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OF SPHERICAL InAs/GaAs QUANTUM DOTS

The electrical properties of manoscale semiconductor InAs/GaAs heterosystems with 2D-
superlattices of spherical quantum dots have been studied. The dependences of the electron
group velocity on the wave vector and the miniband quantum number are obtained. The depen-
dences of the Fermi level of electrons in minibands on the concentration of donor impurities,
donor energy, and temperature are found. The temperature dependences of the majority carrier
concentration and the electrical conductivity are analyzed for various donor concentrations and

energies.
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1. Introduction

Creation of synthetic materials with prescribed phys-
ical properties that cannot be found in the Nature
is one of the major tasks of modern science and en-
gineering. Modern nanomaterial technologies are ca-
pable of creating systems composed of hundreds and
even thousands of nanodimensional building blocks
with extremely diverse structures. One of the most
promising types of those blocks includes semicon-
ductor quantum dots (nanocrystals), which are of-
ten called “artificial atoms” because of their discrete
energy spectrum for various quasiparticles, e.g., elec-
trons (holes) and excitons [1-3].

A significant interest in nanocrystals (NCs) during
the last decades is explained by their unique physi-
cal properties [4-7] and the capability to modify the
latter by varying the nanocrystal volume. Interaction
of NCs with one another and with external electro-
magnetic fields depends on the NC dimensions and
geometry, as well as on the presence of impurities in
them [8-13]. Those dependences are applied in var-
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ious electronic and optoelectronic devices, including
NC-based lasers [14-16], single-photon sources [17—
19], solar cells [20—-22], and photodetectors [23-25].

In the last decade, considerable attention of re-
searchers was focused on multibarrier and superlat-
tice nanoheterostructures. In works [26-28], the mod-
els of effective electron masses and rectangular po-
tentials were used to develop the theory of dynamic
electron conductivity in multibarrier structures with
either a plane or cylindrical shape.

Work [29] was devoted to the study of superlattices
of tunnel-coupled GaAs nanocrystals periodically lo-
cated in the Al,Ga;_,As matrix along an elliptic
quantum wire. It was shown that the energy spec-
trum of electrons in such superlattices consists of a
number of energy minibands, the positions and the
number of which are determined by the NC size. The
widths of the allowed and forbidden minibands de-
pend on the thicknesses and heights of potential
barriers.

The authors of works [30, 31] presented models of
three-dimensional superlattices, cubic and tetragonal,
for InAs nanocrystals/GaAs and Ge/Si heterosys-
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Fig. 1. Geometrical diagram of a two-dimensional superlattice
of spherical nanocrystals

tems. The electron and phonon spectra of those su-
perlattices were calculated. The dependences of the
effective electron mass tensor and the electron con-
ductivity on the main superlattice parameters were
analyzed. The superlattice properties were found to
be more sensitive to the dot-to-dot distance than to
the NC shape.

The energy spectrum and optical properties of su-
perlattices consisting of spherical nanocrystals were
studied in works [32, 33]. The electron energy distri-
butions in the 1s- and three 1p-subbands were cal-
culated for various NC radii and Al concentrations
in the Al,Gaj_;As matrix. The coefficients of inter-
subband light absorption were determined for various
polarizations of light incident on the array of one-
dimensional ordered chains of spherical NCs.

This research is a logical continuation of the cited
works. A model of two-dimensional superlattice sys-
tems InAs/GaAs is considered. The dependences of
the electrical conductivity on the Fermi quasilevel po-
sition and the donor concentration in the matrix are
analyzed.

2. Statement of the Problem

As a superlattice, we consider the system, in which
the unit cell is a rectangular prism with the edge
lengths a1, ag, and az (Fig. 1). If the distance be-
tween the centers of nanocrystals, e.g., along the OX
axis (a1) is so large that the NCs can be regarded as
noninteracting, the system is called a two-dimensional
superlattice of spherical nanocrystals.

Let us consider InAs nanocrystals in the GaAs ma-
trix, when the neighbor NCs located in the same
plane, e.g. OY Z, are considered to interact with each
other. In order to calculate the energy spectrum of
an electron in this heterostructure, we will use the
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step-potential approximation. In addition, we will as-
sume that the effective electron mass changes its value
at the interface, in a very narrow region of coordi-
nates. Therefore, the potential energy and the elec-
tron mass look like

Uy, "< R,
v ={o"" 1SR

(1)

min) = {15
respectively, where r is the distance of the electron
from the NC center, and Uy > 0.

The Schrédinger equation for a spherical NC pro-
vided conditions (1) has exact solution. The wave
functions of the electron states were obtained in the
form [32]

r<R

¢u (r) = {g%l((l]g?(n;’r)’ r> R} Yim(0,9),

where k = /2l o f2ma g0

Yim(0,p) is the spherical function, and j;(z) and

Uy >0,

hl(l)(ac) are the Bessel and Hankel functions, respec-
tively. From the matching conditions for the wave
function, which involve the continual character of the
wave function itself and the probability flow, it is pos-
sible to determine the energy EY of electron quantum
states in the NC:

a(kR)  —h"(xR)

1 . 1 (1) =0. (2)
—jl(kR) ——nh

i (RR) = by (R)

In order to find the energy spectrum and the wave
functions of an electron in the two-dimensional su-
perlattice of spherical nanocrystals, it is necessary to
solve the Schrédinger equation with the Hamiltonian
[32] . .

H=-—V—V+U(r),

2 " m(r)

where U(r) is the periodic superlattice poten-
tial. Since the main parameters of the crystals in the
heterostructure (the lattice constants and the dielec-
tric permittivities) are close to each other, let us
choose the potential U(r) as the sum of potentials
created by nanocrystals,

U(r):ZV(r—n),

where n = njay+ngas+nsas (n; =0,+1,+2,+£3,...).
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The wave function of an electron in the superlat-
tice, (r), has to satisfy the condition ¥ (r + n) =
= e’kMy)(r). We are interested in the subbarrier en-
ergy bands of the superlattice, i.e. the subbands
with the energy lower than the barrier height at
the nanocrystal-matrix interface. Let us consider NCs
with dimensions and distances between them such
that the overlap integrals for the wave functions of
neighbor NCs are small. In this case, the widths of
the subbands of various types are much smaller than
the distances between the subbands. Provided those
conditions, the strong coupling approximation allows
one to obtain not only qualitatively, but also quanti-
tatively correct results when calculating the electron
dispersion laws [34]. The wave function of the elec-
tron in the superlattice, 1 (r), is tried in the form

= Z C e g, (r —n), (3)

n,v

where ¢, (r) are the eigenfunctions of the energy op-
erator for the electron in the NC.

In the nearest-neighbor approximation, the follow-
ing dispersion equation is obtained for the energy of
superlattice electrons:

3
Z Cy |(E) — E(k)) <6Wf +2 Z Al cos(kiai)> +

i=1
3
+2Z ( v T Pm/ Cos(kiai))‘| =0. (4)
i=1

Here, the following notations are introduced for con-
venience:

Aiw/’ = f(b;k// (I‘
B, /:fqb* r)V( , () dr, (5)
1/1/’ _fd) (|r_ai|)(by (I’)dI‘.

The superlattice electron subbands with the dis-
persion law E = E(k) can be filled, after the het-
erosystem is doped with donor impurities. This dop-
ing makes it possible to obtain the electron subsys-
tem in the thermodynamic equilibrium state. In or-
der to create a directed flux of charge carriers, one
should violate the symmetry of the distribution func-
tion [34], i.e. disturb the system of charges from the
equilibrium state. It can be reached by embedding
the heterosystem into an external electric field. If the
strength of this field is relatively low, the vector of

—a;) ¢, (r)dr

r—ai|)¢
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1= 473 8E(

current density is determined by the following gen-
eral formula:

e (T) of

V@) dk (6)

where f is the electron distribution function, v the
average electron velocity, and 7 (7)) the relaxation
time. The strength of the external electrostatic field
is expressed in terms of the scalar potential & as
E=-V.,0.

When calculating the tensor of conductivity for the
superlattice with nanocrystals, the contributions of
all filled electron minibands in the structure have to
be taken into consideration,

Tas =Y 00d, a,f=1,2,3. (7)

The components of the tensor of conductivity of the
heterosystem look like

o g ] b

exp [ (kll;’;Qi“kS)_ F:|

{oxp [ Eaderan=be | 41}

Here, the following notations are used: e is the ele-
mentary charge, kg the Boltzmann constant, T' the
temperature, Fr the Fermi level in the electron sub-

> dkydkodks. (8)

system, v](n) (k1, ko, k3) the j-th component of the
group velocity vector of the electron in the n-th sub-
band, and k (k1, ko, k3) the electron wave vector. The
integration in Eq. (8) is carried out over the quasi-
Brillouin zone.

The Fermi level position is determined from the
condition of electroneutrality, i.e. provided that the
number of electrons in the electron subbands is equal
to the number of holes on the donor levels. Let us
consider the case of doping with monovalent impurity
atoms of the same kind. Then we obtain the following
equation for the Fermi energy as a function of the
temperature:

2 nDp +
ik €XD (7]5”(;:25 EF) +1 e ( Bf”) +1
2TLD
+ Z Er+Ec+ Zif ’ (9)
k exp T’ + ].
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Fig. 2. Group velocities of electrons in the s-, p1-, p2-, and
p3-subbands in the 2D superlattice InAs/GaAs with spherical
NCs of the radius R = 60 A

where np is the donor concentration, EFp the donor
level energy, F¢ the forbidden gap width, and my, the
hole effective mass.

Formula (8) demonstrates that the conductivity
Jg;j) is also governed by the relaxation time 7(7"). For
simplicity, the majority of authors assume that the
relaxation time ¢ is constant [30] and equal, for ex-
ample, to 79 = 107!2 s. If the temperature changes a
little, this assumption is justified in the first approxi-
mation. However, the results of researches concerning
the intersublevel relaxation time of electrons in the
InAs/GaAs superlattices [35] testify to its consider-
able nonlinear variation with the temperature. This
dependence, 7 = 7 (T'), arises owing to the electron
scattering by both phonons and donor centers. In
particular, 79 = 35 ps for the room temperature
T = 300 K, whereas 19 = 347 ps for T' = 15 K. The
maximum variation rate is observed in the tempera-
ture interval from 120 to 200 K. Therefore, the fur-
ther calculations in this work will be carried out, by
taking the dependence 7 = 7 (T') into account.

From formula (8), one can also see that the con-
ductivity tensor depends on the dispersion of elec-
trons and their group velocity. The group velocity of
electrons is determined by the number of the struc-
ture miniband and the corresponding dispersion law
E" (k).

LOE™ (ky, ko, k3)
h Ok, '

o (ky, ko, k) = (10)

As a example, let us calculate the electron velocities
in the s-, p1-, p2-, and ps-like subbands as functions
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of the k3 component of the electron wave vector, pro-
vided that the other projections of the wave vector k
equal zero for the 2D superlattice.

3. Analysis of the Results Obtained

Specific numerical calculations were performed for
superlattices of the InAs/GaAs heterosystem with
the following parameters: mq. = 0.023mg, mo. =
= 0.0665mg, and V., = 0.775 €V. For simplicity, we
adopt that, for the 2D superlattice, a2 = a3 = a <
<K ay, a=2R+d,andd =6 A.

In Fig. 2, the dependences of the electron group
velocities in various subbands of the InAs/GaAs su-
perlattice on the electron wave vector magnitude
|k3| < m/a are shown for the case of NCs with the
radius R = 60 A. One can see that, for the fixed
wave vector, the electron group velocity strongly de-
pends on the miniband index, because the functions
E(™ = E(™) (k) have different behaviors for positive
wave-vector projections.

The calculation results obtained for the function
Er = Ep (T) at various donor concentrations np and
Ep are exhibited in Fig. 3. In Fig. 3, a, the temper-
ature dependences of the Fermi level are shown for
the impurity concentration np = 4.64 x 10'° cm™2
and various donor level energies Fp. The energy Ep
is reckoned from the bottom of the conduction band
in the GaAs matrix. One can see that, for Fp vary-
ing from —850 to —300 meV (curves I to 6), the
dependences Er = Ey (T) reveal a characteristic
minimum. The calculations showed that, at EFp >
> —550 meV (curves 4 to 6 in Fig. 3, a), the change
of the ionization energy Ep practically does not af-
fect the behavior of the function Er (T). At the same
time, for Fp < —550 meV (curves I to 3), a sub-
stantial difference between the Fermi level positions
is observed at the temperatures 7' < 200 K, unlike
room ones.

Changes in the donor impurity concentration np
in the GaAs matrix (Fig. 3, b) make the dependence
Er (T) more pronounced. As the donor concentration
np diminishes, the minimum in the energy depen-
dence Ff (T) increases by absolute value and shifts
toward low temperatures (curves 1-8 and 4—6 in
Fig. 3, b). In this region, the dependence Eg (T) is
mainly governed by the energy of donor level ioniza-
tion, Ep. However, at low np, as the temperature
grows, the Fermi energy becomes independent of the
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donor energy Ep already at T > 150 K (curves I
and 4). This behavior of the Fermi level energy af-
fects the temperature dependence of the carrier con-
centration and, as a consequence, the conductivity of
this system.

Let the vector of the electric field strength be di-
rected along the coordinate axis OZ, i.e. in parallel
to the vector az (Fig. 1). In this case, the specific
conductance o for the examined superlattice equals
o33. The corresponding calculations showed that, de-
pending on the donor level energy, two scenarios
are possible for the temperature dependences of the
charge carrier concentration n (Fig. 4) and the spe-
cific conductance o (Fig. 5). If the donor energy Ep <
< min F4(k) = =574 meV (e.g., Ep = —800 meV),
there are practically no electrons in the p-subbands,
and the concentration n of charge carriers in the s-
subband monotonically grows with the temperature
(Fig. 4, curves 1-3 and 5-7). At Ep < —574 meV,
every impurity concentration (np = 4.64 x 10'° and
108 cm™2) has a temperature interval, where the con-
centration n in the subbands changes weakly (curves
4 and 8). The further temperature growth results
in an increase of the charge carrier concentration
in the superlattice. This behavior can be observed
very pronouncedly for curve 4 (Ep = —500 meV and
np = 108 ecm~2), which is characterized by a drastic
increase of the concentration n at T > 110 K. The
corresponding analysis testifies that this behavior of
the function n = n(T') is associated with electron
transitions that arise at given temperatures from
the valence band into the electron subbands of the
superlattice.

From Fig. 4, one can also see that, at certain tem-
peratures, the behavior of the function n = n(T),
provided a fixed donor concentration np, does not
depend on the energy of impurity ionization. In par-
ticular, at np = 108 cm™2, the values of dependences
1—4 become almost identical already at T' > 135 K;
at np = 4.64 x 10'° cm =2, dependences 5 (Ep =
= —800 meV) and 6 (Ep = —650 meV) become equal
at T > 285 K.

The specific conductance of the superlattice de-
pends on both the donor concentration and energy,
as well as the temperature (Fig. 5). Taking the afore-
said into account, we obtain that the superlattice con-
ductivity is mainly driven by the motion of electrons
belonging to the 1s-subband in the electric field. Besi-
des the electron concentration, the magnitude of spe-
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Fig. 3. Temperature dependences of the Fermi energy in
the 2D superlattice InAs/GaAs with Ry = 60 A. (a) np =
= 4.64 x 10'° cm~2; Ep = —850 (1), —650 (2), —600 (3),
—550 (4), —500 (5), and —300 meV (6). (b) Ep = —650 meV
corresponds to curves 1 to 3, and Fp = —550 meV to curves
4 to 6; np = 108 (1, 4),10'° (2, 5), and 4.64 x 100 cm™2
(3, 6)

cific conductance is also determined by the charge
mobility.

From Fig. 5, one can see that all curves (1-8) in
the temperature interval 130 K < T < 170 K have a
characteristic knee, which is associated with a drastic
reduction of the relaxation time in this temperature
interval. Like the carrier concentration case, we have
two types of the T-dependence for the specific con-
ductance at various energies Fp. In particular, the
function ¢ = o(T") decreases at Ep = —500 meV
(curves 4 and 8) and monotonically increases at
Ep < —500 meV (curves -3 and 5-7).

At temperatures close to room one (T' > 300 K),
the conductivity weakly depends on the impurity con-
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Fig. 4. Dependences of the charge carrier concentration in the
1s- and 1p-states on the temperature of InAs/GaAs 2D-super-
lattice with Rxc = 60 A: (1-4) 1s-subband, np = 108 cm~2;
(5-8) 1s-subband, np = 4.64x 100 cm™2; (9-12) 1p-subband,
np = 4.64 x 101 ecm~2; Ep = —800 (1, 5, 9), —650 (2, 6,
10), —600 (3, 7, 11), and —500 meV (4, 8, 12)
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Fig. 5. Temperature dependences of the specific conductance
of the 2D superlattice InAs/GaAs with Ryc = 60 A: np =
=108 (1-4) and 4.64 x 100 cm=2 (5-8); Ep = —800 (1, 5),
—650 (2, 6), —600 (3, 7), and —500 meV (4, 8)

centration np. This phenomenon can be explained by
the fact that the role of electron transitions from the
valence band into the electron subbands of the con-
duction band increases at those temperatures.

4. Conclusions

The electrical properties of superlattices of InAs
quantum dots in the GaAs matrix have been ana-
lyzed. The superlattices with NC dimensions that al-
low the existence of several (1s- and 1p-like) electron
subbarrier subbands are studied. The charge carri-
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ers in the subbands are assumed to be provided by
thermally induced transitions from the levels of im-
purity atoms in the heterostructure and from the va-
lence subbands (at high temperatures). Depending on
the impurity level position with respect to the con-
duction band bottom in the semiconductor matrix,
different temperature variations of the superlattice
specific conductance and the impurity concentration
are obtained. It is found that two types of the de-
pendence 0 = o(T) are possible, depending on the
ratio between the impurity level energy and the en-
ergy at the boundary of the electron 1s-subband: in
the interval of low and medium temperatures (up to
room one), the conductivity can either decrease or
increase as the temperature grows. The dependence
o = o(T) is obtained for the case of high temper-
atures, when the conductivity acquires the bipolar
character (with the participation of both electrons
and holes).

The proposed strong-coupling model is demon-
strated to adequately describe the dispersion laws for
electrons and holes in the subbarrier subbands, be-
cause our results agree with the data of works [26-31],
where other models were used.

In this work, we assumed that InAs nanocrystals
in the GaAs matrix have a spherical shape. Keeping
in mind a definite restriction of this assumption, we
would like to note that it is not always easy to ex-
perimentally determine a true shape of the nanocrys-
tal surface in the matrix, when the nanocrystals are
small (a < 6 nm). Moreover, as was shown in our
works and the works of other authors, the NC volume
is the most crucial parameter for the determination
of the energy spectrum of charges in NCs, with the
NC shape inserting only a correction to the energy
value [12, 13, 35, 36]. The selected NC shape has an
advantage, because we can use exact analytical ex-
pressions for the wave functions of electron and hole
states in NCs.

The obtained results of calculations can be ap-
plied, when studying the photo-electrical properties
of various heterosystems with periodically arranged
nanocrystals.
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MIHISBOHHA EJIEKTPOITPOBIJIHICTD
V HAAT PATKAX COEPUYHNX KBAHTOBUX
TOYOK I'ETEPOCUCTEMMU InAs/GaAs

Peszmowme

B pobGoTi mocimKyoTbcsi eJIeKTPUYHI BJIACTHBOCTI HAIiBIPO-
BinHuKOBHX HaHOorerepocucreM InAs/GaAs 3 2D-Haarparkamu
cheprudHuX KBaHTOBUX TOYOK. OTpumaHi 3aJie2KHOCTI Ipyno-
BOI IIBUJKOCTI €JIEKTPOHIB BiJl XBHJIBOBOI'O BEKTOPA Ta HOMe-
pa minizonu. Beranosieno 3anexuicts piBua Pepmi cucremu
€JIEKTPOHIB B MiHI30HAX BiJ| KOHIIEHTPAIIil JOHOPHUX JIOMIIIIOK,
eHepril iX 3ayIAraHHs Ta TeMieparypu. JlocmigkeHo TeMmmnepa-
TYPHY 3aJIe2KHICTh KOHIIEHTPAaIlil OCHOBHUX HOCIIB Ta €JIeKTpO-
MPOBiAHOCTI JJ1s1 PI3HMX 3HAYEHb KOHIIEHTpallil Ta eHepril 3a-
JISATaHHSA JTIOHOPIB.
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