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The theoretical description of electronic tunneling transport through the three-well nanostructure
(Ing.53Gao.a7As/Ing. 52 Alp.4gAs), being an expanded active region of quantum cascade detector, is presented. Using
the solution of the Schrédinger equation, the dynamic conductivity caused by quantum transitions due to the inter-
action of electrons with electromagnetic field and phonons is calculated. Within the Green functions approach, the
electron spectrum, renormalized due to the interaction with confined optical and interface phonons is obtained at
cryogenic and room temperatures. The role of different mechanisms of electron—phonon interaction in the formation
of temperature shifts, decay rates of electron states and electromagnetic field absorption bands is investigated. It is
shown that independently of the temperature, the contribution produced by interface phonons into renormalized
electron spectrum is several times bigger than that of confined phonons. However, the experimentally observed
long-wave shift and broadening of absorption band at higher temperatures is, mainly, caused by the decreasing

heights of resonant tunneling structure potential barriers.
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1. Introduction

The experimental producing of first quantum cas-
cade lasers (QCL) [1, 2] and quantum cascade detectors
(QCD) [3, 4] stimulates the intensive experimental [5—
10] and theoretical [11-16] investigation of physical pro-
cesses in these nanodevices. Such multi-layer nanostruc-
tures have the characteristic potential profile for the elec-
trons, which tunnel from the input potential well into the
output one, performing quantum transitions between the
quasi-stationary states, accompanied by emitting or ab-
sorption of electromagnetic field quantum.

At first, the experiments, particularly concerning
QCL [1, 2], were held at cryogenic temperatures. In the-
oretical papers [11-16], the spectra and quantum tran-
sitions were studied for the closed resonant tunneling
structure (RTS) placed into the outer medium-barrier.
The transport properties of electronic currents through
the open multi-layer RTS placed into the outer medium-
well were studied in theoretical papers [17-20]. The effect
of phonons was assumed as not essential, thus the main
attention was paid to the spectral and transport charac-
teristics depending on physical parameters and geomet-
rical design of RTS.

Further, the temperature range of functioning devices,
in particular QCD [3], enlarged till the room tempera-
tures [5-10]. This fact, together with the other reasons
was expected taking into account the phonon subsystem
for the theoretical models describing the electron-field in-
teraction arising during the electrons transport through
the multi-layer RTS.

*corresponding author; e-mail: ktf@chnu.edu.ua

In the first experimental paper [3], it was shown that
QCD fabricated of Ino,53Ga0_47As/In0_52A10,48As cas-
cades successfully operated both at cryogenic (T' = 10 K)
and room (T = 300 K) temperatures. Analysis of the
results proved that rather wide electromagnetic field ab-
sorption band (I' &~ 10 meV) with maximal responsivity
at wavelength (A = 5.35 pum) and 7" = 10 K, became
wider and shifted into the long wave region when the
temperature increased till the room one.

In the theoretical models describing the closed
RTS [11-16] developed without taking into account the
interaction between electrons and dissipative systems,
the stationary states (between which the quantum tran-
sitions occur due to electron—field interaction) are char-
acterized by energies (without decay rates) and oscillator
forces of these transitions. At the same conditions, in the
open models of RTS [17-22], the quasi-stationary states
with finite life times arise, thus, the tunneling transport
of electrons is observed. The electronic dynamic conduc-
tivity and rather wide electromagnetic field absorption
band is observed here even without taking into account
the dissipative subsystems.

As far as the phonon occupation numbers are sensitive
to the temperature, one can expect that electron—phonon
interaction should affect on the temperature dependence
of QCD operating parameters. Now then, the investiga-
tion of this interaction in multi-layer RTS is important
not only to display its negative role in the renormalized
electron spectrum and, thus, in the variation of absorp-
tion band parameters but, also, because according to the
idea of paper [3], the phonons play the key positive role
in the functioning of QCD. Just the electron—phonon in-
teraction in extractor “phonon ladder” causes the relax-
ation of electrons from the excited quasi-stationary state
of active region of previous cascade into the ground quasi-
stationary state of the nest one.
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The theory of electron—phonon interaction in one- and
two-well closed nanostructures was developed in many
papers (|13, 23-29] with references) using the model of
effective mass for the electrons and dielectric contin-
uum model for the confined optical (L) and interface (I)
phonons. For these models, the electron—phonon Hamil-
tonian was written in the representation of phonon oc-
cupation numbers and in coordinate one over the elec-
tron variables. The spectrum of I-phonons in multi-
layer nanostructures, as a rule, was obtained within the
transfer matrix approach. The probabilities of quantum
transitions between electron states were found using the
Fermi golden rule at different temperatures and design
of RTS. As far as we know, in the cited and other pa-
pers, the theory of electron—phonon interaction does not
explain the small broadening and long wave shift of elec-
tromagnetic field absorption band observed during the
experiment [3] at the increasing temperature of QCD.

In this paper we present the results of theoretical de-
scription, compared to the experimental data, of tem-
perature dependences of electronic dynamic conductivity
and electromagnetic field absorption band for the three-
well RTS being an expanded active region of QCD, taking
into account the varying heights of potential barriers and
electron—phonon interaction.

2. Transmission coefficient
and dynamic conductivity of electrons
in the open three-well RTS

The plane open (o) three-well RTS with geometrical
parameters shown in Fig. 1 is studied in Cartesian coor-
dinate system with OZ axis perpendicular to the planes
of nanostructure. The electron Hamiltonian has the form

HY(r) =T, + HO(2). (r=p+n.z). (1)
Here T}, is the kinetic energy of electron, moving in the
direction parallel to the planes of RTS,

HO(2) = 5 o= —— =+ UL(2) )

is the term describing the kinetic energy in the direction
perpendicular to the planes of RTS with electron effective
mass m(z) in the field UCO)(z) of the rectangular poten-
tial profile of open system

m@={Zf wW@z{““h 3)

U, barriers.

The mono-energetic current of uncoupling electrons with
concentration (ng), moving perpendicularly to the planes
of RTS, interacts with electromagnetic field characterized
by frequency (w) and intensity (F'). In dipole approxi-
mation, the Hamiltonian of electron—field interaction in
RTS has the form

H(z,t) = —2eFz[0(z —2_1) — 0(z — z7)] coswt. (4)
Assuming, for the sake of simplicity, and according to
the experiment that the kinetic energy of electron mov-
ing along the RTS is much bigger than its energy in
transversal direction (7)), we obtain the complete one-

dimensional Schrédinger equation

ihay'/(o)(E,w,z,t) _
ot

HE(2) + H(z,6)]| 99 (Byw,2,1). (5)
It has the exact solutions in each part of RTS (j =
0,1,...,8), thus, the wave function of electron—photon

system which takes into account all field harmonics is
written as

LT/(O)(E,w,Z,t) =

8

S U (Bw, 2 )0z~ 2-1) — 0z — ). (6)
=0
Here
W;O) (E,w, 2, t) _ Z e—%(E+p7'Lw)t Z Az(f;) eiéKpjz
p=—o00 =+
1, p=20,8
X { ei[a(z) sin wt+£83; coswt]7 p=1-1, (7)
where
2eFz 2eFKp;
a(z) hew ) ﬂp] mng ) ( )

P ky=h~='\/2my (E+phw), j=0,2,4,6,8, )
P xp=ht2my, (E+phw—TU), j=1,3,5,7.

E is the electron energy, a, 3,; are the time-independent
coefficients, z_1 — —00, 2z — +00.
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Fig. 1. Scheme of potential profiles and electron ener-
gies in open (0) and closed (c) three-well resonant tun-
neling structure.

The complicated wave functions (7) are essentially sim-
plified for the actual case when the three-well RTS is an
active element of experimental QCDs [5-10], detecting
the weak electromagnetic fields satisfying the condition
eFd < U, where d is the size of nanostructure.

Expanding the periodical functions ![/J(O), expres-
sion (7), into the Fourier range over the Bessel func-
tions and preserving the linear term over the field inten-
sity (F'), we obtain the wave functions of electron—photon
system in the so-called small signal one-mode (p = 0, £1)
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approximation
(0)(E w, z,t) = e 1EU/R Z (10)
A(()? eiékoz + Ag? eléklz e—lwt
+A£é%jei£k_1zeiwt’ ]2078
£) i iz : iw
" A(()j)e tKojz [1 4 4 (%éﬂoj + az e. t
“r% (ifﬁOj _ 04) e—lwt] + Agj)eléKljZ
I:eiiwt + % (lgﬂlj -+ O[)]
+ A(_eijei”{*ljz [elwt + L (i4B_y; — )], j=1=T7

The electronic current with energy (FE) impinges at
RTS from the left hand side,
A;g) =0, (p = 0,£1). The other unknown coefficients

(Ag)) are fixed by the conditions of continuity of each
harmonic of complete wave function and their densities of

currents at all RTS interfaces in any moment of time (t):
(O)(E w, zj,t) = gl (E,w,zj,t)

since A(iﬁ),o = 0 and

j+1
1 0 (o) .
mJaz\II (szt)) _Zj— (]:0—7) (11)
mJ+1 dz \Ilgi)l(anazvt)

Z2=zj

The coefficients (A( ) obtained from this system of
equations are the hnear functions of field intensity (F)
and complicated functions of electron energy (E) and
field frequency (w). Finally, the wave function of
electron—field system is definitely fixed. In its turn, ac-
cording to the quantum mechanics [30], it determines
the stationary and dynamic densities of electronic cur-
rent through the RTS. The stationary densities of input
and output current define the transmission coefficient

2
D(E) = |AS(B)/ADD(B)| (12)

which, in its turn, fixes the spectral parameters (res-
onance energies F, and widths I7,) of electron quasi-
stationary states [17].

The calculation of dynamic currents [18, 20] makes it
possible to obtain the real part of dynamic conductivity
of the system caused by the electron—field interaction.
It is convenient to express this conductivity as a sum of
two partial terms

o(E,w) = a+(E,w) +o (E,w). (13)
Herein
R2wn,
O'i(E,LU) = WFOQ (14)
kmm{} ﬂA{}EwF

are the partial terms caused by the input (¢7) and output
(07) electronic current through the RTS, respectively.
As far as the coefficients (A*)) are the linear functions
of the field intensity, expressions (12), (14), both D and ¢
are independent of it in the framework of small signal one-
mode approximation. The transmission coefficient (D)
is the function of electron energy (F) while the dynamic

o0
fdz

conductivity (o) is proportional to the concentration (ng)
and depends both on the electron energy (E) and field
frequency (w). Both of them depend on geometrical pa-
rameters of three-well RTS.

3. Hamiltonian of electron-phonon system
in closed three-well RTS in the representation
of second quantization

In order to develop the theory of electron—phonon in-
teraction in open multi-layer RTS within the Green func-
tions approach, one has to use the complete set of or-
thonormal electron wave functions. These functions for
the quasi-stationary states corresponding to the under-
barrier resonance energies (E < U) should be localized
enough. It is clear that the final results are to be indepen-
dent of the choice of the set of functions. However, this
choice determines the character of the problems arising in
the approach analyzed in detail in Ref. [28]. The spread
method is to assume that the thicknesses of RTS outer
barriers are rather big and, thus, the barriers become
infinite. Consequently, the electron under-barrier states
are characterized by localized wave functions obtained
from the stationary Schrodinger equation and the above-
barrier states — by the non-localized ones.

According to the abovementioned, we are going to
study the closed (c) three-well RTS with infinite outer
barriers (by = by — oo, Fig. 1). Thus, in the Hamil-

tonian (2), instead of the potential energy ude (z b1, b4)
for open RTS we put U = lim U (z,b1,b4) for

b17b4—>oo
the closed one.
The solution of stationary Schrodinger equation with
Hamiltonian (1) for the electron in closed three-well RTS
is written as

vl (r) = i) (p,2) = —=

cikp g (o), ,
Tetrld(e)

15
n, E<U (15)

where S is the square of the main region in XOY
plane. We introduce the correlated effective mass m-' =

2
v (2)

k., E>U
k:m@+%@,ﬁ:{L’ = }

(z) instead of m(z) in the term T,

as in Ref. [31], in order to simplify the Hamiltonian H,
and separate the variables p and z. As a result, the com-
plete electron energy Eéck) consists of kinetic energy of its

movement in XOY plane (h?k?/2mj) and the energy of
longitudinal movement Eéc):
h2E?

. +EY9. (16)

(o _
By =
The energy spectrum (Eéf)) and wave functions

(!I/fsc)(z)) are obtained from the one-dimensional
Schrédinger equation
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EO W (). (17)

xi = o 2 (U—ES) = [2m,U=2— k2, fm.

The fitting conditions

(c) _ g :

Wjﬁ (Z)|z:2j - wjurlﬁ (Z)|z:zj’ (20)
ov(z) _0v9.(2) i1
m;j(2)0z| mjy1(2)0z|

and normalization ones

/ PO () 09 (2) dz = Sy,

—oo

[ @ eas =t - 1) (21)

definitely fix the coefficients (Ajiﬁ), wave functions

(!7;%)(2)), energies (E(ﬁc)) and, since, the complete en-
ergy spectrum (Eéck)) and orthonormalized set of wave
functions (![/;L?(p, z)).

Introducing the quantized wave function
V(p2) =D ViR (p, 2)an (22)
fik
with creation (a7, ) and annihilation (as,) Fermi opera-

tors of electron states, we obtain the Hamiltonian (1) in
the representation of their occupation numbers

Hez//W*(p,Z)He(p,z)W(pJ)dpdz=

Z Eéck)a;fkaﬁk. (23)
nk

It is well known [23-29], that in the dielectric continuum
model, the spectra and potentials of polarization fields
of optical confined (&, (r)) and interface (&;(r)) phonons
are obtained from the following equation:

gj(w)V?&(r) = 0. (24)
Herein, for the nanostructure with ternary compound

j-th layer, the dielectric functions (¢;(w)) are fixed by
the Lyddane—Sachs—Teller relation
2 2 2 2

Ej (w> = €)oo (w2 w]2L1)(w2 w]2L2) ,
(W? —wip ) (w? — wip,)

where €., is high frequency dielectric constant, wjr,,

wjr, and wjn, w;jp, are the frequencies of longitudinal

(Lj1, Ljo2) and transversal (Tj1, Tj2) phonon modes of

the respective bulk crystals.

(25)

Solving Eq. (24) and using the known [29] proce-
dure of quantization of confined phonons field (& (r))
at €j(w) = 0, V2&r,(r) # 0 and interface phonons field
(&1(r)) at £;(w) # 0, V2P(r) = 0, we obtain the Hamil-
tonian of phonon system

7 2
Hon=Hy, + Hi =3 3 > 1, (51 ngbiring +1/2)
j=11=1 Aq

+ 3 Qg (b, b1eq +1/2), (26)
sq

where Q;z, = hw,r, are the energies and bjz, g, b7,
are Bose operators of the pairs (I = 1,2) of con-
fined phonons of j-th layer; 4, are the energies and
brsq bfs , are Bose operators of interface phonons where
s means the number of mode with two-dimensional quasi-
momentum ¢. The energies of interface phonons are ob-
tained from the dispersion equation

6 eb(w) _eb(w) ) \—2qz_

1 1422 1ol ) o205 _[1 01
@)\ 2qz_ () ’

joo| (1= ) e (1+22 01

(27)
found from the condition of non-trivial solution of the
system of equations

fj e~ 9%itg;ed% :fj+1 e 9%itg;qe9%
gj(w) [fje™ 1 —gje?] =

gj+1(w) [fi+1e7 7 —gji1€7%]
fixing the continuity of induction and polarization field
of I-phonons at all nanostructure interfaces.

(j=1-5), (28)

The Hamiltonian of electron—phonon interaction
He_pn(r) = —e(PL(r) + $1(r)) after the normalization
and quantization of both fields (L- and I-phonons) and
transition from the coordinate representation to the oc-
cupation numbers one, using the quantized wave func-
tion (22), is obtained in the representation of second
quantization over all variables of the system

Hcfph =He p+He 1=

7
Z > Z FL N 0)ag, 1 qank (bjLzA,q + bfL,A,fq)

+ Z Z Félﬁ(sa q>a’j{1k+qaﬁk (bs’q + b:*lI)' (29)
sq nyink

Here
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Sme2h 85'(W)
Filiy j
Fn(A ) = \/S[ﬂ.z)\z +q%(z; — zj-1)? [ Oow
PN 2 S N | ‘
y COs {7( (z]vfzj-fl 2)} A=1,3,5... j=1-

Z]‘—Zj_l 2

sin (M (Hiy—l _ 1))’ 246

— the binding functions of electrons in states 111, 7 with
L-phonons of j-th layer,

4me2h
qSN $,q)

x [fi(s,q)e” " + g;(s,q) eq (31)
— the binding functions of electrons in states Ny, 7 with
I-phonons. The normalization coefficient

0¢ .
655:0) |:gj2(8’q) (e2qzj _ quz]_l)

2) ) (2)

N(s,q)=

j=0 W=Wsq

—2(s,q) (0% — o725 ) (32)
is determined by the magnitudes f;, g¢;, obtained from
the system of Eqs. (28). The integrals in the formu-
lae (30), (31) are analytically calculated but we do not
present them due to their sophisticated forms.

The obtained Hamiltonian of electron—phonon system
in three-well RTS in the representation of second quan-
tization over all variables

H=H.+H,+H +H, 1+ H._g, (33)
allows us to calculate the Fourier-image of electron Green
functions for the discrete spectrum (72 = n).

At finite temperature (7' # 0 K), small concentration
of electrons and weak binding with phonons, according to
the rules of the Feynman—Pines diagram technique [32],
the Fourier-image of electron Green function is found
from Dyson equation

Gk, hw) = {hw — B — M, (hw, k)}il (34)

with mass operator (MO) M, (hw, k), calculated in one-
phonon approximation taking into account the discrete

(71 = mn1) and continuum (n; = kj) parts of the
spectrum
Z nn1 n1n(p> Q)
n1,p,q
14+ vy
% © :
M*Eﬁl(k*Q)*qu+“7
+ e . (35)
M_Eﬁl (k+Q)+qu+i77

Here we introduced the generalized index for the
phonon modes (p = {j,¢,\;s}), which at p = 5, ¢, A
numerates all modes of L-phonons in j-th layers of
three-well RTS and at p = s — all I-phonon modes,

respectively. The magnitudes v,, = {eQPq/’“BT — 1}_1

Zj

~1/2
(e)x (c)
] [ e
w L/JJLZ .

j—1

T, 2_1 = —00, 27 — OO (30)

are the average phonon occupation numbers for the re-
spective modes. The first term in MO (35) describes
the physical processes accompanied by the creation of
phonons and second one — by the annihilation.

According to the theory of the Green functions [32],
at weak electron—phonon interaction, the discrete part of
electron energy spectrum (EY) is renormalized (ES)
due to the shift A,,

BO = BO 1 A, =

E©) + ReM,, (hw =
and decay rate
Yp = —2ImM,, (hw = B9, k = 0). (37)
Further, we are going to study the contributions of differ-
ent mechanisms of electron—phonon interaction into the
complete shift of the energies (A,) and decay rates (v,)
of n-th state. These parameters, according to the addi-
tive form of MO (35), are conveniently written as

Ap=AL+ A=

B, k=0) (36)

(AL +ALd+A )+

+ (AL, + A+ AL, (39)

+(Yan + Tna + e (39)
where ALI 4Ll are the partial contributions into
the shift (A,) and decay rate (v,) produced by intra-
band electron— phonon interaction with L- and I-phonons;
Aidj = > ALL 'ynd = Y Akl are the partial con-

ni#n ni#n
tributions produced by interband interaction with L- and

I-phonons through the all states of discrete (d) spectrum;

ALT =¥ AszkIy I =% ’yf,;i are the partial contribu-
kJ_ kJ_

tions produced by electron—phonon interaction through
the all states of continuum (c).

The analytical calculation of partial shifts and de-
cay rates is performed using the corresponding terms
of MO (35) and transiting from sum over quasi-
momentum g to the integral (3 = S/4n? [[ d?q) with

q

Dirac relationship

/74
/ / a4 / / 5 (f(a))da, (40)
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where symbol P means that the respective integrals are
taken as Cauchy principal values.

The partial shifts of the energy (A,,) and decay rate
(Ynn) of n-th state due to the intraband interaction with
L- and ?? I-phonons are given by the expressions

Ann =
47r2 E(C) ,(fg + 0y

7TjEZ];//IFW(IMJ)

%) ( — B9+ 0, ) (42)

These expressions are exactly mtegrated analytically for
the partial contributions produced by dispersionless L-
phonons. The calculation of I-phonons contributions
is performed within numeric computer integration be-
cause the occupation numbers (vy,) depend on quasi-
momentum q.

d’q, (41)

(Vpg +1/2+1/2)

4. Discussion of the results

In order to study the temperature dependences of elec-
tromagnetic field absorption bands parameters (shifts
and broadening) caused by quantum transitions between
electron quasi-stationary states in active region of QCD
one has to study the temperature dependences of spec-
tral parameters (resonance energies and widths) of elec-
tron quasi-stationary states. The latter are mainly
caused by the varying potential profile of RTS due to
the varying width of energy gap for the wells and bar-
riers and electron—phonon interaction within the tem-
perature dependence of phonon occupation numbers be-
cause the nanostructures, grown by molecular beam epi-
taxy method, almost do not contain impurities and have
rather perfect interfaces between nanolayers.

In order to study the effect of both abovementioned
mechanisms at temperature dependence of electromag-
netic field absorption band, according to the theory de-
veloped earlier, we calculated the electron energy spec-
trum (E¢) in closed model together with the spectral
parameters (resonance energies (E2), widths (I9)) and
dynamic conductivity in open three-well RTS (without
taking into account the electron—phonon interaction).
The nanostructure is studied as expanded active region
(EAR) of QCD separate cascade: in addition to two wells
(layers 4 and 6 in Fig. 1), where the electrons are mainly
located in operating quasi-stationary states (n = 1; 3)
between which the quantum transition accompanied by
absorption of electromagnetic field happens, it contains
the last well (layer 2) of the extractor of previous cascade
from which the electrons, emitting L- and I-phonons, get
into the ground state of active region, being localized
mainly in input well of active region (layer 4).

In order to compare the results of computer calcula-
tions with experimental data, we studied the three-well

RTS with Ing53Gag47As wells and Ing s50Alg 48As bar-
riers, creating the EAR of QCD separate cascade in-
vestigated in experimental paper [3]. Geometrical pa-
rameters of open RTS are taken the same as in [3]:
ap = 4.7 nm, as = 5.9 nm, ag = 1.7 nm, b; = 2.8 nm,
bo = 2.6 nm, b3 = 6.0 nm, by = 4.4 nm. The effective
masses of electrons in wells (m, = 0.051m,) and barriers
(my, = 0.084m,) are assumed as constant and the heights
of potential barriers are different (Ur—19 k = 554 meV;
Ur—so0 k = 520 meV) due to the temperature depen-
dences of the energy gaps [33]. We calculated the three
lower energies of electron spectrum for the closed model
and resonance energies and widths for the open three-well
RTS at cryogenic (7' = 10 K) and room (7" = 300 K) tem-
peratures (Table I). The results of calculations presented
in Table I prove that in both models, the energies of
two lower states are coinciding till the decimal numbers
and the energy of the third one differs at 2-3 percents.
In the closed model the states are stationary, while in the
open one the states are quasi-stationary with resonance
widths (I'?).

TABLE I

Three lower energies of electron spectrum for
the closed model and resonance energies and
widths for the open three-well RTS at cryo-
genic (T" = 10 K) and room (7' = 300 K)

temperatures.

n | T [k | E;, [meV] | E; [meV] | I'y [meV]

1 10 93.64 93.14 0.007
300 91.63 91.03 0.011

9 10 125.53 126.08 0.601
300 122.47 123.15 0.727

3 10 324.73 334.06 8.667
300 311.61 320.60 9.930

According to the general idea of experimental QCD [3],
the electrons from the state (n = 2) being in extractor
well (layer 2, Fig. 1) are emitting phonons and transit
into the state (n = 1) of the well (layer 4) of the main
element of active region (MEAR), where from, absorb-
ing the electromagnetic field energy, within the quantum
transition, the electrons get into the state (n = 3), being
mainly located in the well (layer 6) of expanded active
region (EAR). We studied the resonance energies (E2),
widths (I7?) and dynamic conductivities (013, oi3) for
the open model at 7" = 10 K and 7' = 300 K depending on
the design of three-well RTS, being an EAR of QCD. For
the fixed, as in paper [3], sizes of the well (a2 = 5.9 nm)
and barriers (by = 2.6 nm, b3 = 6.0 nm) of MEAR and
sum of the sizes of outer wells (¢ = a1 + a3 = 6.4 nm,
a1y = 4.7 nm, a3 = 1.7 nm), we calculated EY, I'9,
013, Ui% as functions of the position of MEAR between
the outer barriers (layers 1 and 7) of EAR, that is of the
varying size (0 < a; < a) of the well (layer 2).

As far as spectral parameters and dynamic conductiv-
ities depend on a; qualitatively and quantitatively sim-

ilarly at both temperatures, in Fig. 2 we present EST,
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Fig. 2. Spectral parameters of electron quasi-
stationary states, complete and partial terms of
dynamic conductivity as functions of the position of
main element of active region (a1) in three-barrier RTS
at T =300 K (a2 =5.9 nm, a = 6.4 nm, A; = 2.8 nm,
Ay = 2.6 nm, Az = 6 nm, Ay = 2.8 nm).

In T, gk, mefs" only at T = 300 K. Herein, the
dynamic conductivities are conveniently expressed in rel-
ative units 6135 = (013/ maxoy3), where maxoys is the
maximal magnitude of 013 in the range 0 < a; < a. Fig-
ure proves that design of three-well RTS, i.e. the position
(a1) of MEAR in EAR, brings to the varying of resonance
energies: weak for EY and EY (till 10%) and considerable
one for ES and EY (twice). It is caused by the fact that
the ground and fourth quasi-stationary state are formed
by the well (layer 4) and barriers (layers 3 and 5) of
MEAR with fixed sizes while second and third ones are
formed by the wells (layers 2 and 6) of EAR with varying
sizes.

The resonance widths (I'?) of these four quasi-
stationary states are strongly non-linear functions of aq,
because the life times (decay rates) of these states de-
pend on the probability of electron location in definite
well of RTS, as well as on the thicknesses of the barriers
through which it tunnels.

Partial terms of dynamic conductivity are formed by
forward (o};) and backward (op3) electronic currents
through the RTS, thus, as one can see from Fig. 2, their
magnitudes and, since, the complete dynamic conductiv-
ity (o13) strongly depend on the fact, where the electron
is located with bigger probability, as a result of quan-
tum transition: in the input (layer 2) or output (layer 6)
well of EAR. The configuration of EAR in the experi-
mental QCD |[3] is realized in such a way (a{" = 4.7 nm,

a3® = 1.7 nm) that in the quantum transition from the

first quasi-stationary state formed by the well (layer 4) of
MEAR into the third one formed by output well (layer 6)
the dynamic conductivity (o13) appears. It is, mainly,
formed by forward current, which is much bigger than
the backward one (03 ~ 5503). It ensures the tunnel-
ing of electrons into the next extractor of the cascade
and, since, the QCD operation.

0.25 030
q [n/a]

Fig. 3. Energy spectra of confined optical L-phonons
and I-phonons in three-well RTS with ternary com-
pound layers.

The effect of L- and I-phonons on electron spec-
trum is studied for the closed three-well RTS
(IHO_53G3,0_47AS/IH()_52A10_48AS) using the dielectric con-
tinuum model with the same sizes of EAR wells and
barriers as in [3] and physical parameters €q,, = 14.21,
Coow = 11.63, eop = 12.73, eoop = 8.15; 2y, =
29.1313 meV, (X, = 34.05 meV, 21, = 29.1304 meV,
1, = 47.8905 meV. The I-phonons spectrum obtained
from dispersion Eq. (27) and confined L-phonons are
presented in Fig. 3. Here one can see 4 modes of con-
fined L-phonons, which are dispersionless, and 24 modes
of I-phonons with weak dispersion. The latter create
4 groups, containing 6 modes each. For the small quasi-
momentum each group contains three modes with pos-
itive and the three with negative dispersion, respec-
tively. The two almost degenerated low-energy groups
of I-phonon energies are placed between the energies of
transversal (f241,, 2b1,) and longitudinal (2v1,, 2wr,)
phonons of the respective bulk crystals, while two high-
energy groups with essential dispersion — between the
energies (21, Pwi,) and (2v1y, or,)-
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In order to study the effect of different phonon modes
on the renormalized electron spectrum at cryogenic (T =
10 K) and room (7" = 300 K) temperatures, we calcu-
lated the complete shifts (4,,) and decay rates (v,) to-
gether with their partial terms caused by the interaction
between electrons and L-, I-phonons through the intra-
band states (A, Ynn) and due to the interband interac-
tion through the states of discrete spectrum (A4, Ynd)
and continuum (A, Yne). The results are presented in
Table II for the three lower (operating) electron states.
Here symbol ¥ means the sum contribution of L- and
I-phonons into the spectral parameter.

TABLE II

The shifts and decay rates caused by the interaction be-
tween electrons and L-, I-phonons at cryogenic (7' = 10 K)
and room (7' = 300 K) temperatures.

M.V. Tkach et al.

state (n) produced by the intra- and interband interac-
tions through the states with bigger energy (n' > n) is
absent and the one produced by the interband interaction
through the states with smaller energy (n’ < n) happens
at the condition Eff)(k) — Er(f,)(k —q) — 2 (q) = 0. For
the same reason, v; = 79 = 0; 73 = 7y3¢q = 31 # 0 at
T =10 K (Table 1I).

At finite temperatures (7' = 300 K) the decay rates
(vn) of electron states are proportional to the average
occupation numbers (vy,) of real L- and I-phonons and
are formed, mainly, in the processes of their annihila-
tion. Table II proves that the main contribution into
~n is produced by intraband interaction with phonons,
herein the contribution of I-phonons prevails over that of
L-phonons.

2 (0 z 3 ®)
o T g‘ d :- \
£ T - >
. S

n| T [Bun [ Ana [ Ane [ An | o | ma [ 7
K] [meV]
L[-0.64]-0.07[-0.029]-074] 0 | 0 | 0
10 | 1]-3.68(-0.10]-0.003|-3.78| 0 | 0o | 0
. $|-4.32/-0.17]-0.032|-452] 0 | 0 | 0
L [-1.05]-0.14 {-0.053 | -1.24 [ 0.301 | 0.001 | 0.302
300 | I (-3.60(-0.29|-0.015|-3.91|1.001 |0.097 | 1.098
> 1-4.65-0.43|-0.068 | -5.15|1.302 | 0.098 | 1.400
L[-0.53]-0.05[-0.021[-060] 0 | 0 | ©
10 | 1]-4.27|-0.11]-0.004|-4.38| 0 | 0 | 0
) $|-4.80/-0.16-0.025|-4.98] 0 | 0 | 0
L [-0.90|-0.08 [-0.053 | -1.03 [ 0.227 | 0.001 | 0.228
3001 (-4.12]-0.441-0.021|-4.58|1.197(0.047|1.244
3 1-5.02-0.52|-0.074 | -5.61 | 1.425 | 0.048 | 1.473
L[-0.16]-0.06 |-0.034]-0.25| 0 [0.024]0.024
10 | I|-4.60|-0.34]-0.017|-4.96| 0 |0.0530.053
X $|-4.76 |-0.40 | -0.051 | -5.21| 0 [0.077|0.077
L |-0.28|-0.10 [ -0.051 [ -0.43]0.079 [ 0.016 | 0.095
300 I [-6.60|-0.04]-0.049|-6.69|1.918 |0.001|1.919
3 |-6.88(-0.14 {-0.100 |-7.12|1.997 | 0.017 | 2.014

The analysis of Table II proves that independently of
the temperature, the spectral parameters of operating
electron states (n = 1, 2, 3) are renormalized, mainly,
due to electron—I-phonon interaction. Its contribution
into A,,, v, is several times or the order bigger than
that of L-phonons. The main contribution into the neg-
ative shifts (A, < 0) of all energy levels is performed by
intraband (A,,,) interaction between electrons and L-,
I-phonons. The contributions of interband interaction
through the states of discrete spectrum (A4,,4) are an or-
der smaller and that of continuum (A,,.) are two orders
smaller. The negative energy shifts (4,,) increase for the
bigger n and temperature.

The decay rates (v,) of electron states at cryogenic
temperature T = 10 K are mainly formed due to the
interaction with virtual phonons in the processes of
their creation because their average occupation num-
ber is very small (v ~ 10718). Thus, according to the
law of energy conservation, the decay rate of electron

N et R e S
g
% A A z
= 2
8 = [
" <
5
0
4 R e T, S,
N A
- -
0
o s A \
(@
8 K
2 ] N G
o, g 2 Yo

Fig. 4. The contributions of L- and I-phonons into the
partial energy shifts and decay rates (a, b, ¢) and com-
plete energy shifts and decay rates (d, c, f) of three oper-
ating states as functions of the position of main element
of active region (the well width (a1)) at T =10 K (“0”)
and T = 300 K (“T7).

In Fig. 4 the partial and complete energy shifts and
decay rates of three operating electron states are pre-
sented as functions of position of MEAR, (a;) in EAR at
T =10 K and 7" = 300 K. One can see that the energy
shifts and decay rates of different states nonlinearly de-
pend on aq, but the hierarchy of contributions of different
mechanisms of electron—L- and I-phonon interactions is
almost the same as previously analyzed one for the ex-

exp

perimental configuration [3] of EAR at a7"" = 4.7 nm.
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TABLE III

Energies and widths of absorption bands for quantum tran-
sition 1 — 3 and differences between the energies of second
and first state without taking into account phonons and
considering them for the open and closed models of RTS.

T E%B/ (1)3/ Eexp FIC3/ FIOB/ Fexp 5:2/ ?2/
nld nl) 13 als 70 13 7C 770
E13 EIS F13 F13 E12 E12

(K] [meV]

231.1/[240.9/ 0/ 8.7/ 31.9/32.9/

10 230.4 | 240.2 233.1 0.18| 8.9 10-0 314 | 324

220.0/ 229.6/ 0/ 9.9/ 30.9/( 32.1/
227.1 16.4

300 218.0 | 227.6 7 2.01 134 6 304 | 31.6

Using the obtained results for spectral parameters and
renormalized due to electron—phonon interaction ones,
we calculated the energies and widths of absorption
bands for quantum transition 1 — 3 and differences be-

tween the energies of second and first state (E%g’c)

Eéo,c) - E§o,c), 1—.13 _ 1—,1 + Fl; E%g,c) _ Eéo,c) _ E§O’C))
without taking into account phonons and considering
them (ES,’C) = ES’C) + A — Ay, Ing = I'g + 73 + 71,
ES9 = E{99 4+ A, — Ay) for the open (o) and closed (c)
models of three-well RTS. These magnitudes, together
with the respective ones obtained in experimental pa-
per [3] are presented in Table III at cryogenic and room
temperatures. It is clear that the energies of absorption
band at T'= 10 K and 7" = 300 K in both models are sim-
ilar. However, the results of open model (with electron—
phonon interaction) somewhat better coincide with ex-
perimental data. On the contrary to the closed model,
where the width of absorption band arising at quantum
transition between the stationary states is caused only by
interaction with phonons, in open one it is also caused by
the decays due to the finite life times of quasi-stationary
states. Consequently the widths of absorption band ob-
tained in closed model differ from the experimental data,
while that of the open one correlate with them well. Ac-
cording to Ref. [3], the width of the band increases and
its position shifts into the low-energy region at the in-
creasing temperature. Herein, Tables II and IIT prove
that the temperature broadening and short-wave shift of
absorption band due to the weak electron—phonon inter-
action are small comparing to its broadening due to the
decreasing life times of electron quasi-stationary states
and long-wave shift caused by the decreasing heights of
potential barriers because of smaller differences between
the widths of energy gaps for the wells and barriers at
bigger temperature.

5. Conclusions

Using the model of effective mass and rectangular po-
tential for the electrons and dielectric continuum one for
the optical I- and L-phonons, we present the theoreti-
cal description of electron—phonon interaction in closed
three-well nanostructure Ings3Gag.a7As/Ing 50Alg 4gAs.

The Hamiltonian of the system is obtained in the rep-
resentation of second quantization over all variables.
The renormalized parameters of electron spectrum (en-
ergy shift and decay rate) are calculated within the
method of the Green functions at cryogenic and room
temperatures. The contributions of different mecha-
nisms of electron—phonon interaction into the renormal-
ized electron states are studied as functions of three-well
RTS configuration at the example of expanded active re-
gion of cascade of experimental QCD [3]. It is shown that
at all conditions, the contribution produced by I-phonons
is several times bigger than that of L-phonons.

Using the solution of complete Schrodinger equation,
we studied the spectral parameters (resonance energies
and widths) of electron quasi-stationary states and active
conductivity caused by quantum transitions due to in-
teraction of electrons with electromagnetic field in three-
well RTS. It is established that phonons, at any tempera-
ture, weakly affect on the electron energy due to the weak
electron—phonon binding. Thus, their contribution into
the formation of electromagnetic field absorption band,
arising due to the quantum transition, is small.

The long-wave shift and broadening of absorption band
at higher temperature is, mainly, caused by the decreas-
ing heights of RTS potential barriers due to the differ-
ent magnitude of energy gaps for the wells and barriers,
depending on temperature. The theoretical results well
coincide with the experimental data [3].
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