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Using the theory for electron energy spectrum and oscillator strengths of inter-subband
quantum transitions, developed in the model of position-dependent effective mass and
rectangular potentials, the geometrical design for the compact cascade of a quantum cas-
cade detector (with a two-well active region) operating in far infrared range is proposed.
The extractor of the cascade is optimized in such a way that the energy steps of its phonon
ladder resonate with optical phonon energy, providing effective phonon-assisted tunneling
of electrons between the active regions of cascades. It is shown that increasing thickness of
the barrier between the wells of active region, causes the broadening of detector absorption
band due to the bigger distance between energy levels in anti-crossing.

Keywords: nanosystem, quantum cascade detector, energy spectrum, phonon-assisted
tunneling.
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1. Introduction

The infrared photodetectors have been intensively investigated during the last twenty years. These
devices are functioning due to the transitions between quantum electron bands in the nano-size semi-
conductor quasi-two-dimensional layers of heterostructures. Their operating frequencies are determined
by composition and sizes of the layers, from which the active regions consist. Therefore, different meth-
ods of band engineering demonstrate detectors of different design [1-4|, which operate in wide range
of infrared (IR) frequencies: from near- till far-IR.

With respect to the used scheme of electronic current through the active elements, IR photodetectors
are of two types: quantum well infrared photodetectors (QWIP) [4,5] and quantum cascade detectors
(QCD) [2,6].

The main operating element of typical QWIP [7] contains either isotropic or anisotropic superlattice
with the same quantum wells, where an electron, absorbing photon, transits from the ground into the
excited state. In isotropic QWIPs [8,9] of mid- and far-IR range, the electric field is used to provide the
guided photocurrent. As a result, the dark current and noises appear, essentially increasing at heating.
In order to minimize these negative factors, such QWIPs are usually operating at temperatures not
more than 77 K.

In anisotropic QWIPs [10, 11] of near-IR range, the outer electric field is not used because in
nano layers of wurtzite structure the essential inner fields of spontaneous and piezoelectric polarization
appear, forming the triangular shape of potential wells and barriers. Though such QWIPs are function-
ing both at low and room temperatures, but due to the known difficulties in growth of multi-layered
wurtzite superlattices and essential dependence of operating parameters on temperature, their effective
work still remains low.

The basic active part of typical QCD [12] consists of equal cascades, each is composed of two parts
with different functional purpose: active region and extractor. In active region, an electron, absorbing
photon, transits from the ground into the excited level, from which, radiating optical phonons, it tunnels
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through the extractor into the ground state of the next cascade. In QCDs, on the contrary to QWIPs,
the dark and other noises are almost absent, that makes these devices useful for the spectroscopic
measurements, IR imaging, space applications, etc.

Modern QCDs are operating in a wide range of frequencies: from IR till terahertz. QCD of mid-
and far-IR range [13, 14] are composed of isotropic arsenide semiconductors (GaAs, AlAs, InGaAs,
InAlAs, etc). For the QCDs of near-IR range [15,16] the broadband anisotropic semiconductors (GaN,
AIN, AlGaN, InGaN, etc), forming the deep (~ 2¢eV) quantum wells, are used.

However, the majority of QCDs are characterized by the narrow absorption bands, due to which
they cannot be used in the devices which detect IR radiation in wide spectral range. In the refs. [17,18]
QCDs of mid- and far-IR range with wide absorption bands were observed. The proposed design of
cascades allowed to obtain the significant spectral width but the complicated design of cascades didn’t
provide the effective phonon-assisted tunneling of electrons.

In this paper, we propose the geometrical design of compact cascade for QCD operating in far-IR
range. Its extractor is optimized in order to provide the resonant phonon-assisted tunneling of electrons
through the phonon ladder. Analyzing the energy spectrum and oscillator strengths of quantum
transitions, we revealed the mechanism of broadening of absorption band, formed by two transitions
(with close intensity) between electron states in two-well active region.

2. Analytical calculation of electron energy spectrum and wave functions in QCD cas-
cade

The separate cascade of QCD (Fig. 1), being the multi-  U(2)4
layered semiconductor nano heterostructure, with fixed
geometrical sizes of wells and barriers in outer medium-
barrier is studied. Oz axis of Cartesian coordinate sys-
tem is normal to the interfaces between structure lay-
ers. An electron energy spectrum and wave functions 01 1 2] 3|4 °°° NN +1
are obtained using the model of rectangular potentials

0, j=13,5,...,N,
= . 1
U(z) {U, j=0,2,4,... . N+1 (1)
O A .
and effective mass approximation, taking into account 20 21 22 23 24 ZN_2ZN—1ZN g
its position-dependence and non-parabolic form of con- Fig.1. Geometrical and potential energy sche-
duction band [19] me of multi-layered heterostructure.

E
mw(E):mw<1+—>, i=13,5,...,N

m(E, z) = (2)

), j=0,24...,N+1

here N is a number of layers, U is the heights of barriers, m,,, m; are the electron effective masses
(without non-parabolicity), Eg., Eg, are the energy gaps for the bulk crystals of wells and barriers, £
is the electron energy.

For the successful QCD operation the electronic current should be normal to the interfaces between
the layers, since, further we observe the one-dimensional electronic current along z axis. The electron
energies (F,) and wave functions (¥,(z)) in stationary states (n) are obtained from Schrodinger
equation in the form proposed by BenDaniel-Duke [20]

S ant U(2)| Wp(z) = E, Up(2). (3)
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Its solutions are well known [21,22]:

N+1 '
Up(2) =Y U9 (2)a(z - 2), (4)
j=0
where ) )
Ay exn® 4 B emXxnz, i =0,2,...,N+1,
\I’Szj)(z) = ( ')e " e( ) ’ " (5)
Ay coskpz+ By sinkpz, j=1,3,...,N,
o(z—z;) =0(z — zj—1) — 0(2 — 25), (6)
2my (En)En 2my(En) (U — Ey)
k?n = T, n = \/ 72 ) (7)
0(z) is the Heaviside step function, z_; = —00, 2§41 = +00.

According to the quantum mechanics [23|, the condition of wave function and its density of current
continuity at all heterostructure interfaces

. ' d\If(j)(z) d\IJ(j+1)(z)
\Ilgzj)(zj) :\Ilg+1)(zj)7 ) = - ) (] =0, 7N)7 (8)
dz z=2z; dz z=2z;

finite wave function should at z = £00 and normality condition

+oo
/ 2/(2)\1’”(2) dz = Opy, (9)

— 00

fix energy spectrum (E,,) and coefficients (ASf ), BY )) for wave function (¥,,(z)), which are calculated
using the computer simulation.

The obtained energies and wave functions give opportunity to study the intensities of quantum
transitions between the electron states in QCD cascade, within calculation of oscillator strengths of
transitions between the states with the energies F,, and E,;

N+1 s 2
£ = @ S, /J GO ()00 (2) dz| (10)
3=0 -1

where m; is the average effective mass of electron in the states n and n’ in layer j.

3. Optimal geometrical design of cascade of QCD operating in far-IR range

It is well known [1,2], that the main idea of QCD successful functioning lays in the mechanism of so-
called “phonon ladder”, produced by the equidistant electron energy levels in extractor. The distances
between these levels resonate with the energy of optical phonon (7). This can be provided by the
proper choice of the sizes of wells and barriers and their order in the extractor. If geometrical design is
optimal, the electron from the upper level of active region of previous cascade, tunneling through the
extractor within the sequential one-phonon quantum transitions (over the phonon ladder) will exactly
get to the ground level of active region of the next cascade. The same scheme, according to the idea
of [24], was realized in experimental QCD of far-IR range. It is to be mentioned that in isotropic and
anisotropic QCDs [3,6,15,16], the phonon ladder with missed or not optimal steps of energies is usually
used. Thus, the effectiveness of such devices is rather low.

In order to study the spectral characteristics of QCD [24], using the theory developed in the previous
Section, we calculated the energy spectrum (E,,), differences between the energies of neighbour states
(AE, -1 = E, — E,_1), oscillator strengths of quantum transitions (f1,) of electron from the ground
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(n = 1) into the excited states (n > 1) and its wave functions (¥,,(z)) in separate cascade. Physical and
geometrical parameters of QCD cascade [24] with GaAs wells and Al 33Gag g7 As barriers: a; = 6.8 nm,
as = 2nm, az = 2.3nm, a4 = 2.8nm, a5 = 3.4nm, ag = 3.8nm, a; = 4.8nm are the widths of the
wells, respectively; by = 5.65nm, by = 3.955nm, b3 = 3.1nm, by = 3.1nm, b5 = 3.1nm, bg = 3.1 nm
are the thickness of the barriers; U = 276 meV is the height for all barriers; EgGaAS = 1520 meV,
EﬁlGaAS = 1885 meV are the energy gaps, m,, = 0.067 me, my, = 0.095m, are the effective masses with
me — the electron mass in vacuum.

The results of calculation for E,,, AE, ,_1 and

fin are presented in Table 1. 2%0
Table 1. The electron energies (E,,), differences be- cg? I
tween the energies of neighbour states (AE, ,,—1) and o [
oscillator strengths of its quantum transitions (fi,) £l
from the ground into excited states in QCD [24], Eﬂé
n | E,, meV | AE,,_1, meV fin 100
1 54.5 — —
2 81.4 26.9 0.24 L /
3| 1032 21.8 0.02 i
4] 1204 17.2 0.36 - 102 [
5| 140.9 20.5 0.53-10~% ol . O B B B BB
6| 166.9 26.1 0.02 L active | ® exioactor o
! 187.9 20.9 0.27 Fig. 2.ref’1:2bability distributions of electron location
8 196.7 8.8 0.57 in the states n = 1+8 in separate cascade of QCD [24].

In Fig. 2, the probabilities (¥2(2)) of electron location in QCD cascade, normalized with respect to
the energies (E,,), are presented. Figure shows that in the states n = 1 and n = 8 the electron is mainly
localized in single-well active region of the cascade. Quantum transition between the states with the
energies F and Eg (Table1) is provided by the absorption of photon energy AFEg; = 142.2meV, that
agrees with the experimental magnitude AFEy, = 144 meV.

In the states n = 2 + 7, the electron is sequentially localized in extractor wells in such a way
that the energy levels (Es,..., E7) form a non-optimized phonon ladder. We should note that the
distances (AFE,,—1) between the steps of the ladder are much smaller than optical phonon energy
(Q%‘AS = 36.2meV), since, the phonon-assisted tunneling of electrons through the extractor is non-
resonant. Therefore, the effectiveness of experimental QCD [24] functioning is rather low.

Let us optimize geometrical design of the cascade in order to provide QCD successful operation
in demanded spectral range with resonant phonon-assisted tunneling of electrons. From physical con-
siderations it is clear that the energy (AE,;) of the transition between the levels of active region in
cascade with optimal phonon ladder must be multiple of the phonon energy (Q%S‘AS) and each its step
is to be formed by only one well of the extractor. Since, the number of potential wells in extractor is
determined by the equality p = Q%L%Al—s — 1, where p is positive integer. As a result, fixing the detected
energy (AE,1) and phonon energy (Q$34%), one can define the optimal number of potential wells in
the extractor, which form the ladder with the steps resonating with energy of optical phonon. The
numeric calculations prove that if in QCD under study AFE,; = 144meV and Q%(?AS = 36.2meV, then,
the resonant phonon ladder is formed by three-well (p = 3) extractor with the following geometrical pa-
rameters: 2.3nm, 3.0nm and 4.2nm are the widths of the wells, 3.1 nm and 3.1 nm are the thicknesses
of the barriers.

The QCDs are usually applied as main elements of modern IR sensors with wide absorption band.
Thus, further, we shall optimize the geometrical design of cascades active region in order to provide
QCD operation in wide IR range, which covers the energy 144 meV. It is well known [18,24], that one
of the ways to broaden the QCD absorption band is to use two-well active region with close energy
levels.
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Fig. 3. Influence of the prestress level on the amplitude—frequency (a) and temperature—frequency (b) curves
for the center point of the square plate.

So, let us observe the active region with two wells (a1, ag), separated by the barrier (b; = 5.65nm).
The width of the first well (a; = 6.8 nm) is the same as in experimental QCD [24] while the width of
the second well (a3 = 1.4nm) is chosen such that the formed in it single energy level should be close
to the upper level in the first well. QCD with such construction of active region will operate within
the transitions from the ground level into two close upper levels of active region with the width of
absorption band equal to the difference between the energies of two transitions. It is to be mentioned
that the increasing number of potential wells in active region weakly influence on the energy levels of
phonon ladder.
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In order to establish uniquely optimal widths of wells in active region, the electron energies (E,,)
and oscillator strengths of quantum transitions (f1,) from the ground state into the excited states
in cascade with three-well extractor were studied as functions of width of the first well (a;) at the
constant sum width of both wells: a;+as = 8.2nm. The results of numeric calculations for F;,(a;) and
fin(a1) functions are shown in Fig. 3.

From Fig.3a it is clear that E,(a;) are non-monotonous functions with typical anti-crossing ef-
fect [22]. The character of these dependencies allow to reveal the regions of electron localization. If E,
decays whena; increases, the electron in the state n is localized in the first potential well (aq) of active
region. If E, increases whena, increases, the electron is localized in the second well (a2 = (8.2—a;) nm)
and if F,(a1) horizontal — it is located in the extractor.

Also, Fig. 3a shows two geometrical configurations of active region (I: aI1 = 1.6 nm, aI2 = 6.6 nm and
I1: ai! = 6.5nm, al' = 1.7nm), where two quantum transitions are realized (|1) — |5) and |1) — |6))
from the ground state with the energy (Fj) into two excited states with close energies (E5, Eg), which
are anti-crossing [22]. The energies of transitions in both configurations are close (I: AEL, = 141.2meV,
AE}, = 152.6meV and II: AEL = 140.8 meV, AEL, = 151.6 meV).

It is clear that for the successful detecting in needed spectral range, the oscillator strengths fi5 and
fie must be close and much bigger than that of the other transitions (fi,+5¢6). Fig.3b proves that
this condition is fulfilled only for I configuration, where the oscillator strengths f% = 0.28, fl% =0.44
are much bigger than the others (fis, fig > fins,6). In I configuration this condition is not fulfilled
because fiy = 0.47, fls = 0.36 are commensurate with f}, = 0.16.

As a result, the effective functioning of QCD in far-IR range is possible only with an one optimal
configuration of active region (a; = 6.5nm, ag = 1.7nm are the widths of the wells) and the spectral
width of absorption band is defined by the difference AFEg; —AFs51. Fig. 3a shows that a slight deviation
from al! value gives rise the changes of AFEs;, AEg; magnitudes and, since, to the change of absorption
band width.

To evaluate the optimal sizes of cascade barriers, the electron energies (F,,) and oscillator strengths
(fin) were calculated as functions of barriers thicknesses (b1, bo, b3, by) at the fixed wells widths:
a1 = 6.5nm, ag = 1.7nm, ag = 2.3nm, a4 = 3.0nm, a; = 4.2nm. The results are presented in Fig. 4.
Increasing thickness of the first barrier(by) at the fixed sizes of the other barriers, shown in Fig.4a,
gives rise to the narrowing of the absorption band (AFEg — AFEs;), caused by the smaller distance
between energy levels (E5, Eg) in anti-crossing but almost does not effect on the energy levels (Es, E3,
Ey) of phonon ladder. It makes possible to tune spectral width of the band by proper choose of b;.
From Fig. 4b it is clear that the minimal thickness of the first potential barrier (V" ~ 5nm) is fixed
by the condition fi5, fig > fin #5,6-

Fig. 4d proves that the condition fi5 = fig is provided by choose of the second barrier thickness
(b = 4.2nm). The thicknesses of the third barrier (b3), taken from the interval 3nm < b3 < 4nm
(Fig.4e, f) and that of the forth barrier (bs) from 0.5nm < by < 4nm (Fig.4g, h), where the condition
fis, fie > finzse is fulfilled, finally optimize the position of energy levels (Eo, E3, Fy) in phonon
ladder.

Finally, presented analysis of electron energies and oscillator strengths of quantum transitions
determines the design of compact optimal QCD, operating in far-IR range, with following geometrical
parameters: a; = 6.5nm, as = 1.7nm, az = 2.3nm, a4 = 3.0nm, a; = 4.2nm, by = 5.65nm,
by = 3.955nm, b3 = 3.1nm, b, = 3.1 nm.

In the Table2 and Fig.5 the electron energies (F,), differences of energies (AE,, ,,—1), oscillator
strengths of quantum transitions ( f1,) and probability distributions of its location (¥2(z)) in optimized
cascade of QCD with two-well active region are presented. Table 2 shows two quantum transitions with
almost the same intensities (fi5 = 0.42, fi6 = 0.41) and transition energies (AFE5; = 140 meV, AFg =
150.9meV). The intensities of all other transitions are much smaller than fi5 and fi¢. Extractor energy
levels Fsy, Es, Ey, Fig. 5, form the phonon ladder with resonant steps, relatively to the optical phonon
energy (Q%(?AS = 36.2meV). The proposed geometrical design of compact cascade will provide the
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Fig.4. Electron energies (F,) and oscillator strengths of quantum transitions (f1,) as functions of barriers
thicknesses b; (i =1 —4) in QCD cascade.
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successful functioning of broadband QCD in far-IR range with resonant phonon-assisted tunneling of
electrons through the phonon ladder.

Table 2. Electron energies (E, ), differences between
the energies of neighbour states (AF, ,—1) and oscil- ol
lator strengths (f1,) of quantum transitions from the 1
ground state into excited ones in optimal cascade of o
QCD. gl
n | E,, meV | AE,,_1, meV fin ;5 i
1 57.8 — — 100
2 94.5 36.7 1.94-1077
3] 1311 36.6 0.43-10* 50
4] 1685 37.5 0.41-1072 [
) 197.8 29.3 0.42 F : | |
6| 2087 10.9 0.41 " T T
active extractor

region
Fig. 5. Probability distributions of electron location
in optimal cascade of QCD.

4. Results and conclusions

The theory of electron energy spectrum and oscillator strengths of quantum transitions in multi-
layered nano heterostructure, being the cascade of QCD operating in far-IR range, is developed. The
geometrical design of cascade with two-well active region and extractor with optimal phonon ladder,
which produces the resonant phonon-assisted tunneling of electrons, providing the effective operation
of broadband QCD, is proposed.

It is shown that the active region with two potential wells of different widths, where two quantum
transitions with almost the same intensities, accompanied by absorption of photons with close but dif-
ferent frequencies, occur, broadens the spectral absorption band of QCD. Its width essentially depends
on the thickness of the potential barrier between the wells of the active region, decreasing due to the
smaller distance between the energy levels in anti-crossing.

The further optimization of QCD geometrical design needs taking into account the effect of inter-
action with phonons on its spectral characteristics, that would be done in the future.
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MopentoBaHHSA ONTUMI30BAHOro Kackaay KBaHTOBOro KackagHoro
heTekTopa aanekoro iHppayepBOHOro fiana3soHy

Ceri10.O., Tkau M. B., Bepemxko €. 1O., Boiinexiscoka O. M.

Yepriseuyvrul Hayionasvhul yrisepcumem im. FO. @edvrosuua,
eyn. Kourobuncovroeo, 2, 58012, UYepnisui, Yrpaina

Ha ocnoBi po3BruHEHOT y MO/l KOOPINHATO-3AJI€2KHOT €(DEKTUBHOI MACH Ta MPSIMOKY THUX
MIOTEHITIAIIB Teopil eHePreTUIHOTO CHEKTPa €JIEKTPOHA Ta CUJI OCIHUIATOPIB MiKITiT30H-
HUX KBAHTOBUX II€EPEXOJIIB 3aIIPOIIOHOBAHO M€OMETPUYHUI JU3allH KOMIAKTHOIO KacKa Ly
KBAHTOBOI'O KaCKa/IHOTO JeTeKTopa gajiekoro IY nianasony 3 JBOSMHOI0 aKTHBHOIO 30-
HO10. EKCTpakTOp KacKay ONTUMI30BAHO Tak, OO eHepreTwdHi madsi fioro (oHOHHOT
JpabWHKN PE30HYBAJIN 3 €HEPTi€I0 ONTUIHOTO (POHOHA, 10 3abe3mnedye edekTuBHEe POHOH-
CYIIPOBiIHE TYHE/IOBAHHS €JIEKTPOHIB MiK aKTUBHUMH 30HAMU KAaCKaJIiB HAHOTPUJIATY.
Bceranosiieno, o 3MeHINEHHS TOBIUMHU Oap’epa MiK sMaMU aKTHUBHOI 30HU BHACJIIOK
30i7IbIIeHHST BiJIcTaHi MiK PIBHIMA B AHTUKPOCHUHTY MPUBOIUTL 10 PO3IIUPEHHS CMYTH
[IOTJINHAHHS JIETEKTOPA.

Knwouosi cnoBa: nanocucmema, xeanmosuli kackadnut demexmop, enepeemuHul
cnexmp, GoHoH-CYnPosidHe MYHEAI0BAHHA.
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