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ZONE OF A QUANTUM CASCADE DETECTOR

The Hamiltonian of an electron-phonon system in the second-quantization representation for
all variables has been obtained. The models of effective mass and rectangular potentials for
electrons and the polarization continuum model for confined phonons in a three-barrier res-
onant tunneling nanostructure are used. In the framework of the Green’s function method,
the phonon-renormalized electron spectra are calculated for a three-barrier resonant tunnel-
ing nanostructure composed of GaAs wells and Al, Gai—. As barriers with various Al contents
x’s. Irrespective of the Al content, the temperature-induced variations in the geometrical con-
figuration of the three-barrier resonant tunneling nanostructure within the temperature interval
from 0 to 300 K are found to increase the widths of both lower (working) quasi-stationary states
and decrease their energies. The widths and the shifts of the states turned out to be strongly
nonlinear functions depending on the position of the internal barrier in the three-barrier res-
onant tunneling nanostructure.
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1. Introduction

Nano-dimensional heterostructures have been inten-
sively studied recently, since they are basic elements
for unique nanodevices, such as quantum cascade
lasers (QCLs), quantum cascade detectors (QCDs),
and so forth, which operate on the basis of novel
physical effects that arise in multilayered nanostruc-
tures of the general type and, in particular, in res-
onant tunneling ones. It is the electron transport
through open multilayered resonant tunneling struc-
tures (RTSs) that provides the functioning of QCLs
and QCDs, which are studied in detail both exper-
imentally [1-7] and theoretically [8-12]. Concerning
QCDs, they were created to operate and mainly op-
erated at cryogenic temperatures. However, a consid-
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erable progress has been achieved since then in un-
derstanding the physical processes occurring in nano-
RTSs, which made it possible to substantially expand
the temperature interval where those nanodevices can
successfully function [13].

The temperature dependences of physical param-
eters for any system are basically governed by the
interaction of major quasiparticles — in particu-
lar, electrons — with phonons. Therefore, theoreti-
cal researches of the electron-phonon interaction in
nanoheterosystems with various dimensionalities and
geometrical shapes attracted considerable attention
[14-16].

Concerning planar nanostructures, the overwhelm-
ing majority of theoretical works dealing with them
were devoted to the analysis of the electron-phonon
interaction in closed two- and three-barrier RTSs
(3BRTSs) with fixed geometrical parameters. Various
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Fig. 1. Potential profile in the 3BRTS

methods were used to study their current-voltage
characteristics and the probabilities of quantum tran-
sitions stimulated by an electromagnetic field mak-
ing allowance for the electron-phonon interaction
[17, 18]. As the main model of electron-phonon in-
teraction in those works, the model of dielectric con-
tinuum was selected, which was developed in detail
for the first time by Mori and Ando [19]. In work
[19], the interaction Hamiltonian for the so-called bi-
nary heterosystems was presented in the coordinate
representation for electron variables and the second-
quantization representation for phonons. Later, this
approach was extended onto three-component sys-
tems [20, 21]. The basic theoretical researches were
carried out using the Fermi golden rule. The latter
made it possible to calculate and analyze the temper-
ature evolution of parameters that characterize in-
terband quantum transitions [17, 18, 21]. However, it
did not allow one to find how the electron-phonon
interaction modifies the energies and the damp-
ing of quasi-stationary electron states in quantum-
well RTSs.

This work aimed at obtaining an explicit expres-
sion for the Hamiltonian of a system of electrons
that interact with confined polarization phonons in
the second-quantization representation for all system
variables. This expression allows the method of tem-
perature electron Green’s functions to be used in or-
der to calculate the renormalization of the spectral
parameters (shifts and damping) of quasi-stationary
states in opened 3BRTSs with sufficiently high exter-
nal barriers, which serve as the active zones of exper-
imental QCDs [22, 23|, and analyze the evolution of
those parameters depending on the geometrical de-
sign, the Al content x, and the temperature of the
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system T'. As an example, we took a typical RTS on
the basis of GaAs wells and Al,Ga;_,As barriers.

2. Theory of Interaction
Between Electrons and Confined
Polarization Phonons in 3BRT'Ss

2.1. Energy spectrum, wave
functions, and Hamiltonian of electrons
in the second-quantization representation

The thickness of external layers in a three-barrier
RTS used as active zones in experimental QCDs is
rather large (3-6 nm) [13]. Therefore, while develop-
ing the theory of electron-phonon interaction, we use
the model of closed 3BRTS (Fig. 1) with the known
effective masses and the potential relief

{0, reg.2,4,
Ulz) = {U, reg. 1,3, 5. 1)

Moy,

m(:) = (o

Assuming the electron wave function to have the form
1 .
U,k (r) = —=e*Pw,, (2), 2
(r) 75 (2) (2)

where k and p are the quasi-momentum and the ra-
dius vector, respectively, of an electron in the plane
2Oy, and S is the area of the main region in this
plane, we obtain the following Schrédinger equation
for the z-dependent factor ¥, (z) of this function:

——————+U(2)| Un(z) = E, U, (2). (3)
The total energy of the electron, E, is determined by
the sum

h%k?
2my

Here, the energy component in the plane perpendic-
ular to the axis Oz is determined, as was done in

work [17], by the effective electron mass in the n-th
subband correlated over the RTS,

1 [ meR,
o —_4 T (5)

where U, (z) and E,, are determined by the solutions
of Eq. (3);

W) = D Win(2) =
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Z (Ajpn cosk,z + Bjpsink,z);

- (6)
Z (Ajnexnz + Bjneixnz);
j=1,3,5
kn=h '/ 2muEn; xn = h'/2my(U — E,,) =
= /2myUh=2 — k2my /. (7)

Under the condition that the wave function van-
ishes as z — +o00, we obtain By, = As,, = 0, whereas
the other Aj, and Bj, coeflicients and the energy
spectrum FE,, are unequivocally determined by the
boundary conditions

Ujn(2)|o=z; = Vitan(2)|e=z;; 7 =14
L dWn(z), 1 %), (8)
m; dz 2=zj mjs1 dz z2=zj»

and the normalization condition
[ee]
/ V()W (2)dz = G (9)
— 00
Changing to the second-quantization representa-

tion for the quantized wave function in the electron
Hamiltonian,

\ij(r) = Z\I]nk(pvz)anka (].O)
n,k

we obtain the Hamiltonian of noninteracting electrons
in the occupation-number representation:

T +
H, = E E’nkankaf’nkv
n,k

(11)

where the electron spectrum FE, i is defined by for-
mula (4), and the fermionic operators of creation
(a)}) and annihilation (anx) of the electron state sat-
isfy the anticommutation relations.

2.2. Hamiltonians of confined
phonons and electron-phonon interaction

It is well known [17, 24] that, in the framework of
the dielectric continuum model, the spectra of inter-
face and confined phonons and the potentials of their

polarization fields are determined by the equation
ej(W)V20(r) = 0, (12)
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where ¢;(w) is the dielectric permittivity of the j-
th layer in a system of two or three different layers;
respectively,

() wQ—w%j
£:(W) = €00 ———=L:
j ]chg_w%j’

(13)
(w? - w%jl)(wz - W%jz)

(w? — wizrﬂ)(wz - W%jz) .

gj(w) = €joo

Here, €00 is the high-frequency dielectric permittiv-
ity and Wrj, WLj1, WLj2, Wrj, Wrji, and Wwrj2 are the
frequencies of longitudinal (L) and transverse (T') vi-
brations in the j-th medium.

Equation (12) has solutions of two types, which, in
the case of non-uniform nanoheterosystems are sup-
plemented with boundary conditions determined at
its every interface. If ¢;(w) # 0, we obtain V2®,(r) =
= 0. Then, with regard for the conditions describ-
ing the continuity of the potential ®; and the induc-
tion of this field across every interface of the het-
erosystem, we find the polarization field of inter-
face phonons (I-phonons). The quantization of this
field determines the energy spectrum of I-phonons
[21]. On the other hand, if V2®(r) # 0, we have
gj(w) = 0. In this case, in view of the boundary condi-
tions known from work [19], which are needed for the
potential of the polarization field of confined phonons
to disappear (2, (p, z;) = 0) at every nanoheterosys-
tem interface—irrespective of whether the media are
confined or semi-infinite, or whether they are two- or
three-component materials—the energies of confined
phonons in them are determined by the same frequen-
cies as in massive materials, namely,

Qj = h,(ULj, ng = thjg, (6 = 1,2) (14)

The series expansion of the polarization field poten-
tial in the j-th medium in a two-dimensional Fourier
series

Pi(p,2) = Z D (q, 2)e'”
Al,q

(15)

followed by the change from the Fourier compo-
nents, first, to the normal generalized coordinates
and momenta and, then, to the occupation num-
ber operators according to the well-known quantum-
mechanical procedure [16] brings us to the Hamil-
tonian of confined phonons in the model of three-
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component material,

H; = Z Qjo(bingbiora +1/2).
VAN 1

(16)

Note that hereafter the formulas are presented for a
more general three-component model, in which the
subscript ¢ accepts the values of 1 and 2. However,
all formulas remain also valid for the two-component
model (by putting ¢ = 1). The operators bjf)\q and
bjeng satisfy the bosonic commutation relations.

The mode normalization and the L-phonon field
quantization in the framework of the dielectric con-
tinuum model were carried out for binary heterosys-
tems in work [19] by Mori and Ando and for ternary
ones in works [17,20]. Hence, with regard for the po-
tentials of polarization fields for the separate j-th
medium known from works [17,20], the Hamiltonian
of electron interaction with all branches (\) of con-
fined and semi-confined phonons in the whole het-
erosystem in the second-quantization representation
for the phonon variables can be written in the form

-1
87rh62d (66] )|w:ije)
Hep =~ 22 1 272 X
X S(m2A2 + ¢2d3)

oy 1
cos |:7T)\ (W — )],/\ =1,3,5,...
o d; 2

Z— 2z 1 x
sin [77/\ (]_1 - >})\ =2,4,6, ...
4 2

x Hj(2)e'% (bjong + bjing)- (17)
Here, H;(z) is the function

_J1, if z is in the j-th layer,
Hj(z) = {O, otherwise, (18)

introduced in work [19], q is the two-dimensional
quasi-momentum of phonons, and d; is the thickness
of the j-th region.

Changing to the second-quantization representa-
tion in Hamiltonian (17) and using the quantized
wave function of electrons (10), the Hamiltonian of
e-L interaction in the occupation-number representa-
tion for the electron and phonon variables takes the
form

)\
5 %
n,n’ 3,0 X\q
X @t q@nk(bjna + bing)-
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Here, the coupling functions look like

) ) d.
FIN(0,q) = fI) (0= (n\% + ¢?d2) ™12, 20
al0) = F(0 T > (20)
where the quantities
< 8rhe? (0e;(w) !
JA _ J
P = \/ ()
y / 205, (2) W0 (2)
Zj—1
Z—2zj_1 1
COS 71')\ T—i ,A:1,3,5,...
X J (21)

— 2 1
sin |:7T)\ (W — )],)\ =246, ...
d; 2

characterize the strength of the electron-phonon in-
teraction.

The integral in Eq. (21), as is seen from formula (6),
contains simple trigonometric and exponential func-
tions. Therefore, although it can be written precisely
in the analytical form, the latter is cuambersome and is
not presented here. Note that the electron-I-phonon
interaction is not considered here, because, first of all,
this important theoretical problem demands a sub-
stantial growth of the work volume, which would ex-
ceed the limits of this paper. At the same time, it is
well known that the interaction of electrons with I-
phonons is negligibly low in wide quantum wells, so
that the theory developed here has an independent
value for such nanosystems.

2.3. Hamiltonian of the electron-phonon
system and Green’s function of an electron
in 3SBRTS

The Hamiltonian

ﬁ:ﬁe+ﬁL+He_L (22)
obtained for the electron-phonon system in the
3BRTS allows the Fourier transform of the electron
Green’s function to be calculated analytically for an
arbitrary temperature of the system following the
procedure of the Feynman—Pines diagram technique
[16, 25|, provided that the average occupation num-
bers of electron states are small (ny < 1), and those
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of phonon states are determined by the Bose—Einstein
distribution

SZj[ -1
vjg = (eFsT —1 .

In this case, the Fourier transform of the electron
Green’s function is determined by the Dyson equation
[16, 24]

(23)

Gn(k,E) ={E — Epxx — My, (k, E)} 7, (24)
in which, while considering the mass operator
M, (k, E), it is enough to confine the diagram series

to the one-phonon approximation,

5 N
=STN NT Ewh ) %
j=1n'=14,\q
1+ v

2 o—1
xd;9 {E—En/(k+q) —

— +
Qje +1in

Vijp
+ J — . 25
E—En1<k+q>+9je+1n} (25)

Here, N is the number of energy bands (levels) in the
potential wells of the nanosystem. The substitution
of the summation over the two-dimensional quasi-
momentum q by the integrals (3>, = (2m)~25%
x [ [ d*q) in the polar coordinate system allows one
to exactly (analytically) calculate the mass operator
(25) at k = 0, which corresponds to a typical exper-
imental situation, where electrons move normally to
the heterosystem surface. As a result, for the quantity
M, (k =0, E), we obtain

5 N -1
2k _
M, (k, E) E (m d2> d35

j=1ln'=1 A\ /¢
[eS)
])\* ])\ dx
X nn’ fnn / — x

TN 4 (2 196
0 2m* d2

nj

1+V]g
X — +
x4+ Ey + Q5 — E+1in

Uit : } (n — +0). (26)

+J:+En/—ng—E+1n
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Taking the weakness of the electron-phonon cou-
pling into account, putting ¥ = F,, in the mass op-
erator, and extracting the real,

n'#n
= ReM,(E,) + Z ReM,,/ (E (27)
n’#n
and imaginary,
n’'#n

n’#n

parts, which describe the total shift A, and the
damping I',,, respectively, for the n-th band, as well as
their partial intraband (A,,,, and T',;;,) and interband
(Apnrn and Ty, ) components, after the exact an-
alytical integration, we obtain

Ay =AF + AT =
n'#n n’#n
T, =Tf+T, =
+ Z an/ (F;n + Z Fy_Ln’)v (30)
n'#n n’#n
where
N -1
2 h? N\ ;
Y (m* dz) YO0
n'=1j4,\¢ n-y
(TAR)? 1T+ vy
1 J
o [Qm;ﬁdﬂEn, — By £ Q] [ vy ”
X{ O(E, — E, + Q) .
(TN = | B = B £ Q| (5757)
O(E, — Ey +Q;
+ ( ]E> 1}7 (31)
(7-(-)\)2 + |E'n En + Qj€| (2 *d2>
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Physical parameters of nanosystem components

Eoo hwr1, meV hwri, meV hwrs, meV hwra, meV m, Me U, meV

GaAs 10.89 36.25 33.29 0.067 |0.6 (12662 + 260x2)
Al;Gaj_,As|10.89-2.732 | 36.25-6.553x + | 33.29 —0.643x — | 44.63 + 8.783x — | 44.63 + 0.553z — | 0.067 +
+1.793z2 -1.163z2 -3.32322 -0.303z2 +0.083z

N 5 \~1 . . _ L hal

— Z Z 4K FR 0P (0 x middlepoint a; = a/2. In the 3BRTS A. w1th shal

n = m*d2 nn’ n'n low wells (z = 0.15), there are three quasi-stationary

n'=1j e \ T states. The energies of two working states (E; and

14, E5) are located below the corresponding energies in

O(E, — E, + ng){ VJ[} the 3BRTS B with deep wells (z = 0.45), which is

% Vit —. (32) characterized by four quasi-stationary states (Fig. 2,

(TA)2 + | B — By % Q] (27:;2) panels a and d).
nj

The theory developed here allows one to calculate
and analyze the parameters of electron spectrum in
the 3BRTS renormalized by the electron interaction
with confined L-phonons at given physical and geo-
metrical parameters of the system.

3. Analysis of the Temperature

and Content Dependences of the Electron
Spectrum Parameters Using 3BRTSs
with GaAs Wells and Al,Ga;__,As
Barriers as an Example

The shifts and the damping of the electron spec-
trum in the 3BRTS were calculated taking a 3BRTS
GaAs/Al,Ga;_,As as an example. This structure
is an active zone in experimentally studied QCDs
[21,22]. The physical parameters of the elements com-
posing the system are quoted in Table.

In Fig. 2, the dependences of the electron spec-
tral parameters on the internal barrier position a; be-
tween the external ones are depicted for two 3BRT'Ss
with the identical total widths of both wells (a =
= a1 + az = 13.9 nm), provided that the width of
the internal barrier is fixed (b = 1.13 nm), but the Al
contents in all barriers are different: (A) x = 0.15,
and the potential barrier is low, U = 120 meV (pan-
els a to ¢); and (B) x = 0.45, and the potential
barrier is high, U = 320 meV (panels d to f). The
temperature T = 0 K. One can see that, irrespec-
tive of the Al content z in the RTS layer-barriers, the
dependences of all electron spectral parameters on
the width a; of the first layer-well are qualitatively
similar and symmetric with respect to the 3BRTS
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The energy of the quantum transition between two
lowest levels (F2; = F5 — Fy), which is accompanied
by the absorption of the electromagnetic field, de-
pends nonlinearly on the size a; of the first well. As
ay increases from zero to about a;/4, the magni-
tude of Fy; increases and reaches the maximum value
max Fo; = 48 (A) or 76 meV (B). As a; increases fur-
ther, Fo; decreases and reaches the minimum value:
min Ep; =29 (A) or 20 meV (B) at a; = a/2.

Owing to the interaction of electrons with vir-
tual phonons, the total negative shift A; of the first
working level decreases as a; grows within the in-
terval 0 < a1 < a/2. Almost at all aj-values, its
magnitude is mainly formed by the intraband in-
teraction (A1), because the partial contributions
of the electron interaction with phonons through
other bands are rather small; only in a vicinity
of a; = a/2, their total contribution to the shift,
Ay = Zn,;ﬁn A1y, is comparable with the magni-
tude of Aq;.

The total negative shift Ay of the second work-
ing level (Figs. 2, ¢ and f) decreases, as a; increases
within the interval 0 < a; < a/4, increases in the
interval a/4 < a1 < a/3, and becomes weakly nonlin-
ear in the interval a/3 < ay < a/2. For system A with
a1 within the interval 0 < a; < a/3 (Fig. 2, ¢), the
total contribution Asy: of the interband interaction
to the shift Ay is comparable with the contribution
Aos of the intraband interaction, but is almost twice
as large as Agy within the interval a/3 < a1 < a/2.
For system B (Fig. 2,f), the contributions Agy and
Aoy, to the magnitude of Ay are comparable at all
ai-values.
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Fig. 2. Dependences of electron spectral parameters on the position aj of the internal barrier between external 3BRTS barriers
at T=0K
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Fig. 3. Dependences of electron spectral parameters on the position aj of the internal barrier between external 3BRT'S barriers
at T'=300 K
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Concerning the damping T's (Figs. 2, ¢ and ), if
T = 0 K, it arises only in the second working state
(I'2 = I'y1) because of the interband interaction of
electrons in this state with the electrons in the first
(ground) state by means of virtual phonons, provided
that Fo > Ey + Qj¢. Certainly, the intra- and inter-
band interactions of electrons in the lower (in par-
ticular, the ground) states with the electrons in the
higher excited states by means of phonons do not re-
sult in the damping in accordance with the physical
reasoning.

The temperature dependences of spectral parame-
ters, as is seen from the mass operator (26), is gov-
erned by the average values of occupation numbers, v,
of phonon states in the processes of electron-phonon
interaction with the phonon emission (the first term
in the mass operator) and absorption (the second
term in the mass operator). In Fig. 3, the evolu-
tion of the total, AT = A, + A,(T), and partial,
AT = App + Apn(T) and ALy = Ay + Aps(T),
shifts, and the total, T2 = T, + I',(T), and par-
tial, I =Ty + Ty (T) and L, =T + s (7)),
widths with the variation of the internal barrier po-
sition a; with respect to the external barriers in the
3BRTS at the temperature T' = 300 K is shown. The
figure demonstrates that the contributions made by
real phonons to the magnitudes of total, AT and
partial shifts and total, I'}, and partial widths at
T = 300 K are comparable with the contribution A,
made by virtual phonons at " = 0 K. The qualita-
tive dependences of those quantities on the internal
barrier position a; also remains similar to that ob-
tained at T'= 0 K. In addition, irrespective of the Al
content = and the value of a;, when the temperature
increases to 300 K, the absolute values of all renor-
malizing spectral parameters in system A grow a bit
less than in system B. It is also worth noting that, at
nonzero temperatures, owing to the processes of real
photon absorption (since v # 0), the damping arose
not only in the excited but also in the ground electron
state (Figs. 3, ¢ and f).

4. Conclusions

The Hamiltonian of a system of electrons that interact
with confined polarization phonons in a nano-3BRTS
with three-component barriers was obtained for the
first time in the second-quantization representation
for all variables.

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 12

The temperature Green’s function technique is
used to calculate and analyze the phonon-renorma-
lized shifts and the damping of two lowest (working)
electron states in the 3BBRTS GaAs/Al,Ga;_,As at
T =0 and 300 K.

It is shown that, independently of the temperature
and the Al content in barriers, the variation of the in-
ternal barrier position brings about a nonlinear evo-
lution of the damping and negative shifts of electron
states.

The developed approach makes it possible to con-
sider other mechanisms of electron interaction (elect-
ron-to-electron, with the interface polarization and
acoustic phonons, with dc electric and high-frequency
electromagnetic fields). The elaborated theory, in-
volving the main mechanisms of interaction between
electrons at their tunneling through open multilay-
ered RTSs, will allow not only the physical phenom-
ena in nanoheterosystems to be studied in detail, but
also the operational characteristics of QCDs, QCLs,
and others nanodevices to be optimized.
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BILJINB OBMEXKEHUX
IMMOJIIPU3AIINHNUX ®OHOHIB HA EJIEKTPOHHUN
CIIEKTP TPUBAP’€PHOI AKTMBHOI 30HU
KBAHTOBOI'O KACKAJIHOI'O JETEKTOPA

Peszowme

VY Mopesni edeKTUBHUX MAC 1 NPIMOKYTHUX MOTEHIHAJIB JJIs
€JIEKTPOHIB Ta B MOJEJIi INOJIAPU3aLiMHOIO KOHTHUHYYMY JJId
obmerxkeHux (POHOHIB y Tpubap’€pHili pe30HaHCHO-TYHEJbHIN
HAHOCTPYKTYPi OTPUMAHO TI'aMiJIbTOHIaH eJIeKTPOH-(OOHOHHOT
cucteMu y 300parKeHHI 4YHCeJl 3allOBHEHHsI 3a BCiMa 3MiHHU-
mu. Meromom dyukniit ['pina po3paxoBaHO IEepPEHOPMOBAHMIT
CIIEKTD €JIEKTPOHIB y Tpubap’epHiil pe30HaAHCHO-TYHEJIbHIN Ha-
HOCTPYKTYpi Ha ocHOBI GaAs-am i AlyGaj_,As-6ap’epis npu
pisHuX 3HaveHHAX KoHnentpauil (z) Al. Beranosseno, mo npu
3Mmini remneparypu Big 0 g0 300 K, HezasexkHO Bij KOHIEH-
Tpamil Al, 31 3miHOIO reomeTputHOI KOHDIrypamnil Tpubap’epHOL
PE30HAHCHO-TYHEJIbHOI HAHOCTPYKTYDHU IIMPUHUA ODOX HHUXKHIX
(poGovnx) kBazicTalioHAPHUX CTAHIB 30LIbIIYIOTHCS, a €Hepril
3MimyIoTbCs y HU3bKOeHepreTudHy obsactb. Illupumm i 3Mi-
[IEeHHs] BUSIBUJIUCS CUJIBHO HEJIHIAHUMH (DYHKILISIMHU y 3aJie-
2KHOCTI BiJ IOJIO’KEeHHSI BHyTpimHbOro 6ap’epa B Tpubap’epHiit
PE30HAHCHO-TYHEJbHINl HAHOCTPYKTYDI.
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