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In this paper, the model of InAs/Galn;As cubic quantum dot superlatices (CQDS) of various
dimensionality has been proposed. The energy spectra of electrons and holes of the quantum dot superl attice have
been determined in the effective mass approximation and modified Kronig-Penney model. In the frame of this
model, the spectra of charges of 3D, 2D and 1D-superlattices can be obtained by changing respective distances
between the elements of the superlattice. The energy dependence of the electron and hole subbands (under-the-
barrier subbands and over-the-barrier subbands) on the wave vector of the superlattice has been calculated. The
number of under-the-barrier subbands is determined by QD size and width of each subband is defined by QD
size, distances between superlattice d ements and subband numerical index.

The dependences of the Fermi energy and concentration of charge carriers on temperature, concentration of
impurities, energy of impurity levels have been obtained and analyzed. We have taken account of the dependence
of electron relaxation time on temperature caused by scattering of carriers on both phonons and donor centers.
The effect of the impurity system on electroconductivity of the CQDS is invegtigated. It has been shown that in
the presence of deep impurities (-750 meV) the temperature dependence of conductivity of the superlattice has
characteristic peaks, which are defined by concentrations of impurities and dimensiondity of the superlattice. A
different temperature dependence of conductivity has been observed for impurities with the energy of occurrence

-150 meV.
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I ntr oduction

In recent years the growing interest of researchers,
engineers and technologists has been drawn to low-
dimensiona systems, among which superlattices
constitute a specia class. The practical significance of
such systems for electronics and optoeectronics is
justified by increased performance and reduced energy
losses. Superlattices, particularly quantum dot (QD)
superlattices, are rather important to fundamental science
as completely new types of artificia materials with
unusual physical properties. Nanostructure engineering
[1] of these materialls makes it possible to get
nanostructures with predetermined physical properties,
which are widdly used in eectronic and optoelectronic
devices[2].

Within the approximations of electron effective mass
and rectangular potentids, the theory of eectronic
dynamic conductivity was developed for multibarrier
structures (both of plane and cylindrical shape) in [3-5].
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The authorsin [6] study superlattices of tunnel-connected
GaAs QDs, periodically assembled along the dliptic
guantum wire, in the matrix Al,GayAs. It is shown that
the electron energy spectrum in such superlattices is a
series of energy minibands, and the position and number
of these minibands is determined by the QD size. The
width of allowed and forbidden minibands depends on
the thickness and height of potential barriers.

Models of three-dimensional superlattices of
INAS/GaAs and Ge/Si quantum dots of various geometry
(cubic and tetragonal) are considered in [7, 8]. The
authors calculated electron and phonon spectra of the
superlattices. The dependence of conductivity tensor of
the superlattice on its main parameters is studied and
shown that properties of the superlattice are more
sensitive to interdot distances than to the form of
guantum dots.

In [9] in the tight binding approximation the
electrical properties of GaAgAlGa,As spherical
guantum dot superlattices (SQDS) of various
dimensionality are studied, depending on the Fermi
energy and temperature, concentration of aluminum in
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the matrix. For given parameters of the system the
calculations were performed to obtain conductivity,
containing contributions of the s- and three p-minibands,
with its maximum near the miniband center. The growth
of conductivity is observed with decreasng QD radius
and aluminum concentrations, and also with increasing
SQDS dimensionality. The temperature dependence of
conductivity is also examined at various parameters of
such systems.

In this paper, the modd of INAYGadn,.«As cubic
guantum dot superlattices (CQDS) of various
dimensionality has been proposed. The energy bands
spectra of the system have been studied. The temperature
dependence of the Fermi energy of the CQDS with
impurities has been received and andyzed. We have
taken account of the dependence of electron relaxation
time on temperature caused by scattering of carriers on
both phonons and donor centers. The effect of the
impurity system on electroconductivity of the CQDS is
investigated.

Setting of the problem

Let us consider asystem of spatially assembled cubic
guantum dots of equal size, which are placed in the
matrix, as shown in Fig. 1, i.e, a cubic quantum dot
superlattice (CQDS). If a =a, =a,, CQDS will be
called a 3D superlattice, when a,=a a,, a 2D
superlattice, and for a, @& =a,, a 1D superléttice. Itis
clear that thetranslI ationlvectorI of theI superlattice

n=na +na, +na,,
where n (0,£1#2,.), & (=123 ae basc
trandation vectors. Their directions coincide with the
axes of the Cartesian coordinate system.

We are interested in nanoscale heterosystems of
wide-gap semiconductors. A theoretical study of such
systems often involves solving the Schrodinger equation
for eectrons or holes. The problem can be solved by
various methods. using finite elements [10], attached
plane waves [11], or pseudopotential [12] etc. We limit
oursalves to research CQDSs of small size (2-10 nm)
semiconductor quantum dots, which are characterized by
size quantization of charged particles. In view of the
above, we employ the parabolic band approximation and
the effective mass approach to determine the energies
and wave functions of not only eectrons but also holes
(heavy holes).

The Schrodinger eguation which describes the
motion of a charged particle (electron or hole) in a
CQDS can be written as follows:

& h? 1
§~5N;ﬂ3N+VUMy(o Ey,(). (1)

The periodic potential V(r) which correspondsto an
infinite sequence of cubic quantum dots
Ioina£xEna+L
{0, Ina£y£na,+L
i ina£zEna+L
1U,, inanother region of space,

V(f) = ©)
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Fig.l. Geometry of
superlattice.
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m(?) is the effective mass of a particle.

Schrodinger equation (1) cannot be solved exactly.
We shall simplify expression (2) of tr}e particle potentia
energy and approximately present V(r) in the form of a

sum of three independent periodical coordinate functions
x,yandz r
V() =VX)+V(y)+V(2).
It is necessary to solve the Schrodinger equation with
a periodical potentia to calculate the energy spectra of
electrons (hales) in the superlattice
V(x) = '0 na £x £na+L
Upna+LEX £(n+Da "
where i =1,2,3; x, =X, X, =Y, X, =z. Thischoice of
the potential alows one to split the motion of a charged
particle in three directions. Three-dimensional
Schrodinger equation (1) in this case will be written in
the form of three identical one-dimensional equations.
Then the envel ope wave function of equation (1) can be
represented as a product of three one-dimensiond
eigenfunctions

3

(4)

. It is necessary to use the

r S
Yalr) =Y o (5%:%) = O, (%)

i=1

theenergy E, =E, +E, +E,
following equation to determine E, and j , :

ehZﬂ 1 1,
2,3,
X ) Tx (x)ul (X)=E,i,(x),i=123,(5)

Shrodinger equatlons (5) correspond to the well-
known Kronig-Penney moddl. According to this modd,
the solution of every equation from (5) is known [13].
The energy of the system is determined from the
corresponding dispersion relations in various energy
regions of the particle.

If 0<E, <U,, thedispersion relation hasthe form
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cos(ka, )- cos(c, L)ch(x, d)+ field is reatively small, the current density vector is
T . ' defined bythefollowing general formula[14]:
c,m) - (X, (6, a) r [ o
+( ' ) ( 'ml) sin(c, L)sh(x, d) =0, d(T E)vﬂ—(v NF)dk (8)
2c, m, %, m ' ' TE
Incaseof E >U. . itiswritten where f istheelectronsdlstrlbutlonfunctlon, vV istheir
n 0
cos(ka, ) - cos(c, L)cos(x, d_ )+ average velosity, t (T) isrelaxation time; the intensity of
= " ) non the externa eectrostatic field is expressed through the
r r
+(Cn|mZ) +(Xn|ml) sin(c, L)sin(x. d_ ) =0 (6,b) scalar potential (E =- NF) . Relation (8) can be written
2C_m, % " mo g o ,
n T %o My Ji :a_.simEm- (8)
where c = 2m (U0+Ewi) X = 2mz|Ewi| For the conductivity tensor of formula (8') the
i h? e h? account is taken of contributions of all occupied
m,m, are effective masses of a quasiparticle insde and electronic minibands of thestructure therefore
outside the QD. Hence a S +a Sie ©)
E, (k) = a E, k), n={n.n,.n;}. (7)  where s&7, s are components of electron and hole

conductivity tensors. In particular, for eectron

The dispersion relatlon of dectrons and holes in a conductivity we have:

CQDS adlows one to determine the specific
electroconductivity of the system. Let us place this
system in a uniform dectric field. If the intensity of this

r
peeEe(k) EFE

e2 r r e kT u r
sty = (mt(T E)v" (k)v§" (k) € U ok, (10)
i 4p3k TB J « n(¥ .
(?Ee(k) EFu .U
epr—U+1y
g kgT u

5 b

i
1
i
f

In equation (10) the following notation isintroduced: guasizone. By analogy the expression of hole
eisthe dectron charge, k;, isthe Boltzmann congtant, T conductivity matrix elements can be obtained.

: : : The Fermi energy is found from electroneutrality
is tempetature, E. is the F f the elect - . i .
P S © rami enargy of the on conditions. We consider the case of doping the matrix by

system, v; ( ) is the i-component of the eectron group one type of monovalent donor impurity atoms. Then we

vel ocity vector of the n-thsubband. ?ﬁcf[ih:n ?%g;%g;?uiqermme the Fermi energy &s a
1%(@@&) '

v (K Ky k) = i

The integration in (10) is done over the Brillouin

Qo 2 _ o 2 nD
ar o — = ar mi—— 7 , (1)
nk @EQK)-E 0 i #Ep - EN(K)+0 & - Ep 0
exp ?:+1 exp(;k77+1 expé T Z+1
& 8 & & K p Bl &
where n, is donor concentration, E, is the energy of in hole subbands, and the second term of the right part of
the equation relates to concentration of holes at the

occurrence of the donor level, E. isthe Fermi energy of ; X
impurity levels.

It is seen from equation (10) that conductivity s is
determined aso by relaxation time t(T,E) . Most authors

the heterosystem, Eé”(f() and Eﬁm)(f() are energies of
electron and hole subbands respectively, the energy of
occurrence of donor states £, is counted from the assume for simplicity that relaxation time t is constant
bottom of the conduction band of the semiconductor Pty o an
matrix. The left part of eguation (11) specifies and e_qual_ to, _e.g., tO_‘l(_) S [8]_' At_ a fird
concentration of electrons in electronic subbands, the ~ @pproximation this assumption is substantiated in case of
first term in theright part refersto concentration of holes ~ small temperature changes. However, it is known that in
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case of most semiconductors [15] there is a significant
nonlinear change of relaxation time with temperature.
The dependence t =t (T,E) is caused by scattering of
electrons both a phonons and a donor centers.
Scattering at acoustic phonons at the expense of the
deformation potentia alows one to express relaxation
time asfollows [16]:

t,=C,E", wherer, =-
o o oy _ pmch'

" oo VKTERV2m

C 10'5m7 is the phase vel ocity of longitudinal (s=1)
n

S

N

(12)

and transverse (s=2,3) sound waves, m isthe effective
mass of a quasiparticle, V, is the volume of an

elementary cdll.
Whereas scattering at polarization phonons is
characterized by the following relaxation time:

o 21
t, :CpE , Where rp—+E,

C — (2p)2h2 — VOMIMZhZ\NS (13)
" 2B,\2  4pkTe(M, +M,)}2m
Taking into account scattering at donor centers
. _.,3
t, =C,E"™, where ry —+§,
212 2r=3/2 A
N, 0
C, = (2p)°h 5 € E 42m|n_la&3mlfr0 0 (4
2B,v2m®  Pny€ é h" g
I, isthe screening radius, n, is concentration of a donor
impurity.

Genera relaxation time can be derived from the

.01 1 1.1
equation —=-—+-—+-—.
t ot t, t,

a p

Analysis of theresults

Specific numerical calculations are carried out for
cubic quantum dot superlattices of the INASGayln; ,As
with the parameters

m, =0.023 m,, m,, = (0.023+0.044x) m, ,
V,=0.77 eV
m, =0.55m,, m,, =(0.55+0.04x)m,, V,, =0.33 eV

As seen from (10), it is necessary to determine the
Fermi energy of the heterosystem in order to get specific
conductivity of the CQDS.

In Fig.2 curves of temperature dependences of the
Fermi energy are presented for a 3D InNAgGaAs CQDS
(L=96 A) at different concentrations of donor impurities
n, =10,10"°,10%cm™® and different energies of
occurrence of the impurity level
E, =-150,-450,- 750 meV . We obtained different
behavior of dependences of the Fermi energy on
temperature at different concentrations n,. In case of

n, =10®cm™ the functions E. = E.(T) (curves7,8,9)
are monotonic, whereas at certain temperatures there are
minima (curves 1-6) at smale concentrations
n, =10",10"cm . The change in energy of occurrence
of the impurity level significantly changes the energy
E. a the presence of large donor concentrations
(n, =10®cm™®). At smaln, (n, =10*cm*,10“cm™®)
the chemical potential slightly depends on E, and if
T>600K, and n, =10°cm™, and T >100K, and

n, =10“cm™®, then E. * E, (E,).

-600

-700

-800

400 500 600 700 800

T.K

Fig. 2.Temperature dependence of the Fermi energy of the 3D INASGaAs CQDS (L=96 A) at different
concentrations of impurities (curves 1,2,3 refer to 10 cm®; curves 4,5,6 relate to 10 cm™; curves 7,8,9 refer to
10"® cm™) and energies of occurrence of theimpurity level (curves 1,4,7 attribute to -750 meV; curves 2,5,8 refer to
-450 meV; curves 3,6,9 relate to -150 meV).
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Fig. 3. Temperature dependence of concentration of ground sate el ectrons for the 3D CQDS INAYGgy 151Ng g5AS
(L =96 A) at different impurity concentrations (curves 1,2 refer to 10* cm™; curves 3,4 stand for 10" cm™®; curves
5,6 relate to 10" cm™®) and energies of occurrence of theimpurity level (curves 1,35 refer to -150 meV; curves
2,4,6 stand for -750 meV).
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Fig.4.Temperature dependence of e ectroconductivity of the INAS/Gag15NogsAS (L=96 A) CQDS of various
dimensionality (curves 1,2 stand for 1D; curves 3,4 refer to 2D; curves 5,6 relate to 3D), energies of occurrence of
theimpurity level E, (curves 1,3,5 refer to -150 meV; curves 2,4,6 stand for -750 meV) at concentration of

impurities 10%cm’®.

The next stage of our work was to research the
dependence of charge carrier concentration in the
subbands on the given parameters.

The calculations of electron concentration n, in the
subbands showed that depending on the energy of
occurrence of the donor levels different types of
dependences are possible at given concentrations of
impurities. At the donor energy

r r
E, <minE, (k)=-714meV <minE,, (k)= - 609 mev
, 0., E; =-750 meV, dectrons both in the excited and
the ground subbands are practically absent and charge
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carrier concentration n, monotonously rises with
temperature (curves 2,4,6 in Fig.3) for al values n,
(10*,10'°,10%cm™® respectively). For donor energies
E, >maxE%(|£)=-340mev>mangr(|£)=-666mev
, 0., E;, =-150 meV , there are different temperature

dependences of concentration n,. For each n, thereis

its own temperature interval within which charge carrier
concentration does not depend on temperature In

particular, if n, =10°cm™, the relevant region is
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Fig. 5. Temperature dependence of e ectroconductivity of the 3D INAS/Gay1s5lNogsAS (L=96 A) CQDS at different
concentrations of impurities; 10* em™ (curves 1,2); 10 cm™ (curves 3,4); 10*® cm™ (curves 5,6) and energies of
occurrence of theimpurity level (curves 1,3,5 refer to -150 meV; curves 2,4,6 stand for -750 meV).

T<260K, and ifn, =10°cm™®, then T <160K. If
temperature is higher, there is a monotonous increase of
n, with temperature. It should be noted, that at

n, =10®cm™ n, does not change with temperature in
the region under consideration (T £ 800K ).

Let us place the considered system in the external
electric field. We assume that intensty of the eectric
field is directed along the Oz coordinate axis for
superlattices of various dimensondlity. In case of a 3D-
superlattice of cubic symmetry, conductivity does not
depend on the intensity direction, hence s can be seen
asascalar. And in case of 2D or 1D-superlattice, current
density of the CQDS is m}wtropic i. e, s dependson
the direction of the vector E.

The specific conductivity of the INAYGag 151NggsAS
superlattice depends on both concentration and ionization
energy of donors, and also on temperature.Fig.4presents
the temperature dependence of eectroconductivity of
systems of various dimensionality (curves 1,2 stand for
1D; curves 3,4 refer to 2D; curves 5,6 relate to 3D) and
energies of occurrence of the impurity level E; (curves
1,35 refer to -150meV; curves 2,46 stand for -
750 meV) at concentration of impurities n, =10cm™>.
We take the following parameters for the systems. QDs
size L=96 A a interdot distance d=12 A. As seen from
the figure, conductivity rises with the increase of
dimensionality of the system. The temperature
dependence of conductivity is different for different
values E;. When the energy of occurrence of the

impurity level E; =-150meV (curves 1,3,5 in Fig.4),

electroconductivity of the CQDS is of “metallic’
character as it monotonously decreases with temperature
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increase. At E, =-750meV (curves 2,4,6 in Fig4)
electroconductivity rises with the temperature increase.
Its nonmonotonous character in the region of low
temperatures (T <300 K ), in our view, is explained by
the presence of two mutualy competing mechanisms

rise of concentration of charge carriers (electrons) and
reduction of their relaxation time.

An increase of concentration of impurities n, to the

value 10%cm™® by doping of the matrix with a
monovalent donor impurity leads to the increase of
conductivity by orders of magnitude (curves 5,6 in Fig.5)

in comparison with n, =10°cm™ (curves 3,4) and
n, =10“cm™® (curves 1,2). In the region of low
(T <300K)
significantly depends on both concentration n, and

temperatures electroconductivity s

energy E, of donors. As seen from Fig5, at
n, =10“cm™, beginning from T >160K, the
dependence s(E,) disappears (for concentration

n, =10°cm™® a T >560K ). Simultaneoudy, at high
temperatures (T >500 K) conductivity slightly depends

also on concentration of impurities ng. It can be

explained by the fact that electron transitions from
subbands of the valence band to eectronic subbands of
the conduction band become essentid at such
temperatures.

Conclusions

In the paper properties of the system of spatially
assembled cubic quantum dots that are embedded in the
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matrix (i.e, quantum dot superlattice) have been than the bottom of the ground eectron subband, the
investigated. We have considered an InAgGa,In; As increase of temperature in the superlattice causes a
nanoscale heterostructure. The energy spectra of monotonic rise of concentration of charge carriers. If
electrons and holes of the quantum dot superlatticehave donor levels are above the top of the subband, thereis a
been determined in the effective mass approximation and monotonously decreasing functional dependence of
modified Kronig-Penney model. In the frame of this electron concentration on temperature, which saturates

model, the spectra of charges of 3D, 2D and 1D- with therise of temperature.

superlattices can be obtained by changing respective The comparison of the degree of occupation of the
distances between the el ements of the superlattice. ground and excited subbands shows that occupation of

The specific calculations have been performed for the ground subband is significantly larger than that of
the CQDS with quantum dots of small size 96 A for InAs excited subbands for the larger region of temperatures
QDs. A detail energy dependence on the wave vector of (T <500K). In particular, for small electric field
the electron and hole subbands of the superlattice has intensities when the Ohm law is valid, we have
been obtained. There are two types of subbands. under- calculated the density of conductivity of 3D, 2D, 1D-
the-barrier subbands with the energy smaller than the superlattices. It has been shown that in the presence of
energy gap betweeen the conduction band and valence deep impurities (-750 meV) the temperature dependence
band and over-the-barrier subbands with greater energy. of conductivity of the superlattice has characteristic
The number of under-the-barrier subbands is determined peaks, which are defined by concentrations of impurities
by QD size and width of each subband is defined by QD and dimensionality of the superlattice. A different
size, distances between elements of the superlattice and temperature dependence of conductivity has been
numerical order of the subband. observed for impurities with the energy of occurrence -

In case of the matrix doped by donor impurities, in 150 meV.
the presence of impurities of one type we have studied
the dependence of the Fermi level, concentration of
charge carriers on temperature  (40<T<800 K),
concentration of impurities (10* cm?, 10 cm?, 10" cm
%), energy of impurity levels on the bottom of the
conduction band of the semiconductor matrix (-750 meV,
-150 meV).

In particular, it has been found that the temperature
dependence of concentration of electrons and holesin the
subbands of the superlatticeis determined by the position
of donor levels with respect to the ground electronic
subband. When the energy of the impurity levelsis|ower
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MiHi30HHA eJIEKTPONPOBIAHICTH Y HAAIPATKAX KyOIYHNX KBAHTOBHX TOYOK
rerepocuctemu | NAS/Gayl n14AS

Jlpozcobuywkuii Oepoicagnuii nedazociunuil ynisepcumem imeni leana @panka, eyn. Cmpuiicoka,3, [pocobuy,
82100, Vrpaina, ri.pazyuk@gmail.com

V nauiii poGOTi 3aIPONIOHOBAHO MOJEIb HAAIPATOK KyOiuHux kBaHTOBHX To4ok (HKKT) pi3Hoi BUMipHOCTI
INASY/Gayn,«As. [y BU3HAYEHHsI €HEePreTHYHOro CIEKTPY €JIEKTPOHIB Ta AIPOK HAAIPAaTKH KBAaHTOBHX TOYOK
BUKOPHUCTaHO HaOMIMKeHHs eekTBHOI Macu Ta MoxugikoBaHy monenb Kpownira-Ilenni. ¥V pamkax wiei Mozeni
3MIiHOIO BiMNOBiIHUX BincraHed Mixk enemeHramu HI' orpumano cnexrpu 3apsanis 3D-, 2D- ta 1D-narparok.
OOuHCIICHO JeTalbHO 3aJISKHICTh SHEprii BiJl XBMIILOBOIO BEKTOpA €JICKTPOHHHMX Ta AIPKOBHX HaAIPaTKOBHX
mi3oH: nigdap'epHux ta Hanbap'epaux. KinpkicTs ninbap'epHuX mi30H BU3Ha4daeThes posmipamu KT, a mumpuna
KOXKHOI Ii130HU 3a11aeThest po3MipoM KT, BifcTaHaMu MK HaAIPaTKOBUMH €JIEMEHTAMU Ta HOMEPOM ITi I30HH.

OTpHMaHO Ta NPOaHaJi30BaHO 3aJICKHICT eHeprii depMi Ta KOHLEHTpaLil HOCIiB CTPyMY Bijl TEMIIEpaTypH,
KOHIIEHTpalil JOMIIIOK, eHeprii JOMIIIKOBHX piBHiB. BpaxoBaHO 3aieXHICTh 4acy penakcallii eJIeKTpOHIB Bif
TEMIIepaTypH, 3yMOBJICHY PO3CiIOBaHHSAM HOCITB 5K Ha (JOHOHAX, TaK 1 Ha IOHOPHUX LEHTpax. JloCIiIHKEeHO BIUIUB
nomimkoBoi cucremun Ha ernekrpornpoBigHicte HKKT. [lokasano, 1mo 3a HasBHOCTI TJIMOOKHX JIOMIIIOK
(-750 meB) TemmeparypHa 3anexsicts nposimHocTi INAS/Gadn;,As HI' mae xapakTepHi MakCUMyMH, SKi
BH3HAYAIOThCSl KOHIIEHTPALISIMK AOMIMIOK Ta BUMipHOcTssMu HI'. Jlst momimok 3 eHeprieto 3ansraHss -150 meB
OTPUMYEMO iHIILY TEMIEPaTypHY 3aJISKHICTb IIPOBIIHOCTI.

KirouoBi ci10Ba: kBaHTOBa TOYKa, HA/IPAaTKa, SNIEKTPOHHI CTaHH, MiHI30Ha, €JIEKTPUYHA IIPOBIHICTb.
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