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An electrostatic model was presented for the calculation of the capacitance-voltage characteristics of
a semiconductor structure where quantum dots were embedded. The model was based on the linear
coupling between the contributions of the quantum dots and the bulk host. We further applied
this model to an InAs/GaAs self-assembled quantum dots system. The calculated capacitance was
found in good agreement with the experimental curves, providing parameters of the dots ensemble,

as the excitation energy of the confined electrons.

I Introduction

Self-assembled quantum (SAQDs) dots producing zero-
dimensional electron confinement are usually obtained
growing materials with different lattice parameters
which provides high quality structures. In this work
we study the InAs/GaAs system in which the 7% lat-
tice mismatch between the epitaxial film (InAs) and the
GaAs substrate induces the Stranski-Krastanow growth
mode and then, 3D InAs islands are formed [1]. In order
to investigate the electronic and structural properties of
the dots, electrical methods for characterization such as
the admittance spectroscopy, deep level transient spec-
troscopy and the capacitance-voltage (C-V) technique
are typically used [2, 3, 4, 5].

The energetic distribution of electrons in a system
implicitly includes the physical properties of the system
and it depends essentially on the local density of states
(DOS). In this way, the capacitance-voltage (energy) re-
lationship, measuring the number of charges as a func-
tion of the energy is an useful technique to study the
properties of the confined electrons in quantum dots as
well in other low dimensional semiconductor systems.
Note that the system dimensionality is naturally in-
cluded in the capacitance-DOS relationship. The work
here described deals with the role of the electrical cou-
pling between the quantum dots and the bulk contri-
butions and their influence on the capacitance.

IT Samples and experimental

methods

The structures of the samples [Fig. 1(a)] used in this
study were based on a field effect device[6]. The sam-
ples were grown by molecular-beam epitaxy on (100)
GaAs highly doped substrates. The growth process of
the structures can be summarized as follows: after an
oxide desorption, a GaAs:Si buffer layer was grown at
T = 580°C followed by a doped (GaAs);7/(AlAs),:Si
smoothing superlattice and a 25 nm thick undoped
GaAs layer. The next stage was the formation of the
InAs dots. The temperature was reduced to 500°C (in
order to minimize the process of In segregation) and
an InAs layer with the nominal thickness 2.3 ML was
grown. The formation of the dots was observed after
the deposition of 1.8 ML thick InAs. The temperature
was increased to T = 580°C and an undoped GaAs
layer (25 nm) was grown. At the top of the structures
undoped (GaAs);1/(AlAs), (with total thicknesses 120
nm) superlattices were grown in order to increase the
impedance of the samples and then, allow the voltage
range applied to the samples to be extended. Finally,
in order to prevent surface oxidation in air, the struc-
tures were capped with 5 nm GaAs layers. During the
growth, the InAs and GaAs fluxes were fixed at 0.1 and
0.5 respectively, while Pag = 5x107% Pa.

For the Schottky diode construction, a conventional
ohmic contact was fabricated to the substrate, with an
AuGeNi alloy annealed at 450°C for 120 s; the Schottky
contact was formed by the deposition of a 100 nm gold
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layer with 500 ym diameter. The admittance measure-
ments were carried out using a standard lock-in tech-
nique (using a SR530 Stanford dual phase lock-in am-
plifier) with a 10 mV measuring signal (f = 100 kHz).
The samples were mounted in cryostat coupled with
the measurement system and the C-V curves were mea-
sured at T = 10 K.

IIT Model

Consider the sketch of the energy band diagram de-
picted in Fig. 1(b). Generally, the capacitance of the
whole structure is an unknown function (F’) of the ap-
plied voltage:

B dQ Buik dQ%s aops
C=F|=w—2 —q0 | (1)

where Qg and QngQDs are the charges of the bulk
and those confined in the discrete levels of the SAQDs
(summation is assumed over all occupied states). In or-
der to calculate the capacitance one needs to take into
account the energy dependence of all quantized states
using the Schrodinger’s and Poisson’s equations in a
self-consistent procedure [7].

However, we can use a particular form for the func-
tion F' based on some considerations: we can suppose
that the plane containing the dots acts like an equipo-
tential surface. Considering only the ground state of
the occupied dots one may assimilate that the contri-
bution of the electrons in the SAQDs region will be
a small correction to the depletion layer capacitance.
Due to the proximity between the plane containing the
SAQDs and the highly doped buffer we consider that
these two layers are near the electrostatic equilibrium
[8]. Using this approximation we are describing the sys-
tem as a pure electrostatic system, where the quantum
effects are accounted by the density of states.

The capacitance in a Schottky device is directly re-
lated with the charge inside the depletion region, which
in this case is given by:

QBulk + QsAQDs
= ¢S(Npw —nsagps), (2)

QDepletion

where S is the Schottky contact area, Np is the bulk
doping level, w is the width of the depletion region and
NnsaQDs is the number of electrons in the plane contain-
ing the dots.

Applying a voltage at the Schottky contact and solv-
ing the Poisson’s equation for this voltage we can cal-
culate the electric potential along the structure. Using
t ~ w due to the low doping level of the samples (un-
doped) we obtain

- t t
V= tm + — <1 - 72> Q54QDs, (3)

€s Es
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where ¢, is the dielectric constant of GaAs and t,ts are
defined on Fig. 1(b). Equation (3) gives a general [9]
expression for the electric potential in a structure with
an accumulation layer (low dimensional system) inside
the depletion region and it can be only used when there
is no dc current flowing in the sample. The fraction %
represents the component of the applied voltage at the
plane containing the SAQDs when no band bending is
present; obviously, this is an approximation because the
presence of charges inside the dots always induces some
band bending that was neglected.

By differentiation of eqs. (2) and (3) with respect to
the applied voltage we obtain dQ and dV. After some
algebra and using the definition C' = %, the capaci-
tance of the whole structure was obtained as follows:

C = Ciurk + Csagps, (4)
where [®p is the Schottky barrier height, Fig. 1(b)]

qNDss
CBulk = (| ———, 5
Bulk 2@5 V) (5)
c 4 ™ e vifEe e, ©
SAQDs (It dv o ’ ) ’
where
gV’
De, V) = 549Ds oy, [2 (6 T esaQDs T 45 >
I Ae
(7)
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Figure 1. Panel (a) shows a sketch of the samples and in
panel (b) is shown the corresponding sketch of the energy
band diagram. ®p is the Schottky barrier height, Er is the
Fermi energy.

In the above equations, D(e, V) is the electron den-
sity of states, f(e,V) is the Fermi-Dirac energy dis-
tribution, %V the voltage across the quantum dots.
The local density of states in the InAs SAQDs can be
written in a delta function form in the ideal case (no
dots size dispersion); here, we should include the ef-
fects of the dots size dispersion by taking into account
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a gaussian broadening of the density of states [10] with
a characteristic energy dispersion Ae. esagps is the
excitation energy of the trapped electrons in SAQDs.
Notice that Csagps also takes into account the effects
of the temperature which are included into the Fermi-
Dirac distribution.

]

Csagps "

where e is the Fermi energy. In this case, the tunneling
is the dominant mechanism of the charging/discharging
process of the electron states in the SAQDs. Under the
above simplifying conditions (no dc current flowing in
the structure and no band bending) the capacitance is
a direct method of measuring the DOS[12]. Consider-
ing only the first term of the expansion in eq. (8) in
powers of kT, we are able to use the DOS-capacitance
relantionship in order to identificate the dimensional-
ity of an electron system. However, eq. (8) should be
carefully used (in a qualitative approach) because in an
interating system (as the SAQDs) the DOS depends on
the number of electrons in the system.

The electrical coupling established in eq. (4) also
reflects the incomplete screening of the electric field by
all parts of the structure. The nonabrupt edge of the
depletion region allows a small tail of the field to pen-
etrate through the first barrier [width t;, Fig. 1(b)]
into the SAQDs plane. Thus, when the electric field
is depleting the first barrier, the SAQDs region is also
contributing to the capacitance. The distribution of
electrons in the plane of the SAQDs will not screen en-
tirely the field which penetrates into the second barrier
[width to, Fig. 1(b)]. Then at a given voltage applied
to the Schottky contact all parts of the structure are
contributing to the measured capacitance. Certainly,
the electrical coupling between the barriers and quan-
tum dots depends on the interlayer distances and on
the doping level of these regions.

IV Results and discussion

Next, we applied the model to fit the experimental C-V
curves. Fig. 2 shows both the experimental and the-
oretical curves. The measured capacitance shows two
distinct regions: a well defined peak in the voltage range
from -0.8 to 0.2 V and a plateau like dependence from
0.5 to 1.5 V. This second region will be discussed later.
The behavior of the capacitance in the first range can
be explained as follows: starting at V. = -0.8 V, the
measured capacitance increases due to the filling of the
dots, showing a peak at V = -0.11 V (the peak is broad
due to fluctuations in the dots sizes); if the voltage in-

t2 o ™ e 0%
q" |D(er) + 5 (KT) 9

2

2
F

Capacitance (pF)

D(ep) + —(kT)
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As above mentioned and in accordance with eqs. (4)
and (6) capacitance measurements are well suited for
investigations on the density of states and on the sys-
tem dimensionality. This situation is directly observed
in the low temperature limit (T' — 0) where C'sagps is
well described by [11, 12]

4 4
k2 Dier) + |

360 s

creases, the capacitance signal diminishes because the
dots are completely filled and for a further increase of
the applied voltage, the total capacitance is given by the
contribution of the bulk GaAs. From eq. (6), where it
was used a gaussian function to describe the density of
states, the peak observed in the C-V curves is an evi-
dence of an electron system characterized by a dimen-
sionality lower than two. Since we do not expect the
presence of an one-dimensional system, it seems clear
that the negative differential capacitance in the -0.8 to
0.2 V voltage range confirms the presence of quantum
dots, thus revealing its zero-dimensional character. Eq.
(4) was numerically solved in the low temperature limit
(8) using esagps and Ac as fitting parameters. The
fitting process was limited to the voltage range from
the 1.0 V to -3.0 V, where the contribution of the dots
dominates the capacitance of the structure. The model
reproduces the experimental behavior and the fitted pa-
rameters of the zero-dimensional gaussian distribution
were found to be Eg:chs =110 meV and Ae®~V =94
meV (Fig. 2).

1254 |nASSAQDS

T=10K

electrons at GaAs/top
superlattice
band discontinuity

A

electrons at the
InAs SAQDs

B B P = P
o o B [ N
) a 1S} 3 o
1 1 1 1

©
(3]
1

-1 0 1
Voltage (V)
Figure 2. Experimental (solid line) and calculated (dotted
line) capacitance-voltage curves for the sample with InAs
SAQDs. The negative differential capacitance between -0.8
and 0.2 V is an evidence of the zero-dimensional character
of the quantum dots.

As it is well established, the magnitude of the en-
ergy dispersion of electron states is directly related to
the mean width of the photoluminescence (PL) spec-
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trum [10]. Fig. 3(a) shows the PL measurements
taken at 10 K. We only observe the luminescence lines
related with the electron-hole recombination in the
SAQDs (E = 1.24 €V) and in the GaAs (E = 1.51
eV). The energy E = 1.24eV with an energy broad-
ening of 111 meV (obtained by a gaussian fit), corre-
sponds to an electron level located at 90 meV below
the conduction band of GaAs. It was calculated us-
ing the discontinuity energy for the conduction band
AEcp = 0.85 X (Egqas — Erpas). The other peak at
E = 1.51€V is associated with the luminescence of the
bulk GaAs. The excitation energy (¢saqps) and the
width (Ae) of the PL line associated with the SAQDs
were found in accordance with the capacitance mea-
surements (5153£st =90 meV and AePl = 111 meV).
This is a validation of the proposed model for the cal-
culation of the capacitance-voltage curves.

Due to the sample construction geometry, the elec-
trons can also be localized forming a 2DEG in both
(GaAs)y/(AlAs)11/GaAs top interface (indicated in
Fig. 1) and in the wetting layer. In fact, we observed
the presence of this kind of electron confinement on
the measured capacitance as evidenced by the increase
of the capacitance and the plateau observed from 0.5
V to 1.5 V in Fig. 2. This observation is in accor-
dance with the well defined relationship between ca-
pacitance and density of states: a two dimensional elec-
tron gas (2DEG) presents a step-like density of states
which should produce a plateau-like dependence for the
capacitance-voltage curves [12].

Some experimental facts allowed us to conclude that
the observed plateau should be related to the confined
electrons at the (GaAs)s/(AlAs)11/GaAs top interface:
the PL measurements plotted in Fig. 3(a) did not show
evidences of the contribution of the wetting-layer which
was confirmed by additional Raman scattering mea-
surements, as we recently reported [13]. Also, there
is no evidence of the excited states of the SAQDs in
both the PL spectrum and C-V measurements. By ap-
plying a forward bias to the sample, a 2DEG at the
(GaAs)s/(AlAs)11/GaAs top interface is formed and
a plateau is observed in the C-V curves. At a high
enough voltage the 2DEG is depleted of electrons and
a decrease of the capacitance is observed in the C-V
curves (Fig. 2).

An additional confirmation of the origin of the
plateau in the measured capacitance can be obtained
from the calculation of the spatial distribution of the
charges in this sample calculating the C-V profile
[14, 15],

-2 [dc—2]"!
Neo_v(z) = 5%z, [W} ; 9)
and
=52, (10)

C
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where N¢_y is the density of electrons at z. A very
sharp peak in the electron density was obtained when
using the eq. (9) to calculate the profile [Fig. 3(b)].
This peak at z = 110 nm reflects the electron accumu-
lation at the GaAs/top superlattice as expected from
the analysis of the C-V curves.

54 InAsSAQDs
T=10K
44 E, =270eV

GaAs ( a)

SAQDs

PL intensity (arb. units)

2
1 -
— —————— —————r
1.0 1.2 1.4 1.6 1.8 2.0
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i o~
[ InAs SAQDs electrons at the SAQDs 42.0 %
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5 °1(b) 9
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Figure 3. (a) PL spectrum of the sample with InAs SAQDs
at T = 10 K. The lines at E = 1.24 eV and E = 1.54 eV are
related to the SAQDs and GaAs bulk luminescences, respec-
tively. Panel (b) shows the electron ditribution along the
growth direction. It was calculated using the capacitance-
voltage data.

In the voltage range where the negative differen-
tial capacitance is dominant, the conventional equa-
tions [eq. (9) and eq. (10)] for the C-V calculation
are not valid and thus we use an alternative method
as described in our previous work [5]. In the following
some relevant aspects of this new method are given. An
alternative and direct way for the construction of the
C-V profile in our samples is the calculation of a general
expression for the spatial electronic distribution along
the structure as a function of the total capacitance:

Ne-v(w) = F(C) = F(w) (11)
with

C = G(Cuik,Csaqps) (12)

where w is the depletion region, F', G are unknown
functions. The formal dependence established by the



788 Brazilian Journal of Physics, vol. 32, no. 3, September, 2002

eq. (11) is only possible to obtain if there is a well
defined relation between the capacitance and the de-
pletion width. In a quantum dots system, this relation
cannot be determined because the depletion approxima-
tion is not valid for a system with dimensionality lower
than 3 [the egs. (9) and (10) were deduced in this ap-
proximation]. In other words, an expression which gives
the relation between the electron distribution and the
capacitance like eq. (9) is not possible to be achieved
for a system containing quantum dots.

Describing the system (dots) as a pure electrostatic
system embedded in a bulk structure, the dependence
between the distribution of electrons and capacitance
allowed us to determine the form of function F' as fol-
lows [5]:

Cc3 ACur\ qt1 An
Noy = —Bulk [ —22= 1+ —— 13
ov qss<dV> {Jrasm/} (13)
with
€s
w = S, 14
CBulk (14)

where Cpyy is the capacitance of the bulk structure
without quantum dots. Notice that eq. (13) can be
writen as

Neov = Fi(Cuk) + F2(Csagps). (15)
where
c3 dCrur \ ™"
F (Cur) = % (#) (16)
C3 dCur\ " qt1 An
F s — Z Bulk T huk - -
*(Csaqns) P ( av ) x [es AV]
(17)

This means that the unknown dependence of the
confined electrons upon the width of the depletion re-
gion is determined by the product indicated in function
F5(Csagps) above. The dependence of the function
F5(Csagps) on the nominal position of the dots plane
(t1) give an uncertainty in the amplitude of the C-V
profile. It is worthwhile to notice two points: firstly,
we consider a linear form for the unknown function G
which states the dependence of the total capacitance
[C = Cuk + Csagps, in eq. (12)] on the bulk and
dots capacitance; secondly, the dots contribution in eq.
(13) is proportional to the capacitance of the dots per
unity of charge and area, and implicitly contains the
dimensionality of the confined system through the den-
sity of states.

Using the model described above, the C-V profile
was calculated and the peak at z = 155 nm reflects the
contribution of the electrons confined in the SAQDs

[Fig. 3(b)]. The density of electrons in the plane con-
taining the dots can be obtained from the C-V profile
by the integration of the No_y X w curves [16]: an
average value n ~ 5 x 10%ecm =2 was found.

In summary, this paper presented a study of the
capacitance-voltage characteristics in the InAs quan-
tum dots system embedded in an undoped GaAs ma-
trix. The proposed model reproduces essential fea-
tures of the studied system and it was based on
the analysis of the solution of the Poisson’s equation
and in the well defined relationship between capaci-
tance and density of sates. As a result, the contri-
butions of the electrons confined in zero- (SAQDs),
bi- [(GaAs)s/(AlAs)11/GaAs interface] and three-
dimensional (bulk) states were distinguished in the
measured capacitance. In addition, the energy disper-
sion and the electron excitation energy of the SAQDs
were obtained in close agreement with the photolumi-
nescence measurements.

The authors would like to acknowledge E. Diagonel
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support of Brazilian agencies CNPq and FAPESP is
also acknowledged.
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