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Based on the elastic continuum model, the theory of displacement of acoustic phonons spectra, arising
in flat semiconductor nanostructures, was developed. For the studied resonant tunneling structure, which
can be an active element of a quantum cascade laser or detector, the spectrum of acoustic phonons modes
has been calculated. The dependences of the acoustic phonon spectrum from geometric parameters of stud-
ied nanostructure were set. The results obtained in the paper can be used to further theoretical studies of
the electrons interaction with the transverse acoustic phonons in multilayer semiconductor nanosystems.
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1. INTRODUCTION

Actually, the study of electron tunneling processes
in planar semiconductor multilayer resonant tunneling
structures (RTS) occupies an important place for an
effective work of modern quantum cascade lasers (QCL)
[1-3] and detectors (QCD). Much attention is paid to
the theoretical study of interaction of electrons with
optical phonons [4], constant electric [5, 6] and magnet-
ic field [7] with the electron beam and its static and
dynamic spatial charge [8, 9], but the acoustic phonons
influence on the resonant tunneling is still practically
unexplored. Also the value of contribution of electrons
interaction with acoustic phonons in multilayer RTS is
not been studied yet.

It was determined in papers [10, 11], the study of
spectral parameters and active dynamic conductivity of
the RTS as an active zones of QCL and efficiency, can
largely describe the processes of generating or detect-
ing electromagnetic waves, tunneling and relaxation of
electron beam, and above all, solve the important task
of optimizing efficiency and QCL by the selection of
geometric design of their active zones.

Considering abovementioned, the important task is
to study the spectrum of all types of acoustic phonons
arising in nanostructures and effects of their interac-
tion with electrons. However, these studies are efficient
to do for the RTS, that are the active zones of QCL and
efficiency.

Related researches of the acoustic phonons spec-
trum in the single quantum wells and wires are pre-
sented in the works [12-14]. From above it’s obvious
that the models of isolated nanosystems described in
these works cannot be applied to multilayer RTS.

You can select two early papers [15, 16], where the
acoustic phonon modes spread in an isotropic semicon-
ductor layer, which is limited on both sides by another
semiconductor environment were described.

In this paper, based on the elastic continuum model,
the theory of displacement of an acoustic phonons spec-
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tra, arising in double-well semiconductor RTS with
Ini-.GasAs — potential wells and Ini-.Al:As potential
barriers, was developed.

The results of this work can be used to develop a
theory of electrons interaction with acoustic phonons in
multilayer RTS.

2. THE ACOUSTIC PHONONS IN MULTILAYER
RTS. ELASTIC CONTINUUM MODEL

The flat semiconductor RTS, consisting of two po-
tential In, Ga As — holes ((1), (3)) and potential —
In, Al As barrier ((2)), placed in an external semi-
conductor environment In; Al As ((0) (4)) is examined

In the Cartesian coordinate system. The axis Oz is
perpendicular to planes of the nanosystem (Fig. 1).

Fig. 1 — The geometric scheme of the multilayer RTS

In the model of elastic continuum the wave equation
for the vector of an elastic displacement in the isotropic
environment looks like:

o’ _ _
p(z)y =(Cyy +2C, )V -(V-71) - C,,Vx(Vxiz) (1)

where the density of the RTS material is defined as:
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p(z) = f_:l pP [9(2 ~2,,)—0(z— zp)],

2y =—0; 2z =+0, p=0,4

@)

) = 17 37 . .
PP = {p 0> P —the density of the material,

p17 p = 0’ 2’ 4'
C,, Cu, p=13,
c® :{ B c® :{ o — elastic con-
Cas Cu, p=0,2,4.

stants of the p RTS layer , 8(z) - Heaviside unit func-
tion.

As the following equation is true to the transverse
acoustic modes:

V-u=0; Vx(Vx&)=-Vi, (3)

so the equation (1) becomes:
o’u _
p(z)y = C44V2u . 4)

Let consider that the transverse acoustic mode are
spread in the direction of the axis Ox and have the
wave vector ¢, so the elastic displacement #(z) can be

found from the equation:
u(x, y,2) = u(z)e" @ 5)

As the cross-phonon modes have only one nonzero
component, so:

i(2) = (0, u,(2), 0), (6)
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Then, the solution of equation (4) can be represent-

ed as: u(2) :uy(z)ei("x’”’”) , where the displacement is:

u,(2) = é @)z, ) -0 -2,

Zy=—w0; z;=+0, p=0,4

(M

And the components ufvp)(z) can be obtained from

the equation:

dZu(p)(z) a)2
y A2 (p) _
—z o u(2)=0, ®)
where
C(p)
v = ) ©)

p

- the transverse speed of sound in p layer of the
RTS, moreover: v =@ =v®; v =0® .
As the acoustic waves should subside in the envi-
ronment from the left and right side of the RTS, i.e.

z<z andz>z,, then the solutions of equations (8)
must satisfy the condition:

u(z)‘ =0. (10)

z—>doo

The solutions of equations (8), being presented in
the expression (7) look like:

u,(2) = Aet? [0(z—2))—0(z—z) ]+ (A2 coskPz + B, cos kt(z)z)[é’(z -2)-0(z-z,) |+

+(A3e"f(3)z +Bye 4" )[9(2 —2y)-0(z—25) |+ (A4 cosk ¥z + B, cos kt(“)z)[é’(z —z,) -0z -z, |+ (11)

+B5e”‘;5)2 [9(2 —z,)-6(z— 25):|,

2
@ _ .3 _ 6 _ 2 @
0=z —Zf)—ﬂfq i
Lo (12)

0)2 q2
Ut(2)2

where

k,5(2) — kt(4) —

The conditions of continuity of displacement vector

components and stress tensor 0;2’)

the heteroboundaries of nanostructure:

(2) are satisfied on

o’(2), <1,

o(2), z,<z1<1,

0, (2) =10 (@), 2, <2 <2, =1CH 2 (Ae*

o(2), z,<z<1,

@
0,’(2), 2>z,

(p) ‘ _ ., (p+D)
u? (z =u z
P, e

z:zp+0 ’ (13)
U(p)(z)‘ =P (z)
yz z=z,-0 2

b
z=z,+0

where the displacement vector components are de-
fined as:

0'3,2(2) =Cyy [511(2) + QU(Z)J =

oy 0z
6uy(z) i
0z

. (14)

=C, %(uy(z)eiqx) =Cy,

From the equation (14) considering (11) we can find
following:

(0) ,,(0) 02
Cuxi A", 2<1,

COk® (~Asink®z+ A cosk®z), 7, <z<71,,

0
©;

—Be A" ) 2,<71<1, (15)

COK (-Asink®z+ A coskPz), 2, <z <71,

_ (0
CO 9B, 7>1,
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With the use of the transfer matrix method, all the
unknown coefficients A, A,,B,,A;,B;, A,,B,,B, are

uniquely determined from the condition (10) and equa-
tion (13). The spectrum of phonons is determined by
the dispersion equation:

1T(q, )| =0 (16)
where:

T(q, @) = TOVTHTEITEH (17)

-
-
{
1

1

2

C

-4z, (p+) .
C(p”)k(p*l)je cosk, 2,;

tp,p+1

tp,p+1
11 C(p+1)k(p+1) 20z
(p) ,,(p)
Ci'x
C(p) (p)

» (p)
seck”'z,

(0),

%% cos kP2 2,;

T oL C(p+1)k(p+1)
tp,p+1

tp,p+1 _
2 1 C(p+1)k(p+1)

0

e” * cse k(p) z,

G )
)

0,1

0,1
tlZ

=ty —t“

t34

The acoustic phonons spectrum are completely de-
termined by the equations (18-19) and Q,; =ha,;

3. DISCUSSION OF THE RESULTS

Based on the developed theory, the calculation of
the acoustic phonons spectrum of the nanostructure,

consisting of two potential In,;,Ga,,As wells and
potential In,;,Al,, As barrier, placed in the environ-
ment, In, ;,Al, ,cAs has been done. Geometric parame-
ters of the RTS are the following: potential wells:
b, =b, =10 nm, barrier -. A=5 nm . Physical parame-
ters of the RTS are: the density of the potential wells
and barriers material
Po = 5,50-10% kg/m®; P = 4,76-10° kg/m®, and the elas-
tic
Cyy, =5,96-10°N/m*; C,,
2
£ 14
G 12

constants
=4,76-10"° N/m?.
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Fig. 2 — The dependences of the transverse phonons spectrum
(€,7) from the internal barrier position (A)
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is the transfer matrix of studied RTS.
In the (17):

is the transfer matrix between p and p+1 layers

p,p+1 p,p+l
t; tis

PP+l [ (18)

,p+1 p,p+l

t21 t22

of the RTS, moreover transfer matrix elements are de-
fined as:

p) .,(p)

CA(M X

172, i (pH1)
— 2L e rsinkVz ; p=0; 2
(p+1)1,(p+1) t p’ ’
Cii 'k J

11 cepemY
2(1 co o |2 seck?z,; p=1;3
14’ X
1 O+ p(p+1) o
2[1 - gm t(p) el'( = sin k(pﬂ)zp; p=0;2
aa X
= 19
(p) ,,(p) 0 (19)
1 Cit Oz

e # % seck®z z,; p=1,3

|

Fig. 2 shows the dependence of the energy spectrum

@) L)
C44 kt

. 1
of acoustic phonons from the wave vector g=—
a

=b, +A+b,. From the Fig. 2 it’s obvious, that,

’

where a
mentioned above spectrum dependences Q,; from q,

Q<Q <Q

are located in the energy interval: 7 <

where Q; and Q; - are the energies of the transverse

phonons In, ;,Ga, ,,As
In0A52A10A48AS (where QTU (@), QT1 (@) ~ q). The spectrum

in massive crystal and

of acoustic phonons of the RTS consists of the phonon
mode groups, each of which contains two modes of posi-
tive and negative dispersion. With the increasing of ¢,
the phonon energies values within each of these groups
grow and converge with each other and at the same
time Q,; > Qp

20

b, nm

1

Fig. 3 — The dependences of the transverse phonons spectrum
(Q,;) from the internal well position (b)) in the general po-

tential well at ¢ =1.2
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Fig. 3 shows the dependence of the acoustic phonons
spectrum Q ., from the position of the inner barrier (b)

for g =1.2. The figure shows that the dependences Q,,

from b are within the limits:
Qp =0,66 meV<Q, <0,79 meV=0Q, , and
Q<Q,47-7=12,.,6. For each of phonons mode

Q _.n=1,2,.,6 on the dependence schedule of b, n

nqg’
maximums are formed and from n = 2, n — 1 minimums.
>
qé“ 0,82
o 080} Q,
0,78
0,76
0,74
0,72
0,70
0,68 1
0,66 -
T1

0’64 1 1 1 1
0 5 10 15 20 25

A, nm

Fig. 4 — The dependences of the transverse phonons spectrum
Q,; from the internal barrier thickness (A) at constant size

of the nanostructures, calculated at ¢ =1.2
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The dependences of the energy spectrum of phonons
from the thickness of the inner potential barrier at con-

stant general size of nanostructure a=8b+A+b, ,
where q =1.2 are presented at the Fig. 4. Fig. 4 shows

that, similar to previously studied dependencies, acous-
tic phonon mode are located within the limits:
Q = 0,66 meV <Q, - <0,79 meV = Q. For each of the

three groups of phonon modes , containing two modes
with positive and negative dispersion, the dependences
Q,; of (A) increases, bounding together and reaching

maximum values QTU =0,79 meV .

4. CONCLUSION

In presented paper, with the use of elastic continuum
model, the theory of the transverse acoustic phonons
spectrum in planar multilayer semiconductor nanostruc-
tures has been developed, that can serve as an active
element of a quantum cascade laser or detector.

On the example of the nanosystems with two poten-
tial wells and barriers, with the use of the advanced
theory, the acoustic phonons spectrum was calculated.

The dependences of the phonon spectrum from ge-
ometric parameters of studied nanostructure were set
in this paper.

The results obtained in the paper can be used to de-
velop a theory of the electrons interaction with the
transverse acoustic phonons in multilayer semiconduc-
tor nanosystems.

CroekTp monepeyHuxX aKyCTUIHHUX (POHOHIB y INIOCKUX HaraTomapoBux
HAMNIBIIPOBITHUKOBUX HAHOCTPYKTYpax

1.B. Boiiko!, A.M. I'purryx2

1 TepHonisibcvKuli HAUIOHAbHUT MmeXxHiuHUTl YHIdepcumem imeni Isana ITynios,
eya. Pycora, 56, 46001 Teproninw, Yrpaina
2 JKumomupcoruli oepacasruil yrigepcumem imeni leana @panka,
8ysi. Benurxa Bepouuiscvra, 40, 10033 JKumomup, Yrpaina

¥ Mozesi mpysKHOIO KOHTUHYYMY PO3BMHEHA TEOpis €HEePreTHYHOTO CIIEKTPY IIOMEPEeYHUX AKYCTHIHUX
hOHOHIB, 110 BUHUKAITH ¥ IJIOCKUX HAIIBIPOBLIHUKOBAX HAHOCTPYKTypax. Jis mociimxyBaHol pe3oHAHC-
HO-TYHEJIBHOI CTPYKTYPH, III0 MOKe BUKOHYBATHU POJIb AKTUBHOIO eJIeMEHTa KBAHTOBOIO KACKAIHOIO Jia3epa
YK JETEKTOPA, PO3PAXOBAHO CIEKTP aAKyCTUYHUX (DOHOHHUX MOJ,. BCTAHOBIIEHO 3aJI€3KHOCTI CIIEKTPY aKyCTHU-
yHUX POHOHIB BiJI TeOMETPUYHUX IIapaMeTpPiB JOCTIIKYBAHOT HAHOCTPYKTYpH. Po3BuHeHA Teopis Moske OyTH
BHUKOPHUCTAHA JIJIS II0IAJIBIION0 TEOPETUYHOIO TOCTIIKeHHS IIPOIeCiB B3aeMOIil eJIeKTPOHIB 3 aKyCTUYHUMHA

doHOHaMM y OaraTolrapoBUX HAHOCTPYKTYpPaX.

Knouosi cinosa: Kpantosuit kackamgunii masep, KBaurosmit kackagHuit metekrop, PesoHaHcHO-TyHeIbHA

cTpyKTypa, Akycrnuni dhoronu, Tpancdep-MmaTpuiis.
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CnoekTp momnepevyHbIX aKyCTHYE€CKUX (POHOHOB B IJIOCKUX MHOTOCJIOMHBIX
IOJIYyIPOBOJHUKOBBIX HAHOCTPYKTYypax

1.B. Boiiko!, A M. I'purryk?

1 TeprononbcKuli HAUUOHAIbHBLI MmeXxHUuuecKull ynusepcumem umenu Hearna Ilynios,
ya. Pycoka, 56, 46001, Teprononw, Ykpauna
2 JKumomupcruil 2ocyoapecmaeernmbviii yrusepcumem umeru Hsearna Oparko,
ya. Benvika Bepoviuuecvra, 40, 10033 JKumomup, Yrpaurna

B momenu ynpyroro koHTHHYyMa pa3BUTa TEOPUS IHEPreTUUYECKOI0 CIIEKTPA II0IIEPEYHBIX aKyCTHIECKUX
OHOHOB, BOSHUKAIINX B IVIOCKUX II0JIyIIPOBOJHUKOBEIX HAHOCTPYKTypax. Jliis ucciieryeMoil pe3oHAHCHO -
TYHHEJIBHOHM CTPYKTYPBL, KOTOPAsi MOKET BHIIOJIHSTH POJIb AKTHBHOTO dJIeMEeHTa KBAHTOBOIO KACKAaIHOTO Jia-
3epa WU JeTeKTOpa, PACCIUTAH CIEKTP aKyCTUIeCKUX (DOHOHHBIX MOJ. YCTAHOBJICHBI 3aBUCUMOCTH CIIEKTPA
aKyCTUYeCKUX (POHOHOB OT reOMETPHYECKHUX ITapaMeTPOB HCCJIeIyeMoi HAaHOCTPYKTYphl. PasBuras teopus
MOKeT OBITh HCIIOJIb30BAHA JJISA JAJbHEUIIero TeOPeTUIECKOr0 HCCJIEOBAHUS IIPOILIECCOB B3aUMOIEeHCTBUS
9JIEKTPOHOB C aKyCTHIECKUMU (DOHOHAMH B MHOTOCJIOMHBIX HAHOCTPYKTYPaX.

Kimouessie cioma: KsautoBbiii kackamgubiii sasep, KBaHTOBBIM KacKamHBIN eTeKTOp, Pe3oHaHCHO-
TYHHEJIbHAS CTPYKTYpa, Akycrudeckre doHoHHI, Tpancdep-marpuria.
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