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Abstract: The explicit expressions for linearly optical conductivity and absorp-
tion power of electromagnetic wave caused by confined electrons in the hyperbolic
quantum well is obtained in the case of electron-longitudinal optical phonon scat-
tering. Linearly optically detected electrophonon resonance (ODEPR) effect in
a specific GaAs/AlAs hyperbolic quantum well with Poschl-Teller potential type
is investigated. Conditions for ODEPR are discussed based on the curves ex-
pressing the dependence of absorption power on the photon energy. From these
curves we obtained ODEPR - linewidths as profiles of the curves. Computational
results show that linear ODEPR- linewidths increase with temperature and de-
crease with well parameters.
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1 INTRODUCTION

In recent years, electron-phonon resonance effect (EPR) and optically detected
electron-phonon resonance (ODEPR) is being interested by domestic and interna-
tional physicists. These studies have contribution in clarifying new properties of
electrons under the effect of external fields, therefore provide information of optical
properties of semiconductors to the technology of fabricating optoelectronic compo-
nents.

EPR phenomena arise from an electron scattering due to the absorption and
emission of phonons when the energy difference of two electric subbands equals the
longitudinal-optical (LO) phonon energy. If these processes are accompanied by the
absorption or emission of photons, we will have the ODEPR effect. The EPR effect
has been started to study since 1972 by Bryskin and Firsov for the nondegenerate
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semiconductor in strong electric field [1]. The study of EPR effects is very impor-
tant in understanding transport phenomena in the modern quantum devices. For
electrons in quantum wells, the investigation of multi-subband transport effects such
as the effective mass, the energy levels, and the electron-phonon interaction has re-
ceived some attentions [2, 3, 4, 5]. There are now a lot of works focusing on this
phenomenon in two-dimensional semiconductor [6, 7, 8], and quantum wires [9, 10].
Most studies, however, focus on conventional quantum wells such as square poten-
tial quantum wells, parabolic potential quantum wells, etc. Hyperbolic quantum
well with Poschl-Teller potential type is still new direction with some studies and
has attracted some interest in recent years [11, 13, 14, 15]. Tong [12] suggested
several applications in semiconductor heterojunction devices and in optical systems.
Tong and Kiriushcheva [13] showed that it can be used in the reduction of noise in
resonance tunneling devices and other devices. Radovanovic et al. [14] worked sev-
eral intersubband absorption properties of the potential. Yildirim and Tomak [15]
studied some intersubband nonlinear optical properties of the potential.

In this paper, we investigate the linear ODEPR effect and linewidths in the
hyperbolic quantum well with Poschl-eller potential type. First, we derive the ana-
lytical expression of linear absorption power. From curves on graphs of absorption
power as a function of photon energy, we obtain ODEPR-linewidths as a profiles
of curves by using the Profile method presented in one of our previous papers [16].
The dependence of linear linewidths on temperature and the well parameter are dis-
cussed. The paper is organized as follows: The model and theoretical framework is
described in Section 2, the results and discussions are presented in Section 3, and
finally, the conclusions are given in Section 4.

2 MODEL AND THEORY

We consider a quantum well with the electron confined potential expressed in

the form of [17]
~ Vi — Vs cosh(az)
~ sinh*(az)

V(z) : (1)

where Vi, V5 and « are three parameters representing the properties of potential.

Solving Schrodinger equation, we obtain the energy spectrum and correspond-
ing electron wave function as follows [18]:

h? o?

E,==EFE, +E (ki+k;)—§[v—u—(1+2n)]2, (2)

: Feky = e

1
n=20,1,2,..., [é(v—u—l)} .
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Vo (1,y, 2) = ———==e"FeTTR Oy (1 — )5 Fy [-n,n +2 (6 + &+ 1/4) ;20 + 1/2;u]

VI.L,
(3)

where § = 1+ & i = 2BV TR T, v = 4BV 7, e = L2
u= tanhQ‘z—Z. The coefficient C' is expressed in the form of Gamma function:

C’:\/2aaF(n+u+1)F(n—|—u+26—|—1)/n!F(,u+1)2F(n—|—25+1).

Consider an electromagnetic wave with angular frequency w and amplitude Ej,
the linear absorption power delivered to the system is given by
2

Foe (@) = "2 Reoe ()] ()

here o,, (w) is the z component of optical conductivity tensor:

)= el T Chsliduie e O

af

where e is the electric charge of the electron, (X) = («a|X|3) is the matrix element
of operator X, f,(g) is the Fermi-Dirac distribution function of the electron at energy
state Euo8),
© = w—iA (A = 0%); T5%(@) is called the spectral lineshape function. The
matrix element of position operator z is calculated by

L,
<Z>aﬁ = 5k;,kl5k/ k / CC/U%(l — U)282F1 [—n/,n’ +2(0+e+1/4);20+1/2; u]
Yoy 0
X oF1[-n,n+2(0+e+1/4);204+1/2;u]zdz = Ok, &, Ok 1, 11

The matrix element of current density operator j, is calculated by
h [e.9]
G)pa = E(sk 0 OC”/ W1 = u) 5By [—n/,n' + 26+ + 1/4) ;26 + 1/2; ]
0
1 1
% [5u5—1(1 — U)E + u‘sg (1 — u)e — 1:| 2 F |:—77,,77, + 2 (5 + e+ Z) ,25 + 5,Uj|

n+ 20 4 2 +1/2)
20+ 5

+ ué(l _ u)€<_n) (

1 3 h
X oF) [—n+1,n+1+2(5+e+1>;25+ }dz_ﬁakk(skklg
m*

Take the real part of o, (w), we obtain the general expression of the linear absorption
power in z direction

ehEZ f/ rym! = Srokym) Bo (W
Py (w) = 0 Z Z K 2k y ko e ) o ( >5k;,kx5k;,ky[1]2' (6)

* 2
2t e (w0 = Ea)” + B (W)
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In the above equation, we denote Eg, = Eg—Ey = Ey, g, w—Eg, 1, n- The relaxation

rate By gets the form as follows:

Bn (w) = Y e +
o) 16720 (fs — fa) ; { (M01M02 (K'y + My)? (Ko — My)?
y [ 1 . 1 ] . P { 1 . 1 }
_(kly -+ ]‘402)2 (k'/y — MOQ)Q_ MO3MO4 (l{?lm -+ M03)2 (l{ilz — M03)2
- , , -
X 5 T 5| | Nu
| (K'y + Moa)”  (K'y — Moa)” |
Fos 1 1
+ 7 T 2
MosMos | (—ky + Mos)”  (ky + Mos)
o 1 n 1 . Foa [ 1 . 1 }
_(—k'y + M06)2 (l{?y + M06)2_ M07M08 (—k’x + M07)2 (k‘x + ]\407)2
- , , -
X + Nsp ¢ (7)
_(_ky + ]\408)2 (ky + MOS)Q_ ) }

where f,(f5) is the Fermi-Dirac distribution function of electron with energy E, (Ej3),

9
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Substituting By (w) into Eq. (6), we obtained the explicit expression of linear
absorption power in the quantum well. We found that the analytical result is quite
complex. However, physical meaning can be obtained from numerical computation
and graphical plotting.

3 NUMERICAL RESULTS AND DISCUSSIONS

To clarify the obtained analytical results, we carry out some numerical compu-
tations and graphical plotting for a specific AlGaAs/GaAs quantum well. Param-
eters used are [19, 20]: electrical charge e = 1.6 x 107 C, electron effective mass
m* = 6.097 x 107%2 kg, Planck constant A = 1.0544 x 10~3* Js, Boltzmann constant
ks = 1.38066 x 10~2* J/K, permittivity of free space €y = 13.5, high frequency per-
meability v, = 10.9, static frequency permeability yo = 12.9, LO-phonon energy
hwro = 36.25 meV, external field amplitude Ey = 10° V/m.

The expression of the linear ODEPR condition is expressed by
hw + Egq + hwpo = 0. (8)

When the linear ODEPR conditions are satisfied, in the course of scattering events,
electrons in the state |a) could make transition to state |5) by absorbing one photon
of energy hw, accompanied with the absorption and/or emission of a LO-phonon of
energy hwro.

Figure 1 describes the dependence of the linear absorption power P, (w) on the
photon energy at T' = 200 K, with parameter o = 2.2 x 10®* m~!. From the figure
we can see three resonance peaks describing the different transitions of electrons,
satisfying the various resonance conditions:
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Figure 1: Linear absorption power as a function of photon energy. Here: T = 200 K,
a=22x10%m™L

+ The first peak at Aw = 36.25 meV satisfies the resonance condition Aw =
hwro corresponding to intrasubband, where one phonon with energy of hwro is
emitted.

+ The second peak at hw = 55.1176 meV satisfying the resonance condition
hw = Eg — E, = (67.7013 — 12.5837) meV , corresponds to the process in which an
electron from the « state absorbs a photon and moves to 3 state. This process does
not include any absorption or emission of phonon.

+ The third peak at hw = 91.3676 meV satisfies the resonance condition
hw = Eﬁa + FLOJLO = (551176 + 3625) meV or E,g = Ea + hw — tho. This is the
process in which an electron in the state of energy E, absorbs a phonon and transits
to the state of energy Ejs. This process is accompanied by emitting a phonon with
energy of hwro.

Figure 2 shows the dependence of Py(fuw) on photon energy with different values
of temperature. From the figure we can see that ODEPR peaks locate at the same
position  (fuv =91.3676 meV) and the linewidths increase with the temperature as
shown in Fig. 3. This result is consistent with the theoretical results of Kang and
co-works [21, 22, 23, 24], of Li and of Ning’s results [25], and experimental data of
Unuma [26]. This can be explained that as temperature increases, the probability of
electron-phonon scattering increases, and so do the linewidths.

Figure 4 shows the dependence of P(Aw) on photon energy at different values of
« parameter. From the figure we can see that ODEPR peaks locate at the different
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Figure 2: Dependence of Py(hw) on
photon energy at different tempera-
ture.

Figure 3: Dependence of linear
ODEPR-linewidths on temperature.
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Figure 4: Dependence of Fy(fw) on Figure b5: Dependence of linear
photon energy at different value of . ODEPR-linewidths on « parameter.

positions with different values of hw. The reason for this is that the energy spectrum
depends on «, that leads to the dependence of resonance peaks on photon energy.
From Fig. 4 we can found that linewidths decrease as the parameter « increases as
shown in Fig. 5. This can be explained that when the parameter a increases the
confinement of electron decreases. This results in the reduction the probability of
the electron - phonon scattering, so do the linewidths.

4 CONCLUSIONS

We have studied the ODEPR effect in hyperbolic quantum well with Poschl
- Teller type potential. Special attention is given to the behavior of the ODEPR
lineshape, such as the splitting of ODEPR. peaks from selection rules. The splitting
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of peaks on resonant curves satisfied the ODEPR conditions. From the graphs of the
linear absorption power Py(w), we obtained ODEPR-linewidths as profiles of curves.
Computational results show that the ODEPR-linewidths increase with temperature
but decrease with potential parameter. The obtained results are clearly interpreted.
It is to be regretted that this result cannot be verified experimentally yet because
no experimental results are available at the moment. However, we hope that these
our results are helpful in future experiments.
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