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We have developed a theoretical model that describes the process
of frequency modulation of radiation emitted at the recombination
transition between the ground states of an electron and a hole in
the InAs/GaAs heterostructure with InAs/GaAs quantum dots,
the modulation being induced by an acoustic wave. The character
of the dependence of the frequency modulation amplitude on the
acoustic wave frequency is determined.

1. Introduction

Sources of infra-red radiation, which are capable of
quickly changing their lasing frequency, are important
elements in high-resolution laser spectroscopy and opti-
cal communication systems. In experimental works [1,2],
effects of the influence of an ultrasonic wave on the pro-
cess of laser generation in the InGaAs/InP heterostruc-
ture, which manifested themselves in a rapid variation
of the radiation wavelength, were detected. In recent
years, the interest of researchers in InAs/GaAs semicon-
ducting heterostructures with zero-dimensional strained
InAs nanoobjects (quantum dots (QDs)) [3-7] has con-
siderably grown up. Such nanoobjects are characterized
by a high quantum yield of photoluminescence, being
promising objects for the creation of lasers in the near
infra-red spectral range [8, 9]. One of the important
research directions is a possibility to control the lasing
frequency of QD-based heterolasers.

An important factor that affects the spectral charac-
teristics of radiation emitted by InAs/GaAs heterostruc-
tures with InAs quantum dots is the elastic deformation.
For instance, in work [10], the influence of the field of
internal elastic deformations, which is a result of a dis-
crepancy between the lattice parameters, as well as of
different coefficients of thermal expansion, in the QD
and matrix materials, was studied. However, the ex-
ternal stresses can also affect the electron subsystem in
semiconducting heterostructures [11]; in particular, they
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can change the energy gap width, the energy spectrum of
charge carriers, and, respectively, the frequency of emit-
ted radiation. In works [12,13], the thermal deformation
mechanism of sound generation was considered, and the
opto-acoustic effects emerged in a dielectric matrix with
a metal nanocluster under the influence of laser irradia-
tion were studied.

In this work, a theoretical model for the modulation of
the radiation frequency of InAs/GaAs heterostructures
with InAs quantum dots by an acoustic wave has been
developed, and the influence of a dynamic deformation
on the energy spectrum of charge carriers in such struc-
tures has been examined.

2. Model

Consider an InAs/GaAs nanoheterosystem with strained
spherical InAs quantum dots, which undergoes an acous-
tically induced deformation. The lattice constant a3 =
0.608 nm in the grown material, InAs, is larger than that
in the GaAs matrix (az = 0.565 nm). Therefore, when
InAs is grown heteroepitaxially on a GaAs layer under
the pseudomorphic growth, the InAs substance under-
goes the compressive deformation, and the GaAs mate-
rial does the tensile one. Hence, a spherical quantum dot
of radius Ry can be regarded as an elastic dilatational
microinclusion, which is the elastic sphere (the solid thin
curve in Fig. 1) located in a spherical cavity (the dashed
curve in Fig. 1) in the GaAs matrix. The cavity volume
is smaller than the microinclusion one by AV. The ra-
dius of the GaAs matrix is R;. For such a spherical mi-
croinclusion to be inserted, it has to be compressed and
the surrounding GaAs matrix to be stretched in radial
directions. The result of the simultaneous action of de-
formations in the contacting nanomaterials is presented
by the solid bold curve in Fig. 1.

An acoustic wave induces a periodic deformation field
Uout(t) in the materials of the nanoheterosystem. A
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Fig. 1. Model of a strained spherical quantum dot. ugj) are the

radial components of shift vectors in the quantum dot (¢ = 1) and
matrix (¢ = 2) materials

mismatch between the edges of the conduction (va-
lence) bands at the quantum dot—matrix heterointerface,
which is associated with the difference between the en-
ergy gap widths in the QD and matrix substances, gov-
erns the potential energies of electrons and holes in the
nanoheterosystem. In the case of heterosystems with
strained QDs, the depth of the quantizing potential is
determined by both the internal deformation in the con-
tacting matrix and QD materials, which arises owing to
the mismatch between the lattice parameters in them,
and the deformation induced by the acoustic wave.

In Fig. 2, the geometry of the InAs/GaAs heterosys-
tem with spherical InAs quantum dots is illustrated, and
the coordinate dependences for the potential energies of
an electron and a hole without (the solid curve) and with
regard for (the dotted and dashed curves, respectively)
the deformation of the QD material caused by the action
of an ultrasonic wave are shown. The dotted (dashed)
curve corresponds to the time moment, when the tensile
(compressive) deformation induced by the external field
is maximal. The energy shifts of the edges of the allowed
bands under the action of elastic strains are

ABD(t) = ale(t) = Ay + AEG (1)

ABD() = al)eO(t) = AR + ABZ (1)

where AEg) and AEI()? are the energy shifts of the edges
of the conduction band in the QD and the valence band
in the matrix, respectively, caused by a mismatch be-
tween the lattice parameters in the contacting materials;
AEEQ (t) and AEf)ZQ) (t) are their counterparts emerging
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Fig. 2. Coordinate dependences of the potential energies of an
electron and a hole in the InAs/GaAs heterostructure with spheri-
cal InAs quantum dots without the influence of an ultrasonic wave
(solid curve), at the time moment when the ultrasonic wave creates
the maximal tensile deformation (dotted curve), and at the time
moment when the ultrasonic wave creates the maximal compres-
sive deformation (dashed curve). V(¢) and V(") are the depths of
potential wells for an electron and a hole, respectively, without an
acoustic wave

owing to the action of an ultrasonic wave; e = Sp () is
the overall deformation stemming from both a mismatch
between the lattice parameters of contacting materials
and the action of an ultrasonic wave; ag) and agf) are
the constants of the hydrostatic deformation potential
in the conduction and valence bands, respectively; and

1 =1 for InAs and 2 for GaAs.
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Hence, the potential energies of an electron and a hole,
W (R (1), in the strained InAs/GaAs heterosystem with
spherical InAs quantum dots are

o, 0 <r < Ry,
Wen (r,t) = { Weh (rt), Ry <r <Ry, (1)

where

W@ =AE, (0) — aMe® 4 ¢Pe®)]
WM = AE, (0) + alle® — aDe®

AE, ,(0) is the depths of potential wells for an electron
and a hole, respectively, in an unstrained quantum dot,

AEC (0) = X1~ X2

AE, (0) = E? (0) + x2 — BV (0) — x1, (2)

and y; and Eéz) (0) are the electron affinity and the en-
ergy gap width, respectively, in the i-th bulk unstrained
material. The energy is reckoned from the edge of the
corresponding allowed band in InAs.

3. Calculation of Strain Tensor Components in
a Nanoheterosystem with Quantum Dots
with regard for Ultrasonic Wave Effects

In order to determine the strain tensor components, it is
necessary to find the shift vectors u( (¢, r) in the QD and
matrix materials which satisfy the equations (i = 1,2)

o 3)

where p( and ag) are the density and the stress tensor
components, respectively, for the QD and matrix mate-
rials;

i i i i i 1 i

k k

where K and pu® are the modulus of uniform com-
pression and the shear modulus, respectively; and

G) 1 /0y, Ou;
( +a%) 5)

g ==
W= 2\ O,
are the strain tensor components.
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Let the displacement vectors u(” (¢,r) be represented

as a sum of two terms, ul”(t,r) = ul(z)(t,r) + u;f)(t,r)
which satisfy the conditions

rot ul(i)(t, r)=0, div ugf)(t, r) =0.

As a result, we obtain

2. () 2. ()
(Z) N 1 8 lll (1) - 1 8 uT
AuT =T g AN T T ap (6)
l T

() _ [3K®44u® @) _  [u® .
where ¢;” = EEETOR and ¢’ = o are the longi-

tudinal and transverse, respectively, velocities of acous-
tic vibrations in either the QD or matrix material. The
transverse acoustic wave — ugf) in Eq. (6) — does not
change the volume [14], because div ug) (t,r) = 0. On
the contrary, the propagation of a longitudinal wave is
accompanied by the volumetric expansion and compres-
sion.

Elastic vibrations in the heterosystem with QDs are
considered to take place against the background of static
stresses that arise owing to a mismatch between the lat-

tice parameters in contacting materials. Let the dis-
placement be represented in the form
u” (r,t) = g’ () + uf} (r, ), (7

where uéi)(r) are static displacements in the QD or ma-
trix material which satisfy the equilibrium equation [14]

Vdiv uéi)(r) =0 (8)
and the boundary conditions

47TR(2) (u(()i)bz% — o) ) = AV,

or \r=Ro

o P (9)

In formula (9), a((fr)r are the radial components of static
stresses in the QD and matrix materials emerging owing
to a mismatch between their lattice parameters. The
left-hand side of the first equation in system (9) amounts
to the geometrical difference AV between the volumes
of the microinclusion and the cavity in the GaAs ma-
trix; Pp = %—a is the Laplace pressure; « is the specific
QD (InAs) surface energy which is determined by the
condition

Ry
/P(i)cl(i)Qs(m(T)Ter = aAs,
0
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where AS = 27 Rou") (Ry) is a change of the QD surface
area, and £(*) is the overall deformation of the QD or ma-
trix material. The choice of signs in the second equation
of system (9) is dictated by the relationship between the
directions of forces that induce the compressive defor-
mation in the QD material, the tensile deformation in
the matrix material, and the surface tension force in the
QD, which makes it additionally squeezed.

An ordered arrangement of strained QDs in the crys-
talline matrix stems from the elastic interaction between
them. To reduce the problem with a large number of
QDs to a problem with a single QD, the following ap-
proximation was made in work [10]: the energy of the
pairwise elastic interaction between QDs was replaced
by the energy of interaction between every QD and an
averaged field of elastic deformations o.; of all other
QDs. In this work, when solving Eq. (8) with boundary
conditions (9), the elastic interaction between the QDs
was not taken into account, which is justified, provided
that the distance between the QDs is much larger than
their dimensions.

The second term in Eq. (7), ug? (r,t), describes dy-
namic displacements in the QD or matrix materials in-
duced by the action of an acoustic wave.

Since a spherically symmetric system is considered,
the displacement vector has only the radial component
u, and the radial stress looks like [12]

, 4 oulY 2 2ul?
@) — (g0 4 2,00 () 2 0 2
Trr ( + 3” ) or * < 3” > r

(10)

The solution of Eq. (8), taking conditions (9) into ac-
count and provided that a displacement at the point
r = 0 is finite in the case of spherical QDs, looks like

ug,) =Cir, 0<r <Ry,

(11)

(2

1
u0)=C2T+C3772, Ro <r < Ry,

v (12)
where the integration constants C7, Cs, and C3 are de-
termined from conditions (9).

Changing to the scalar potential, ugz) = Vo and
making allowance for Eq. (7), Eq. (6) can be written
down in the form

2 7
Ap — L9 ¥

1
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The solutions of this equation in each heterostructure
region must satisfy the boundary conditions

1 2
Ot (D), = o (O],

14
Ug)r (15)|T:R1 = —0,Sinwt. (14)

Here, aﬁ) (t) are the radial components of dynamical
stresses in the QD or matrix material caused by the ac-
tion of an acoustic wave.

The last boundary condition in system (14) deter-
mines the influence of an acoustic wave on the strained
state of the nanosystem as the action of a periodic driv-
ing force with frequency w, and the quantity o,s in
it is the amplitude of a mechanical stress created by
an acoustic wave on the matrix surface. This exter-
nal periodic force and the elastic force that arises in
the nanoheterosystem under its action are oppositely di-
rected at any time moment, and this fact dictates the
choice of the sign in the second equation of system (14).

Therefore, taking Eqs. (7), (10)—(12), and (14) into
account, as well as the fact that ug) = 8‘8"#, we obtain
the following expressions for the radial components of
displacement vectors in the QD and the matrix:

ulD(r,t) = Oyr — Ay x

sin <wt“(’f)+a1> w Cos <wt‘ff)+a1>
=) =)

X + ,
r? rcl(l)
(15)
@) 1
u,” (r,t) = Cor + C3— — AgX
r
sin <wt - &y + a2> w Cos <wt - &y + a2>
=) =)
X + ,
7 rcl(z)
(16)
where
Rl Ous
A= _W 2 2 2 o
\/(W01 —w?)" + dyfw?
wRy wRy wRy 21w
] = — + arctan————,
cgl) 052) cl(Q) w? — w%l
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Rl Ous
A= _P(Q) 2 2\2 2 27
(Wip — w?)” + 43w
R 2
g = % + arctan %,
q W= — W
(1) (2) (1)2 (2)2
2c 2c 2c 2c
wo1 = T,w02= T771=%, 72=%~
Ry Ry Roq Riq

The components of the strain tensor for the QD and
matrix materials are

0 (i)
@ _ Our ) _ @) _ W

G T p@ 0 00 T See T )

Sp e =¢l) 4 Ege) + 55230. (17)

We are interested in the influence of an acoustic wave
on a change of the frequency of radiation emitted by the
heterostructure with QDs. Therefore, in what follows,
only the dynamic component of a deformation will be
paid attention to in calculations. The influence of in-
ternal static stresses on the energy spectrum of charge
carriers in the heterostructure with QDs was studied in
work [10].

4. Modulation of the Frequency of Radiation
Emitted by a Heterostructure with QDs

The energy spectra and the wave functions for an elec-
tron and a hole in the system under consideration are
found by solving the non-stationary Schrédinger equa-
tion

Heop (r,0,0,8) UM (10, 0 1) = —?%(M) (r,0,p,t)
(18)
with the Hamiltonian
Hrbopt),, =20 — L g wen ),
' 2 mleh) (r)

(e,h)
m(e,h) (7") _ { my , re KT,

mge’h), ré¢ KT,

where the potential energies W (" (7 t) of an electron
and a hole in the strained InAs/GaAs heterosystem with
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spherical InAs quantum dots are defined by formula (1).
Provided that the Hamiltonian changes in time slowly
enough, one may expect that the stationary characteris-
tic functions of the energy operator calculated for the
given time moment will approximate the solutions of
the Schrodinger equation. Therefore, any characteristic
function found for a definite time moment continuously
transforms into the corresponding characteristic function
for a later time moment (the adiabatic approximation)
[15]. This approximation is correct, if the following con-
dition [16] is satisfied:

1‘6}[ 1

— | 1 19
h 3tw,%n’<< ’ (19)

where wy,, is the radiation frequency of a transition be-
tween the corresponding energy levels.

The solution of the stationary equation (18) and the

(e,h)

energies of the stationary ground, £, and excited,

Er"h), electron and hole states in a spherical QD, which
take into account static stresses caused by a mismatch
between the lattice parameters of contacting materials
(matrix and QD), were given in work [10]. Whether
condition (19) is satisfied or not depends on the relation
between the acoustic wave frequency and the frequency
Win, as well as on the relation between the deformation
potential and the energy distance between the ground,
Eée’h), and the excited, Ege’h) state of an electron or
a hole. As the further calculations demonstrate, w <
wWin and agfz,s(i) < E%e’h) - E(()e’h)7 i.e. condition (19) is
obeyed.

7

Let us seek the potential energies of an electron and a
hole in the form

Ween (rt) = Ve p AVE (5 4),

where AV(&") are the components associated with a dy-
namic deformation. In the first approximation, the cor-
rections to the energies of an electron and a hole, which
arise owing to a perturbation induced by the action of
an acoustic wave, are calculated by the formula [15]

(20)

n

B = [0 oo () AVER 1 e 1)
\4

where 9(¢") (r) are the eigenfunctions of an electron and
a hole in the nonperturbed (stationary) state. The com-
ponents of the potential energies of an electron and a hole
associated with a dynamic deformation, taking Egs. (1)

ISSN 2071-0194. Ukr. J. Phys. 2011. Vol. 56, No. 4



FREQUENCY MODULATION OF RECOMBINATION RADIATION

and (15)—(17) into account, look like

" 2 sin (wt— C“ff)—FOél)
AVE (rt) = aV 4, ( ) : -

r

" 2 ¢in (wt— :{;—i—ag)
—a? 4, < ) ! , (21)

D r

" 2 gin (wt—:‘(’f)—i—al)
AV (r 1) = —alV A, () : +
1

- (22

2 ¢in (wt - =5+ ag)
+al) Ay (?;) . :
G

Then, the periodic variation of the radiation frequency,
which corresponds to the recombination transition be-
tween the ground states of an electron and a hole in a
strained InAs quantum dot, can be determined as fol-
lows:

1

(B +BG®+2E,0), (23

where AE,; = agl)e(l) - a},s(l) is a change of the energy
gap width in the QD material under the influence of an
acoustic wave. Formula (23) takes into account that the
acoustic deformation results in a variation AE, of the
energy gap width in the QD material and a variation of
the electron and hole energies E%g’h). The change in the
charge carrier energies is connected with the variation
of the depth in the corresponding potential wells (see
formula (1)), which is associated with different shifts of
the conduction band bottom in the QD material and the
valence band top in the matrix. While calculating the
changes in the electron and hole energies Eig’h) by for-
mula (20), we used the results of work [10], where the
wave functions of an electron and a hole in the nonper-
turbed state were determined.

Hence, owing to the interaction between the electron
subsystem and the periodic deformation field induced by
an acoustic wave, the process of frequency modulation
of radiation emitted by the InAs/GaAs heterostructure
with InAs quantum dots takes place. Specifically, the
emission frequency which corresponds to the recombina-
tion transition between the ground states of an electron
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and a hole in a strained InAs quantum dot varies with
the period of an acoustic wave. Taking Egs. (20)—(23)
into account, the variation of the recombination radia-
tion frequency can be determined as follows:

Av(t) = vp sin(wt + 6), (24)

where

1 e h 2
Vo = % <(E§O)max + E%O)max) + AEgmax—’_

1/2
+2AE{] max (E§8)max + Egg)max> CO8 (al - 50)) ’

2 2
Bl = (B)+ (52"

r

1/2 1
—2BMYB@ cos(ay — ag)) /Q/Jn (&) (r) =) (r)dV,
v

2 2
i (CO RIS
12 1
~2B{V B cos(an — az)) / W+ (1) =M 1)V,
r
|4

1

AE‘g max — Rio

(-BM +BY).

B Bgl) sinaq — BgZ) sin ap

tan g = ,
Bgl) cos v — B£2) COS (g
(E%)max + Egg)max) sin ¢ + Alag max SiN /g
tanf = - .
(Egg)max + E§0)max> cos @ + A-Eg max COS 1

In Fig. 3, the results of numerical calculations of the
dependence of the modulation amplitude vy for the ra-
diation frequency that corresponds to the recombination
transition between the electron and hole ground states
in the InAs/GaAs nanoheterosystem with strained InAs
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Fig. 3. Dependences of the modulation amplitude for the recombi-
nation radiation frequency which corresponds to the transition be-
tween the ground states of an electron and a hole in the InAs/GaAs
heterostructure with InAs quantum dots on the acoustic wave fre-
quency for various quantum dot dimensions Ry = 3 (1), 5 (2), 7
(3), and 9 nm (4)

quantum dots on the acoustic wave frequency are de-
picted. The calculations were carried out using the fol-
lowing parameters [17-20]: x1 = 4.9 eV, x2 = 4.07 eV,

aV = 2508 eV, ol = —717 eV, al! = 1 eV,
al? =1.16 eV, ESV (0) = 0.36 eV, E{? (0) = 1.45 €V,
m{® = 0.057mg, m{? = 0.065mo, m{" = 0.41my,

m{" = 045mg, Ri = 50 nm, KO = 0.58 Mbar,
pM =0.19 Mbar, K® = 0.79 Mbar, u(? = 0.33 Mbar,
pM = 5680 kg/m?, p® = 5320 kg/m?, and o, =
10 bar. Figure 3 demonstrates that the dependence of
the modulation amplitude for the frequency of the re-
combination radiation emitted by the InAs/GaAs het-
erostructure with InAs quantum dots on the acoustic
wave frequency has a nonmonotonous profile which is
characterized by two maxima in a vicinity of the points
w = wp1 and w = wpz. Such a dependence can be ex-
plained as follows. A change of the recombination transi-
tion energy is governed by two factors, which the action
of an acoustic wave is responsible for: (i) the variation
of the electron and hole energies in the heterostructure
with QDs and (ii) the change of the energy gap width
in the QD material. At the frequency w = wg; of an
acoustic wave, the deformation in the matrix material
reaches the maximal value, whereas the deformation in
the QDs can be neglected (¢! <« £(?)). Therefore, only
the shifts of the conduction band bottom and the valence
band top in the matrix material can be considered. In
turn, this induces a variation of the electron (hole) po-
tential well depth and, respectively, the shifts of charge
carrier energy levels. A further increase in the acoustic
wave frequency results in a reduction of the deformation
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in the matrix material and, respectively, in a reduction
of the influence of the first factor on the recombination
radiation energy.

At the frequency w = wqo of acoustic wave, it is the
deformation in the QD material that achieves the max-
imal value (¢ > ¢(?). In this case, the second factor,
i.e. the variation of the energy gap width in the QD
material, plays the dominant role in the change of the
recombination radiation energy.

Moreover, the amplitude of the frequency modulation
for radiation that corresponds to the recombination tran-
sition between the ground states of an electron and a hole
in the InAs/GaAs heterostructure with InAs quantum
dots depends considerably on the QD size. In particular,
if the QD radius is reduced from 9 to 3 nm, the maximal
increase of the frequency modulation amplitude changes
from 100 to 300 GHz (Fig. 3). This can be explained by
the fact that QDs with smaller dimensions are more sen-
sitive to deformation. The reduction of QD dimensions
also results in that the maxima of the frequency modu-
lation amplitude are shifted toward higher frequencies,
which is explained by the growth of the frequency of
characteristic vibrations in a spherical nanoinclusion.

The theoretical calculations, which were carried out
in the framework of the presented model, qualitatively
coincide with the experimental data obtained in works
[1, 2]. Namely, in those works, on the basis of the
spectral analysis data, it was established that laser 2D-
heterostructures created on the basis of InGaAsP/InP
can modulate their lasing frequency under the influence
of an acoustic wave. In particular, the action of a bulk
ultrasonic wave with an acoustic power of 1 W (an inten-
sity of 100 W/cm?) gave rise to a variation of the radi-
ation wavelength by 0.7-0.8 nm [1]|, which corresponded
to a frequency change of about 110 GHz.

5. Conclusions

A theoretical model describing the process of radiation
frequency modulation induced by an ultrasonic wave at
the recombination transition between the ground states
of an electron and a hole in the InAs/GaAs heterostruc-
ture with InAs quantum dots is developed. The de-
pendence of the frequency modulation amplitude on
the acoustic wave frequency was found to have a non-
monotonous character with two maxima, the positions
of which are governed by the geometrical dimensions of
the heterostructure and the elastic constants of its com-
ponents. The reduction of the QD size is shown to result
in an increase in the frequency modulation amplitude,
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FREQUENCY MODULATION OF RECOMBINATION RADIATION

which is explained by the growth of deformations in the
QD material.
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YACTOTHA MOJLYJISIIST PEKOMBIHAIIIITHOT'O
BUITPOMIHIOBAHHS TETEPOCTPYKTYPU
InAs/GaAs 3 KBAHTOBUMU TOYKAMU

InAs ITIJT BIVINBOM AKYCTUYHOI

XBUJII

P.M. Ileaewar, O.0. Hanvxris, O.B. Kysux
PezwowMme

Ilo6ynoBano TeopeTHYHY MOZEJb IIPOIECY HYACTOTHOI MOMYJIALil
BHIIPOMIHIOBAHHSI IIPU PEKOMOIHAIIHHOMY Iepexofi Mi’K OCHOBHU-
MU CTaHAMH €JIeKTPOHA Ta JAIpKH B rerepocTpyKTypi InAs/GaAs
3 KBAHTOBHMH TOYKaMM InAs 3a JONMOMOrOI0 aKyCTHYHOI XBHJII.
Bcranosieno xapakTep 3aI€’KHOCTI aMILTITYAU YACTOTHOI MOLIY-
JIsIil BiJi 9acTOTH aKyCTUYIHOI XBHJIL.
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