HOI NGHI VAT LY CHAT RAN TOAN QUOC LAN THU 5 - Viing Tau 12-14/11/2007

ON THE NONLINEAR ABSORPTION COEFFICIENT OF A STRONG
ELECTROMAGNETIC WAVE BY CONFINED ELECTRONS
IN DOPED SUPERLATTICES

Luong Van Tung, Bui Dinh Hoi, Nguyen Quang Bau
Department of Physics, College of Natural Sciences, Hanei National Unjversity,
No. 334, Nguyen Trai Str., Thanh Xuan Dist., Hanoi, Vietnam
E-mail: buidinhhoi@gmail.com

ABSTRACT

The nonlinear absorption coefficient of a strong
Electromagnetic Wave by Confined Electrons in doped
superlattices is theoretically studied by using the
quantum transport equation for electrons. The
dependence of absorption coefficient on the amplitude

(E,), frequency (€2) of the external
electromagnetic wave, doping concentration (n;) and

the temperature (T) of the system is obtained. Two
limited cases for the  absorption: close to the

absorption threshold (|hlﬂ—hw0l<<5) and far

away from the absorption threshold
(|th - hm0|>>E) (I=0,21,42,...; @, and & are

the frequency of optical phonon and the average energy
of electron, respectively) are considered. The analytic
expressions are numerically evaluated, plotted and
discussed for a specific doping of the n-GaAs/p-GaAs
superlattice. The resonant peak of the absorption

strong

coefficient appears when € = @, and the values of

the absorption coefficient are larger than they are for
bulk semiconductors.
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INTRODUCTION

Recently, there has been considerable interest in
the behavior of low dimensional systems, in particular
of two dimensional systems, such as semiconductor
superlattices, quantum wells and doped superlattices
(DSLs). The confinement of electrons in these systems
considerably enhances the electron mobility and leads
to their unusual behaviours under external stimuli. As
the results, the properties of low dimensional systems,
especially optical properties are very different in
comparison with normal semiconductors {1, 2]. Many
papers have appeared dealing with the problems of
optical properties in bulk semiconductors, as well as,
low dimensional systems [3, 4, 5, 6]. Also, the
problems of the nonlinear absorption coefficient of a
strong Electromagnetic wave ( Laser radiation ) by free
electrons in bulk semiconductors [4] and the linear
absorption " of a weak electromagnetic wave by
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confined electrons in low dimensional systems have
ever been enthusiastically investigated and declared in
many interesting scientific papers [3, 5, 6].

However, the nonlinear absorption problem of
electromagnetic wave which has strong intensity and
high frequency in DSLs still opens for studying, in this
paper, we study the nonlinear absorption coefficient of
a strong electromagnetic wave by confined electrons in
a DSL by using the quantum transport equation for
electrons. The electron - optical phonon scattering
mechanism is assumed to be dominant. The nonlinear
absorption coefficient is calculated by using the high
frequency quantum transport equation for electrons in a
DSL for two cases, which are close to the absorption
threshold and far away from the absorption threshold.
Then, we estimate numerical values for a specific
doping of the n-GaAds/p-GaAs superlattice 1o clarify
our results.

.. CONTENTS

1. The nonlinear absorption coefficient of a strong
electromagnetic wave in DSLs.

It is well - known that the motion of an electron in a
DSL is confined and its energy spectrum is quantized
into discrete levels. The Hamiltonian of the electron -
optical phonon system in a DSL in second gquantization
representation can be written as:

H=H,+U 1)
H, = ZE,'(EJ_ ~-;:{-}i(z‘))a:,;laﬂ‘,;l +Zha)§bq+b§
nk, ¢ ' g
(2)
U= Z ZC (qz n Iz L+, nkl(b +b+ ) 3)

nn q kj.
where n denotes quantization of thc energy spectrum in

the z direction (n=1,2,..), (n, k, ) and ( n’, k +4,)

are electron states before and after scattering, ic“L (g _L)
- the in plane (x, y) wave vector of electron (phonon),

+ + .
a,; and a,: (bcT and bq) are the creation and

annihilation operators of electron (phonon) respectively,
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(G =(G,,q9.)), he; is the energy of optical phonon

(w; = @, = const). The electron energy takes the

simple form:

sn(l?l) = so[n +%] +

1
4m2’n, \2
= fif —
g, =h
Ky

here, m and e are effective mass and charge of electron,
respectively, X, is the electronic constant, and C; is

Hi}
2m

4

where

the electron — phonon interaction potential. In the case
of electron — optical phonon interaction, C 7 4l

2
2, [L - -1~] ©)
q 4 xo

where ¥, and Y is the static and the high-frequency
dielectric constant, respectively, and

5o _
1,.(q)=> [ ®,(z= jd)D,(z - jd)dz ()

J=lg

2
|Cq|=

here, @, (2) is the eigenfunction for a single potential

well, d is the period of DSLs and §, is the number of

periods of DSLs.

In order to establish the quantum kinetic equations
for electrons in DSLs, we use the general quantum
equation for electrons distribution function [4]

— + 0
AOL ("n,a . >, :
ih 9 =([a’ H
i, (0 = ([anjla,,',a, ]>, 7
where (!,lf)l denotes a statistical average value at the

moment £: (!j/)l = Tr(lff/l/;) (H} is the density matrix

J

_ xmte'nk,T [(1
XM\ X Ko

ek,

In this case, the condition |th - ha)ol <<F
is needed. We restrict the problem in the case of one

operator).
The carrier current density formula in DSLs is
taken the form:

- eh ." e -
LO=2F k- A0), 0 ®
* m g; ke mhy
because, the motion of electrons is confined along z
direction in DSLs, we only consider the in plane (x, y)

current density vector of electrons J, (£) .

Starting from Hamiltonian (1, 2, 3) and realizing
operator algebraic calculations, we obtain the

expression of f",ffl (#) . Substituting fn,EJ_ (1) into
Eq. (8), then using the electron — optical phonon
interaction potential C g in Eq. (5) and the relation
between the nonlinear absorption coefficient & of a

strong EMW with the carrier current density j NGE

87 - = .
= (7. OF, sinqu)
we established the expression of ¢ in DSLs. In this
paper, we will consider two limited cases for the
absorption: close to the absorption threshold and far
away from this to find out the explicit formulae for the
nonlinear absorption coefficient « .

®

1.1 The absorption far away from its threshold.

In this case, to occur the absorption of a strong
electromagnetic wave in DSLs, the condition

Ihlﬂ —hw,y[>>E must be satisfied. Here, £ is the

average energy of an electron in a DSL. Finally, we
have the explicit formula for the nonlinear absorption
coefficient of a strong electromagnetic wave in DSLs
for the case of the absorption far away from its
threshold, which is written:

—)Z|In,n.(q;)|2 E—Teo(n—n'rri—’"(ﬂ—wo)}z

2m

3
1+=
8[2sz

1.2 The absorption close to its threshold

I

go(n-n')+2?ﬁ(g—wo)]z (10)
1

hl
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photon absorption (/=1) and consider electron gas is
non-degenerative. Using the electron distribution
function (Boltzmann distribution function), we obtain:

o = Y2 G T) [L__'-]Zl Rt exp(— LU LA LS 2Jp_a)

i
8¢ xmmzhjﬂs X Xo k,T

1 1
2 2 2 e
o2 1+_3__+_3__£_§g_4_[_e.)2 N B an
|€|le 16/ poc  32m’Q'\o :Epo' 16 po
where diminishes very fastly following the frequency Q. In
& =g (n—m+ kw, - Q) short, the values of @ in this case are very small.
m§2 h2
P="5, 0 OF fo! Nt AR A B S B
2nk, T 8mk,T ;
03 eseien - - -
2 Numerical results and discussions il """ """ “““ """ oo """
In order to clarify the mechanism for the nonlinear S S L P S e

absorption coefficient of a strong electromagnetic wave
in a DSL, in this section, we numerically evaluate, plot
and discuss the expression of the nonlinear
absorption coefficient for a compensated n - p -
GaAs/p-Gads DSL in the case of n=0, n'=I1. The
characteristic parameters of the GaAs layer of the

DSL are y, =10.9, x,=129, m=0.067m,,
d=2d,=2d =510 m and hay, =36.1 meV,

(m, is mass of free electron).

4 5 [ 7 8 [] 10
Frequancy of EMW {Hz) . 10"

2.1 The absorption far away from its threshold

Figures (1-3) show the nonlinear absorption
coefficient of a EMW in a DSL for the case of the
absorption far away from its threshold. The curve

increases following E; rather fastly and when the

temperature T of the system rises up, its absorption
coefficient increases slowly . It is seen that the value of

the absorption coefficient increases following », and peeest
e R R M T 't
1 N A S A I N B N Doping aonoenimaion (1m) x 107
14 - - ’ - O RLELT CETPPF PP LA
SO R R VOSSO NS S N (4 Fig . 3. The dependence of & on the doping

conceniration R,

2.2 The absorption close to its threshold

0.6} - " 4 R AP ool plhoie S P
L S RECOE S S 2 S R In this case, the dependence of the nonlinear
I SN S S s absorption coeficient on the another parameters are
e . quite similar with the case of the absorption far away
vz 3« 5 & 7 8 3§ % from its threshold. However, the values of ¢ are

Ampiituie of EMW (/cm) x 16 i

Fi . much greater than above cases. Also, it is seen that &
ig. 1. The dependence of & on the amplitude E, depends strongly on the electromagnetic ficld
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amplitude. That is very different from the case of the
absorption close to from its threshold. Especially,

figure 5 shows the absorption coefficient a{£2) as a
function of €, the frequency of the EMW. There is a
is the

frequency of optical phonon), that means, in this case,
appearing a resonant peak of the absorption coefficient.

maximum coincide when Q =@, (o,

Absamiion cootticiont

Amplitucta of EMW (V)

Fig. 4. The dependence of & on the amplitude E,

CONCLUSIONS

In this paper, we have theoretically studied the

nonlinear absorption of a strong EMW by confined
electrons in a DSL. We have obtained a quantum
kinetic equation for electrons in DSLs. By using the
tautology approximation methods, we can solve this
equation to find out the expression of electrons
distribution function. So that, we received the formulae
of the nonlinear absorption coefficient in DSLs for two
limited cases, which are far away from the absorption
threshold, Eq. (10) and close to the absorption
threshold, Eq. (11).

We numerically calculated and pgraphed the
nonlinear absorption coefficient for compensated
doped superlattices {n-Gads/p-GaAs) to clarify the
theoretical results. Numerical results present clearly the
dependence of the nonlinear absorption coefficient on

the amplitude ( £,), frequency () of the external
strong electromagnetic wave, doping concentration
(n,) and the temperature (7) of the system . The
resonant peak of the absorption coefficient appears
when () =, and the values of the absorption

coefficient are
semiconductors.

larger than they are for bulk

Absoipion coelfciad

4 45 L1 55 8 85 T 75 a
Frequency of EMW (42) el

Fig. 5. The dependence of & on the frequency €L of
EMW

9 %+ 2 3 4§ & r— 8 g 1w "
Doping condentration (1/m>) x 107

Fig.6. . The dependence of ¢ on the doping

concentration 1,
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