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Abstract. Influence of the quantum dot material deformation on Tamm surface levels in the
strained InAs/GaAs nanosystem has been studied. The research has been provided in the framework
of deformation potential. The dependence of the Tamm surface energy on the quantum dot size in the
strained InAs/GaAs nanosystems has been obtained.
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Anortanis. JlocrimkeHno BB aedopmanii maTepiany KBaHTOBOT TOYKH Ha MOBEPXHEBI
piBui Tamma y HampyxeHiil HaHOTeTepocucTeMi InAs/GaAs. JlociiKeHHs TPOBEICHO Y paMKax

nedopmartiitnoro nmorenmuiary. OTpUMaHO 3aJISKHICTh €HEpTii MOBEpXHEBUX piBHIB Tamma Biz po3MipiB
KBaHTOBOT TOYKH y HarpykeHiil rerepocuctemi InAs/GaAs.

© P. M. Ilenemax, P. A. Jlemko, J. C. Kapnun, 2020



Sensor Electronics and Microsystem Technologies 2020 —T. 17, Ne 3

KurouoBi cioBa: enekrpon-aedopmaliiiina B3a€MOJisl, KBAHTOBA TOYKa, IIOBEPXHEBI CTaHH,

Hanpy>keHa HaHOT'€TEPOCUCTEMA.

BJIUSIHUE JTE®OPMAIIMA MATEPUAJIA KBAHTOBOM TOYKH HA
ITOBEPXHOCTHBIE YPOBHU TAMMA

P. M. Ilenewax, P. A. Jlewxo, /]. C. Kapnun

AHHoTanusa. MccrnenoBano BnusiHue nedopManuy Marepuaiga KBAaHTOBOW TOYKM Ha
MOBEPXHOCTHBIE YpPOBHU Tamma B HampspkeHHOH HaHoreTepocucteme InAs/GaAs. ccnenoanue
MpOBEIEHO B paMKax jaedopmManmumoHHOro moreHuuana. [lonyuyeHa 3aBUCUMOCTbh dHEPTHUHU
IIOBEPXHOCTHBIX YpOBHEW TaMMa OT pasMepoB KBAaHTOBOM TOYKHU B HAIPSKEHHOU I'E€TEPOCUCTEME

InAs/GaAs.

KuarwuyeBble cioBa: 31eKTpoH-AepopmManmoHHas B3auMOAEHCTBUE, KBAHTOBAsK TOYKa,
IIOBEPXHOCTHBIE COCTOSIHUS, HAIPSPKEHHAs! HAHOT€TEPOCUCTEMAX.

I. INTRODUCTION

Modern technologies for the fabrication of qua-
si-dimensional systems (for example, the Stran-
sky-Krastanov method) make it possible to obtain
stressed QDs on a substrate of a given semicon-
ductor [1]. The reason of appearance of strained
QDs is the InAs/GaAs heterosystem is the mis-
match of the constant lattices of these materials.

The theory, which describing the effect of
deformation on the spectra of quasiparticles in
stressed QDs is well developed for today [2-5].
In these works, the equation of elasticity is solved
taking into account the Laplace pressure, exter-
nal pressure, growth temperature, mismatch of
lattice parameter, presence of impurity and self-
consistent elastic interaction between QDs. It has
been shown that, due to these effects, the depth of
the potential well for quasiparticles (electrons and
holes) decreases, so their energy decreases. This
leads to change the effective band gap (optical
gap), which influence on absorption and lumines-
cence spectra.

Experimental works (devoted to the photolumi-
nescence) shows that in addition to the main sharp
peaks (caused by excitons), a longwave wide peak
[6-8] is observed, which is associated with im-
purity and surface states. Theoretical work [9]
clearly shows that the contribution to this long-
wave luminescence “tail* is given by impurity
acceptor states. However, the full explanation of
this dependence is not exhaustive. The reasons for

the existence of a “tail of luminescence, which
consist in the presence of surface states, are as-
sumed. Therefore, it is logical to determine the
influence of the surface. It can be the next step of
constructing a clear and consistent theory of QD
surface states.

As shown in [10, 11], there is a specific type of
surface states, which are caused by the presence of
a polarization trap near the QD surface. Moreover,
the trap depth is determined by the difference
in the dielectric constant of the materials of the
QD and the matrix. In addition to these types of
surface states, there are also other surface states,
in particular Tamm surface states [12], which are
modified due to the confinement potential. These
states also are changed due to the electron-defor-
mation interaction, which is essential in strained
heterosystems with QDs [5]. That is why the aim
of this work is to determine the effect of electron-
deformation interaction on the formation of Tamm
surface states in nanosystems as the next step in
the construction of the theory of surface states in
nanoheterosystems with QDs

II. THE NANOSYSTEM ENERGY

TAKING INTO ACCOUNT ELASTIC

DEFORMATIONS

Let us to consider an InAs/GaAs heterosystem
with a coherently stressed spherical QDs InAs
with the radius a >a, , where q, is the lattice con-
stant of the QD material. The following approxi-
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mations have been used to reduce the problem
with a large number of QDs to a single QD task:
the energy of pair-wise elastic interaction between
QDs is replaced by the energy of interaction of
every QD with the average field of elastic defor-
mation of all other QDs o, (N -1) (self-consistent
elastic interaction between QDs) [3—5]. Due to the
mismatch of the lattices constant of the QD and
the matrix, the QD can be considered as a dila-
tion nanoinclusion in the GaAs matrix (the cavity
volume is less than the inclusion volume on). The
electrons are confined in a spherical rectangular

well. 0. r<a,

Ucons (r) - {U,Onf r>a.

2.1)

C

We denote the change in the depth of the po-
tential well for the electron (electron-deformation
potential) due to deformations by

r<a

a’ (2.2)

r>

0,
Uy(r)= {_‘ D(l)g(n‘ _‘ D(Z)g@)‘

where £ =sps | £() is deformation tensor in

i-th environment, D" is hydrostatic deformation
1= 1InAs

2= GaAs} '
Accordingly, the total potential energy of the

electron has form

potential constants, i = {

U(r) =U oy (r)-i—Ud (r):

0. r<R,,
) oo
~ 0, r<a,
B {Uo r>a. @3)

For finding &) =Spe® | the displacement of
atoms were calculated, as in [3-5], and the cor-
responding boundary conditions were applied,
taking into account the Laplace pressure and the
mean field of elastic deformations. Schrodinger
equation for electron with Hamiltonian which ac-
count U, (r)

. ol
H :—TV—V+U(r)

e
mé‘

(2.4)

has been solved exactly, where

mgl) , r<a,
m, =

miz), r>a
is the electron effective mass in each medium. So-
lutions for states where E <U, , due to the spheri-
cal symmetry of the problem, is given by the prod-
uct of an angular component (spherical harmonics)
and a radial component, which is expressed by a

Bessel first-order spherical function and a modi-
fied spherical Bessel function of the second kind:

Ve (r.0,0) = 2. ()Y, (0.9),

AW j(kr), r<a,
758(’/):

2.5
A(Ez) k(lyr), r>a, 23)

where k = \2mPE /72, n=2m® (U, -E)/#* . With

using the Ben-Daniel-Duke standard boundaries
conditions and normalize conditions, the system
energy and unknown coefficients has been deter-
mined.

After calculating, the energy of the ground £
state and first excited state £, have been deter-
mined, with and without electron-deformation
interaction. The parameters of crystals and con-
stants have been used as in [5]. The results of the
calculations are presented in figure 1.

700

Fig. 1. The energy of the ground (curves 1, 1°) and

first excited (curves 2, 2’) states of the electron,

taking into account the electron-deformation

interaction (curves 1, 2) and without it (curves 1°,
2’), as a function of the QD radius
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The figure 1 shows that taking into account
the electron-deformation interaction leads to a
decrease in the energy of the ground and excited
states due to the reduction of the effective depth
of the potential well due to deformation effects.
Accordingly, the transition energy between these
states will vary depending on the electron-defor-
mation interaction (see figure 2).
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Fig. 2. The transition energy with deformation effects

(curve 1) and without deformation effects curve (2) as a
function of the QD radius

As can be seen from the figures 1, 2 , taking
into account the deformation effects leads to a de-
crease in the transition energy compared to the
case of their neglect. The results obtained will be
used in the determination of surface Tamm states.

II1. SURFACE TAMM STATES IN

THE STRAINED QD

We has been build the QD model (a>354, ) as a
crystal whose atoms are spaced apart at distance
a,. In the region near the atom, we suppose that
there is a potential barrier for the electron with
height U, and with width b (figure 3). On the sur-
face, the QD is bounded by a matrix that separates
the QD by the barrier U (see (2.3)).

[ & b

i b

0 x

Fig. 3. The crystal energy and surface within
the Tamm-Kronig-Penney model

The described model is well known as the
Tamm-Kronig-Penney model. According to the
basic Tamm model [13], the equation for deter-
mining surface energy has the form:

7 &
fctgg‘:ﬁ—q 1—q—2a (3.1)

where

f2m0 /Zmo myU,
& =a, h—zE, q=a h—zUO, p=ay PR

m, is free-electron mass, q, is lattice constant.
According to the Kronig-Penny model, the sys-

tem of equations for determining the allowed val-

ues of energies (in the notation [14]) has the form

cos(kaz0 —arctg{i?ao D‘ < ! =
“o Qa,
\/”[kao] (.2

- 2
2myag

E (kay)’,

where Qq, characterizes the dimensionless per-
meability of barriers. In the case of small energies
(Qay)/ kay >1 the (3.2) is reduced to

. ki
|sm (kay )| < {Qia(:)j ,
i (3.3)
E= kay)®.
2m0a§ (ko)

Let us to consider further that the energy is
small and expand it into a series, and limit to the
first two nonzero additives. We got

3
a
0 (3.4)
E= i (kay)?
2myag o

Substitute the first two solution for the product
ka, into the second expression (3.4) and find two
energy values as functions of the barrier perme-

ability Qa,
2 2
i)
2myay Qa

The width of the first forbidden zone (first band
gap) in the Kronig-Penney model is

E =0, E, = (3.5)
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E{", =E, —E,. (3.6)

Let us reconcile the Kronig-Penney and Tama
models with the condition Qa = p [13, 14] and ex-
press the parameter p through the band gap E{%,

1 1

— =—=1-gq,

Qa, p

(3.7)

In the deformed QD, the parameter of the
crystal lattice on its surface are the function of
the QD radius

a,™ (a)=a, (1—‘5(1) (a)

), (3.8)

eV =Spe® | £0 s deformation tensor in the QD.
We consider the uniform deformation of compres-
sion of the QD. Therefore angles between edges
of the crystal lattice are not changed. Therefore,
in formulas (3.1) - (3.7) it is necessary to replace
ay = ay" (3.8).

In the QD model, the first band gap in the po-
tential well is the distance from the bottom of the
potential well to the energy level E|_(electron-
hole interaction is not accounted). Therefore,
we will consider this distance as E£%,, that is
E{”, =E,, . Then the expression for parameter
p (3.7) is substituted into (3.1) and account that
E", = E,, . From here we find the energy of the
surface Tamm level.

Figure 4 shows the results of numerical calcu-
lations of the energies of the ground (curves 1°,
1) and the first excited (curves 2’, 2) states of the
electron and the surface energy of the Tamm level
(curves 3, 3) in the stressed QD of the InAs/GaAs
nanoheterosystem, parameters which is the same
as in [5].

It can be seen from the graphical dependence
of the energy, the decrease in the size of the QD
leads to a monotonous increase of the energy of
the ground and first excited states, both with and
without electron-deformation interaction. In par-
ticular, at the QD radius «=30 A, the difference
between the ground state energy levels with and
without electron-deformation interaction is 50
meV.

As can be seen from figure 4, the energy of the
surface state increases with decreasing the QD
size. In particular, the energy of the surface Tamm
level, taking into account the electron-deforma-

% 30 40 50 60 70 80 30
a, A

Fig. 4. The energy of the ground (curves 1,1°) and first
excited (curves 2, 2°) states of the electron, taking into
account the electron-deformation interaction (curves
1, 2) and without it (curves 1°, 2°), as a function of the
QD radius. Curves 3, 3’ denote the energy of the Tamm
surface level with and without electron-deformation
interaction, respectively

tion interaction, is greater than the corresponding
energy without considering it. This is due to the
compression of the QD material (3.8), which leads
to an increase in the degree of overlap of the elec-
tronic wave functions of the individual atoms on
the QD surface. As a result, the Coulomb repul-

sion energy V, ~

1 . . ..
o0 increases. i is explicit
[

=

forms of atom displacements. It can be defined
from the equations of balance, like in [3-5].
Vdivii =0 . (3.9)
In case of spherical QDs, the solution of (3.9)
looks like
ur(l)’ r<a, Cr, r<a,
. u,?, a<r<R ) C27+%= a <’”§R1’(3.10)

r

where R is the radius of the matrix. Coefficients
Ci were defined in [3-5] from the boundary condi-
tion for displacements and mechanical stresses.
Thus, for smaller QD sizes a< 20 A, the main
role in filling in the electronic levels belongs to
surface states. Due to this, the photoluminescence
curve has an additional peak appeared in the long
arbitrary region of the visible optical spectrum [6].
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Summary

The change of Tamm surface states in the InAs quantum dots of the InAs/GaAs heterosystem
due to the interaction of quasiparticles (electrons) with the elastic deformation of the crystal lattice
on the surface of the quantum dot has been studied. The dependence of the energies of the electron
Tamm levels is established both taking into account the deformation of the crystal lattice and without
it. To do this, on the one hand, a model of the strained quantum dot as a semi-finite chain of atoms
(Kronig-Penny-Tamm model) is constructed, taking into account the change in the lattice parameter
due to deformation, which depends on the quantum dot size. On the other hand, the quantum dot is
described in the framework of the effective mass theory, the model of the elastic medium and the
model of the rectangular potential barrier, which defines the limiting potential for the electron. The
models are matched by equating the energy distances between the first allowed levels in both models.

It is shown that due to the electron-deformation interaction, the electron energy of the Tamm
surface levels increases for the quantum dot, while the electron energy decreases in the quantum dot
volume. The reason for the increase in the energy of the Tamm surface levels for the InAs quantum
dot of the InAs / GaAs heterosystem is the decrease in the distance between the atoms due to defor-
mation. And the decrease in the energy of an electron in the volume of a quantum dot is explained
by a change in the effective depth of potential wells due to the deformation of the quantum dot. It is
established that the energy of the surface Tamm level, taking into account the deformation, increases
with decreasing quantum dot size. This is consistent with the data of other works, which do not take
into account the electron-deformation interaction.

Keywords: electron-deformation interaction, quantum dot, surface states, strained nanohetero-
system.
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Pegepar

VY po06oTi 1ociipKeHo 3MiHY TOBEPXHEBUX CTaHIB TaMMa y KBaHTOBUX Toukax InAs rerepo-
cuctemu InAs/GaAs BHACIiOK B3a€MOIIi KBa314aCTHHOK (E€JIEKTPOHIB) 3 MPYKHOIO nedopmariiero
KpPHUCTAIIYHOI TPATKH HA MOBEPXHi KBAHTOBOI TOUKU. BcTaHOBIIEHO 3ajeKHICTh eHepriii piBHIB Tamma
JUTSL €JIEKTPOHA SIK 3 ypaxXyBaHHAM Jie(opMallii KpHUCTaNIYHOI IpaTku, Tak 1 6e3 Hei. st poro 3 ofHo-
ro 00Ky moOyJ0BaHO MOJIEIIb HANPYKEHOI KBAHTOBOIT TOUKHU SIK HAITIBCKIHUEHHOTO JIAHITIO’KKA aTOMIB
(mozmens Kpownira-Ileni-Tamma) 3 ypaxyBaHHSM 3MiHHM IapaMeTpa IpaTKy BHACHIIIOK aedopMariii,
sKa y CBOIO Yepry 3aJIeXKHUTh BiJl pO3Mipy KBAaHTOBOI TOUKH. 3 IHIIOTO OOKY KBAaHTOBY TOUYKY OIHCAHO
y paMkax Teopii epeKTHBHOI MacH, MOielli PY>KHOTO CEPEJOBHILA Ta MOJEIi IPIMOKYTHOTO I10-
TEHIIAILHOTO Oap'epy, 110 3a7a€ MOTEHITIa]T OOMEXEeHHS [T elIeKTpoHa. Moieni y3roKeHo MUITXOM
MIPUPIBHAHHS EHEPreTUYHUX BiJICTAHEH MK NEPUIMMHU J03BOJICHUMHU PIBHSIMHU B 000X MOZAETISX.

[okazaHo, 110 BHACIIAOK €JIeKTPOH-AepopMaliifHOi B3a€EMOIi €Heprisl eIEKTPOHA TOBEPXHEBUX
piBHIB TamMma y KBaHTOBIH TOUIII 3pOCTAE, TO/I SIK y 00’ €Mi KBAHTOBOI TOUKHU €HEPTisl eIeKTPOHA 3MEH-
mryerbest. [IpruuHOIo 3pocTaHHs eHeprii HoBepxXHeBHX piBHIB Tamma y kBaHTOBIH Touli InAs rere-
pocuctemu InAs/GaAs € 3MEHIIIEHHS BiJICTaHI MK aTOMaMH BHACIIOK Aedopmariii. A 3MEHIICHHS
€Heprii eleKTpoHa B 00’ €Mi KBaHTOBIH TOYIII 3yMOBJIEHO 3MiHOO €(peKTUBHOI INTMOMHH MMOTEHIIIAIBHUX
sIM BHACJIIJIOK Aedopmaliii KBaHTOBOI TOUKM. BcTaHOBNIEHO, 1110 eHepris MoBepxHEeBOro piBHsA Tamma
3 ypaxyBaHH:M JeopMaliii 3pocTa€e Mpu 3MEHIIIEHHS pO3MipiB KBAaHTOBOI TOUKH. Lle y3romxyeTbes 3
JAHUMU THIIUX POOIT, B IKUX HE BPAXOBAHO €JIEKTPOH-Ae(opMalliiiHy B3aEMOIIIO.

KurouoBi cioBa: enekrpon-aedopmaliiiina B3a€MOJisl, KBAHTOBA TOYKa, IIOBEPXHEBI CTaHH,
Harpy>XeHa HaHOTeTepOCHCTEMA.
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