7,)]. Effectively, each dot acts as a tiny ty_p|cal excitation energy _O._775 elsolid cwcles),_ together
temperature-dependent source of electron and hole curreni¥ith the results from a fitting to the expression fioiry)

both with magnitudel, ,=qG[ 7, /(r,+7,)]. As an ex- abo-ve.(sohgl ling). For the fitting procedure we have used
ample, we plot the photocurrent due to a single InAs quane€mission time constantsr( ;) extrapolated over many or-
tum dot excited with 0.775 eV as an inset in Fig. 2. For thisders of magnitude from experimentally determined vafdes.
plot G and 7, were taken from simulations described below, Such an extrapolation is necessary since our setup cannot
whereasr,, was experimentally determined. On their way to measure time constants smaller than about 1 ms. We there-
the surface of the sample the holes subsequently get capturéere consider the agreement between theory and experiment
by traps. This charging process is observed as a capacitantzbe good. It should be added that a perfect agreement could
transient. We do not dwell on the possible origin of the trapseasily be obtained assuming that the effective energy barriers
except noting that DLTS measurements show that deep trager electrons and holes become slightly smaller at high tem-
are present in the samples. For the plateau region observedgdratures. This is not unreasonable if other processes such as,
elevated temperatures in Fig. 11s<t,~ 1, leading to cur-  e.g., phonon-assisted tunneling become important. In the fit-
rents, and thus capacitance transients, with a temperature déng procedure we obtained a generation rabe=185
pendence governed hyE, in agreement with the inset. In electron-hole pairs/s and an exciton lifetimg=2 ns. We
contrast, at low temperatures the emission time constant fqfave also verified the expected dependencéfgf on the
electrons is dominated by optical excitation, i.€,~7,.  photon flux. At high temperatures wherg~ 7\, the accumu-
Since this source of e>_<C|tat|0n is relatively weak we W0_“|dlation scales with the flu, sinceGo®. At lower tempera-
expect the corresponding current to be orders of magn'tUdﬁJres wherer,~ 7-3 the accumulation is basically insensitive

smaller than actually observédpen circles in Fig. 1 We . o
therefore attribute the low-temperature response to midga0 the flux sincer,= 1/tq>_ For all temperatures relevant to

background defects present in all our samples. his discussion isp~ 7 .
Besides acting as a minute current generator, each dot also The second threshold at about 0.86 eV, observed at 77 K

stores a net amount of holes given Kfj,)—(f)~(f,) in Fig. 1 (indicated by an arrqw reflec_t§ an increase in pho-
=[ 7,7/ (7, + 7,)]G. The total accumulation of holes in all tocurrent due to an electronic transition from the dots’ hole
dots is experimentally detected as a small initial steplike inground state to the conduction band of the barrier. Adding
crease in capacitancAC. We verify that the signal indeed the ground-state energy for holes of 0.43 eV and taking into
stems from accumulation of holes in the dots by noting thagccount the influence of inhomogeneous broadening on the
the capacitance signal vanishes when the sample is illumnset of the photoresponse discussed previously we obtain
nated with low-energy photons as described previo(miyf  an energy in good agreement with the band gap of(In#0

the temperature is raispd\C can be converted into the total eV). It is also possible that the excitation involves states in
amount of holes stored in all dotg using the expression the wetting layet. This layer, always present in the Stranski-
AC/C=nL/(W?Np). HereC is the capacitance measured at Krastanow growth mode, is a thin strained quantum well
the detection biaé—3 V in our casg L is the distance of the with a thickness of only about 1 ML on top of which the dots
dot layer from the surface, and is the width of the space- are formed. In the barrier the electrons are efficiently swept
charge region of the Schottky junction. Since the average daway by the inherent electric field of the Schottky junction,
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effectively leading to the case > 7, and a corresponding the point where electrons start to diffuse from the bulk into
photocurrentl, ,=qG. The photocurrent thus reveals the the dots, which render further loading of holes impossible.
spectral response @ itself. This model is furthermore supported by the fact that a slight
The increase in photocurrent in this energy range is acdecrease in the quiescent reverse kiemresponding to a

companied by a large initial steplike increase in capacitancemall change ifW) instantaneously results in a decrease in
due to loading of holes in the dots. In Fig. 3 we plot thethe amount of holes stored in the dots.

spectral distribution of this capacitance signal, converted into | conclusion, we have reported on optically induced
the average number of holes/dot. The onset is apparent%arge storage effects and current generation in self-
slightly larger as compared to the 0.86 eV observed in Fig. 1ocsembled InAs quantum dots embedded in an InP matrix.
We attribute this discrepancy mainly to the fact that the sigyjymination with photons of energy higher than about 0.86
nal in Fig. 3 has only been measured over two orders ofy resyits in transitions from hole states of the dots to
magnitude. Interestingly, the spectral distribution becomesgqnqyction-band states in the barrier that efficiently load the
flat for photon energies exceeding about 1.10 eV. We undefyqis with a maximum of about 1 hole/dot. The spectral re-
stand this saturatipn in the follpwing way: The absolutesponse at lower photon energy is strongly enhanced at el-
value of the capacitance signal gives the width of the spacesyated temperatures. We discuss this effect at length using a

charge regioW from the relationrC=eeo(A/W), whereAis  getajled balance model taking into account both thermal and
the area of the Schottky junction aed, the dielectric con-  optical emission processes.

stant. In reality, the edge of the space-charge region is not

sharp due to the Debye tail, but still the approximation is The authors gratefully acknowledge financial support
expected to be good. In the experiment we observe that thieom the Swedish Natural Science Council, the Swedish Na-
saturation in accumulation occurs whéhcorresponds to the tional Board for Industrial and Technological Development,
position of the dot layer. In other words, the charging of thethe Swedish Research Council for Engineering Sciences, and
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