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Abstract. Capacitance spectroscopy is used to study electronic properties of self-assembled InAs quan-
tum dots. The capacitance-voltage, C(V), measurements in combination with the magneto-capacitance,
C(B), results make it possible to investigate the electrostatic profile of a series of single-barrier n-i-n
GaAs/AlAs/GaAs heterostructures incorporating a layer of self-assembled InAs quantum dots in the
AlAs barrier. We find that the negative charge associated with electron filling of the dots is closely
compensated by a positive charge in the AIAs barrier, which we ascribe to ionised defects or impurities,
possibly in association with the quantum dots. It is shown the compensation degree considerably de-

pends on the growth conditions.
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Introduction

A semiconductor quantum dot (QD) is the ultimate quan-
tum-confined system. Its unique electronic properties rely
on the delta-function-like energy dependence of the density
of states due to the quantum confinement of carriers in all
three dimensions [1]. At the same time, to exploit these prom-
ising properties in a new generation of devices, the lateral
dimensions of the structures have to be smaller than the prin-
cipal characteristic length — the de Broglie wavelength of
electrons. The second basic requirement is uniformity in the
size and shape of a large ensemble of QDs densely packed
in the active volume of the device. Among the existing tech-
niques of QD fabrication, direct heteroepitaxial growth of
highly strained structures by MBE and MOVPE (self-or-
ganized Stranski-Krastanov heteroepitaxial growth [2]) has
gained great interest because of the possibility to obtain struc-
tures with a desired shape and, most important, narrow size
distribution [3]. The success achieved by this technique in
recent years attracts much interest to the optical and elec-
tronic properties of QD arrays. A lot of works were made to
characterise the energy and density of electronic states, elec-
trical transport, and recombination processes in the QDs.
This has been done using photoluminescence [4—6] and elec-
trical techniques [7, 8]. Another method is using capacitance
[9-11] or magneto-capacitance spectroscopy [12, 13]. Ca-
pacitance studies are very promising for investigation of QD-
contained structures and QD electronic states because of their
high sensitivity to the charge transferred through the struc-
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ture. Note that most of capacitance measurements were made
on Schottky barrier structures. Such structures have definite
advantages, because by applying voltage we can scan through
the energy spectrum of QDs. However, the band bending
initially present in these structures does not allow observing
the effects associated with piezoelectric fields and interface
states. Besides, practically all experiments have been car-
ried out on QDs embedded in GaAs matrix.

In this paper we investigate the capacitance-voltage,
C(V), and magneto-capacitance, C(B), characteristics of a
series of single-barrier n-i-n GaAs/AlAs/GaAs hete-
rostructures incorporating a layer of self-assembled InAs
QDs in the AlAs barrier. The thicknesses of the layers of
AlAs deposited before and after the InAs QD growth are
varied. The C(V) and C(B) results are compared with those
for a reference sample having no InAs and a sample in which
InAs thickness is such that a continuous wetting layer (WL)
of InAs is grown. The shape of the C(V) curve can be un-
derstood in terms of a simple device model discussed in this
paper. The net charge density in the QD-containing barrier
is determined from analysis of the C(V) results in combina-
tion with the C(B) results, and is confirmed using results
from the reference sample. We find the net charge in all QD
samples to be close to zero or positive at zero bias applied.
The effect of this charge is to radically alter the picture of
the band bending in the devices in comparison to the model
derived from consideration of only the QD electronic states
[13].
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Experimental procedure

The samples presented in this study were grown on a
(100) n*GaAs substrate using MBE and all consist of n-type
GaAs devices with an AlAs tunnel barrier region surrounded
by 100 nm not intentionally doped spacers to minimise the
effect of dopant diffusion into the central barrier region.
These spacers are then enclosed by 100 nm of n-type lightly
doped (10'° cm™) GaAs layer, followed by 100 nm doped to
107 cm, and then a heavily doped (10" cm™) contact layer.
The reference sample consists of a 10 nm AlAs single bar-
rier, while the WL sample consists of an AlAs double bar-
rier structure enclosing 1.4 ML of InAs. The QD samples
consist of an InAs QD layer enclosed in AlAs layers grown
previously and subsequently to the QD growth. The QDs
are produced by deposition of 1.8 ML of InAs at a growth
temperature of 520°C. Layer parameters for the samples stud-
ied in this work are shown in Table 1. The band diagram of
the samples at zero voltage and under bias is schematically
shown in fig. 1. Electrical contacts were formed on the doped
GaAs layer by AuGe alloying, and devices were fabricated
into mesas of 200 um diameter. In this paper, the conven-
tion of negative substrate for forward bias is used. All ca-
pacitance measurements were made with a HP 4275A Multi-
Frequency LCR Meter, in a variable temperature cryostat.
The frequency range of the C(V) analyser was from 10 kHz
to 10 MHz. No discernible difference in the functional form
of the C(V) curve was found over this range of frequencies.

Experimental results and discussion

Fig. 2 shows the capacitance-voltage curves of the samples
listed in Table 1. The capacitance values for the WL and
QD samples have each been displaced by 4 pF for clarity.
The capacitance data were obtained using the modulation
amplitude of 2 mV at IMHz with an LCR meter set in paral-
lel RC measurement mode. This measurement treats the sam-
ple as if it were a parallel combination of impedance, R, and
single capacitance, C. Actually, our devices have a more
complex equivalent circuit shown in fig. 1(c). The heavily

Table 1. The layer composition of InAs QD samples and the
reference sample.

Sample Und(arri1 ayer, | nA:/I IeLiyer,, Over::;iyer.
A 51 1.8 51
B 34 1.8 6.4
C 51 1.8 7.2
D 51 1.8 3.8
WL 51 1.4 51
Control ;r?glr:;):rlrf\e? no QDs
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Fig. 1. Schematic band diagrams of the device at zero bias (a) and
0.2V (b), and the equivalent electric circuit of the device (c).

doped regions of the device effectively act as the outer con-
ducting plates of a capacitor. In addition, under a sufficient
bias a two-dimensional electron gas (2DEG) forms in the
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Fig. 2. Capacitance-voltage curves for various devices measured
at 4K and zero magnetic field. Top five curves are displaced verti-
cally by values of AC = 4pF each for clarity.
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accumulation layer adjacent to the left-hand barrier, as shown
in fig. 1(b). It acts as a third region of mobile electron charge.
The parallel impedance combination C, and R, represents
the slab of GaAs between the heavily doped layer and the
2DEG, C, and R, represent the barrier and depletion region
between the 2DEG and the contact, while C, and R, ac-
count for the effect of the impedance of the undepleted lightly
doped region.

It can be seen that there is no clear distinction between
QD and non-QD samples apparent from the C(V) charac-
teristics. All C(V) curves have a common shape for biases
above ~200 mV, characterised by a declining capacitance.
This is what should be expected, as the capacitance of all
samples is simply dominated by that of the depleted contact
region. Most variance seen in the samples is in the shape of
C(V) around zero voltage. There are four samples that ex-
hibit a pronounced dip in C(V), while two of QD samples
show a pronounced peak at zero bias. To understand the
origin of the form of the C(V) dependences, we will follow
the arguments described below.

If at zero bias there is no net charge in the barrier (or
there is a small negative charge), then at low bias voltages
we have accumulation on the left-hand side and depletion
on the right-hand side. In this case, resistances R, and R,
more or less short circuit C, and C,. Also, R, [ o, since the
AlAs barrier is thick and high. So, we are concerned mainly
with the behaviour of C,. The areal capacitance C, is equal
to€g/d. Hered=A_+b+s+ A, where A is the quantum
stand-off distance of the electrons in the 2DEG, s is the
undoped spacer layer thickness, A is the depletion layer
width and A, is the width of the lightly doped contact layer
—see fig. 1(b). Thus, C, will strongly depend on the varia-
tion of A  and A,. The Fang-Howard theory [14] gives
A,~n " and A ~n, where n e is the areal charge in the left-
hand side 2DEG. So, at a low n_ 1/C, is proportional to
n'”, but at a high n_1/C, gradually increases with n_. This
shows qualitatively that there is a maximum in C,, and con-
sequently in the measured capacitance, at a finite n_ (non-
zero voltage), and minimum at zero voltage. The reference
sample has a clear minimum in capacitance at 0 V, a feature
that is shared by the wetting layer sample, and QD samples
A and D. Therefore, the similarity in the capacitance values
at low bias leads to the conclusion that samples A and D
and the reference sample as well as the WL sample are very
similar electrostatically, and that the QD-containing barrier
in samples A and D is almost electrically neutral.

If we assume that the samples have a small positive
charge in the barrier (associated with QDs), then at zero
bias both contacts are accumulated. Under these conditions,
the middle capacitance C, is given by the expression:
1/C,~\, +b+A_, where A and A , are the quantum stand-
off distances of electrons in the 2DEG formed in front and
atrear of the barrier. Both A  and A , will be determined by
sheet density of the 2DEG, ie. A, ~n, Pand A ~n "7,
andn +n, =N, where N is the net posmve charge den—
sity concentrated in the barrier A simple algebra shows that
in the case n , = n,, the capacitance C, has maximum at zero
bias. The behav10ur of C(V) characterlstlcs around zero volt-
age for samples B and C is consistent with this interpreta-
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tion, thus confirming the presence of a net positive charge
in the QD-containing barrier.

In order to probe the structures further, magneto-capaci-
tance measurements were performed at 4K. These included
sweeping the magnetic field B, applied in parallel to the
growth direction, up to ~10 T for a given bias voltage. This
results in the well-known Shubnikov-de Haas-like magneto-
oscillations of the capacitance with a periodicity in 1/B, due
to the Landau levels in the accumulation layer passing
through the Fermi energy [15]. The charge modulation aris-
ing in this case affects the distribution of the electrical po-
tential and screening length, and hence modulates the ca-
pacitance of the device. The frequency of the oscillations of
the fundamental field, B, = [A(1/B)]", is thus related to the
Fermi energy E_ by B,= 2rm*E_/eh, where m* and h are the
effective mass and the Plank constant, respectively. The B,
therefore measures the electronic sheet density of 2DEG in
the accumulation layer n = 2eB /h. Typical traces of C(B)
for the sample A are shown in fig. 3. The values of B, ex-
tracted from the C(B) traces are shown for all the QD sam-
ples in fig. 4.

First of all, the magneto-oscillation series in C(B) are of
interest because they prove the existence of a thermalised
2DEG and allow the electric field F across the barrier re-
gion of the structure to be measured directly: F =n e/€ € . In
a simple single-barrier structure, such as the reference sam-
ple, the charge density in the electron accumulation layer
can be calculated from the applied voltage given the doping
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Fig. 3. Magnetocapacitance oscillations measured at T = 4K and
different bias voltages applied to sample A.
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profile in the depletion region. This is essentially a result of
being able to equate the charge densities in the accumulated
and depleted regions. In a structure where there is poten-
tially an additional charge density with an unknown magni-
tude and bias dependence, such as QD structures, this is not
strictly possible because an additional degree of freedom
has been introduced, i. e. F can have a contribution from
QDs. In this case, the direct measurement of the electronic
charge density in the accumulation layer can be used to cal-
culate the unknown charge density at a given bias, in ex-
actly the same manner as described for the single barrier.
Simply put, the addition of a degree of freedom requires
another one to be ascertained.

The dependencies of B, on the applied voltage shown in
fig. 4 for all samples are very close to linear ones over the
entire voltage range and look very similar, though they ap-
pear to be offset to form a family. The curves for samples B
and C have the largest offset in the set and extrapolate to a
significant positive value at 0 V. This offset points to a posi-
tive net charge in the barrier.

Explanation of the C(V) and C(B) results is that a net
positive charge exists in the single barrier, at least equal in
magnitude to the electronic charge density in the QD layer.
The positive charge attracts electrons to the accumulation
layers adjacent to the barrier and thus induces the devia-
tions from the capacitance of the reference sample, exhib-
ited most clearly by samples C and D. The electrons accu-
mulated in the collector under a finite bias will rapidly de-
plete, and the differential capacitance will return to values
very similar to the reference sample, as is seen.

Although the simple model of equivalent circuit used by
us can reproduce the general features of the C(V) and C(B)
curves, the model is insufficiently realistic to predict the re-
sults quantitatively, and hence cannot be used for accurate
calculations of any charge densities in the QDs.

Instead, the difference in the C(V) and C(B) types of
measurement can be exploited. The C(V) trace in principle

10

can be integrated to give the total transferred charge as func-
tion of voltage, though this requires the effective area to be
given very accurately. The B, values from the C(B) traces
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Fig. 6. The values of capacitance at zero voltage versus An . Solid
line presents the least-squares fit.

yield directly the charge sheet density, n, in a particular
region, the 2DEG. Fig. 5(a) shows the sheet density calcu-
lated using the B, data and integrated C(V) (scaled to give
n) data for the reference sample. The agreement is excel-
lent, given only the mesa radius has been adjusted (within
several percents) to bring the curves into agreement. It should
be noted that the effect of processing inaccuracies, leading
to different device sizes than expected, and stray capaci-
tance will both be subsumed in this single correction. The
variation in the device capacitance is sufficiently small, so
that a small series stray capacitance will only lead to an
approximately constant reduction in the measured value, and
thus it mimics the change in the device area. However, the
main point to be noted is that the curves are in agreement
for all bias values. Fig. 5(b) shows a similar graph for the
integrated C(V) and n_values for sample C. In this case, the
mesa area and a 0 V offset (vertical shift of the curve on the
whole) added to the integrated C(V) are used to bring the
curves to a fit. The offset used corresponds to a net charge
density in the barrier of 1.510'° cm. The fit is again excel-
lent over the entire bias range. Note that the An_value ob-
tained is similar to the value one could obtain from inspec-
tion of fig. 4. Effectively, the alignment of the curves over
the entire bias range allows making a deduction about the
behaviour at 0 V. As the C(V) around 0 V and the n_(or B))
series are close to one another, there appears to be a finite
density in the accumulation layers at 0 V.

The same procedure has been performed for all QD sam-
ples, and the results are shown in fig. 6, where the extracted
An_ values are plotted versus C(0). Extrapolating the points
linearly to zero, An_ value, which effectively assumes the
electrical neutrality in the barrier of the reference sample,
gives the capacitance value very close to that of the refer-
ence sample. The result confirms our explanation of the zero-
field C(V) at low temperatures.
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Summary

In conclusion, we investigate the C(V) and C(B) character-
istics of a series of single-barrier n-i-n GaAs/AlAs/GaAs
heterostructures incorporating a layer of self-assembled InAs
quantum dots in the AlAs barrier. Some of the samples show
minima and some maxima in the zero-field C(V) at low tem-
peratures. This provides information about the degree of
accumulation in the GaAs layers adjacent to the barrier at
zero bias. We have shown that the reference sample exhibits
the same behaviour as the WL sample, implying electrical
neutrality in the barrier of these samples. The QD-contain-
ing samples are seen to have a slight excess of positive
charge, leading to electron accumulation at zero bias. This
positive charge in the AlAs barrier, which we ascribe to ion-
ised defects or impurities, possibly in association with the
quantum dots, compensates the negative charge associated
with electron filling of the dots, and the compensation de-
gree considerably depends on the growth conditions, in par-
ticular on the overlayer thickness. There are two interesting
consequences of this arrangement. The first is that there are
electrons brought into close contact with the QDs at zero
bias applied. The coupling of the electrons to the QDs may
be enhanced by this at low biases, and may even lead to
interesting zero-bias tunneling effects. Another consequence
is that positive charge in the QD-containing barrier radi-
cally alters the picture of the band bending in the devices in
comparison to the model taking into account only charging
of the QD states with electrons.
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EMHICHA CIHEKTPOCKOIIISI InAs CAMO-OPITAHI3OBAHUX KBAHTOBHUX TOYOK
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T In
Jlabopamopin ¢izuxku meepoozo mina, Illlseiiyapin

€MHICHa CIIEKTPOCKOIisi BAKOPUCTYETHCS JUTS JOCIIIKESHHS eJISKTPOHHHX BIIACTUBOCTEH caMO-0pranizoBaHuX InAs KBAHTOBUX TOYOK.
BumiproBanHst BonsT-(apanHux xapakTepucTik, C(V), oqHOYaCcHO 3 JaHUMH o0 MarHeTo-eMHOCTi, C(B), 103BONSIOTE HOCTiIKyBaTH
eJIEKTPOCTAaTHUHUH Npodins ogHoOap’epHUX p-i-n GaAs/AlAs/GaAs reTepoCcTpyKTyp, ki MicTITh B AlAs Gap’epi map camo-
opraHizoBaHux InAs KBaHTOBMX TOYOK. MU BU3HAYMIH, 10 HETATUBHHMH 3apsil, MOB’s3aHUH 3 3alIOBHEHHSIM KBAHTOBUX TOYOK
€JIEKTPOHAMHU, Maiike IIOBHICTIO KOMITIEHCYETHCS TIO3UTHBHUM 3apsoM B AlAs 6ap’epi, 1110, Ha HaITy AYMKY, TIOB’I3aHO 3 10HI30BaHIMU
nedexTaMu un TOMIIIKaMH, siKi 00yMOBIIEHI KBAHTOBHMH ToYKaMu. [loka3aHo, 1110 Mipa KOMITEHCALlii CYyTTEBO 3aJISKHUTH BiJl POCTOBUX

YMOB.

EMKOCTHAS CHEKTPOCKOIIUS InAs CAMO-OPITAHU30BAHHBIX KBAHTOBBIX TOYEK
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A. E. benses
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EMKoCTHas CHEKTPOCKOIHS MCHONB3YEeTCs JUTS HCCIICOBAaHMUS YEKTPOHHBIX CBOMCTB CaMO-OpPraHM30BaHHBIX INAS KBAHTOBBIX TOYEK.
V3mepenue Bonbr-dapanusix xapakrepuctuk, C(V), COBMECTHO ¢ JaHHBIMH 1O MarHero-eMkoctd, C(B), mo3BossioT HccnenoBarh
ANEKTPOCTATHIECKHI TTPoduIb oqHOo0aphepHbIX p-i-n GaAs/AlAs/GaAs retepocTpykTyp, comepxamux B AlAs 6apbepe cioit camo-
OpraHu30BaHHBIX [NAs KBaHTOBBIX TOYeK. MBI yCTaHOBHMIIH, YTO OTPUIATENBHBIN 3apsi]l, CBI3aHHBIN C 3aM0JIHEHIEM KBAaHTOBBIX TOYEK
3JIEKTPOHAMH, TIOYTH MOJIHOCTBIO KOMIEHCUPYETCS OJIOKUTEIBHBIM 3apsioM B AlAs Gapbepe, KOTOPBIH, 110 HAallleMy MHEHUIO, CBA3aH
C MOHM30BAaHHBIMH Je(heKTaMi WM MPUMECSIMHU, 0OyCIOBICHHBIME KBAaHTOBBEIMU TOUYKaMH. [loka3aHo, 4TO CTENEHb KOMIICHCAIHH
CYILLIECTBEHHO 3aBUCHUT OT POCTOBBIX YCIIOBHUH.
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