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AbstractThe analytic forms of the linear and the third-order nonlinear optical intersubband

absorption coefficients were obtained for general asymmetric quantum well systems using the

density matrix formalism. Based on the model, the linear and the third-order nonlinear

intersubband optical absorptions in electric-field biased hyperbolic quantum wells were studied.

The numerical results were presented for a typical Al,Ga,—, As/ GaAs electric-field biased

hyperbolic quantum wells. The results show that the contributors to the nonlinear absorption

coefficient are due to the electric field, the shape of quantum well and the optical intensity.
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0 Introduction

Recently nonlinear optical properties in

semiconductor quantum wells systems,
superlattices and nanostrctures are of considerable
interest because of their potential contribution to
far-infrared laser

the device application in

amplifiers, photo-detectors and high-speed electro-

021 Tn the recent work, much

optical modulators
attention has been paid to the third-order nonlinear
optical properties in various inversion Symmetry
quantum systems, which is because the third-order
nonlinear susceptibility has a huge enhancement in
low dimensional quantum systems compared with
the bulk material®*!. The linear intersubband
optical absorption in the conduction band of a
GaAs studied
experimentally without an electric field ©° and with

field. ' The

prediction in the

quantum  well  had  been

common theoretical
t710) is  that the

asymmetric quantum wells display a very large

an electric

literatures

dipole strength and third-order susceptibilities.

This suggests that the intersubband optical
transition in a quantum well may have very large
optical nonlinearities.

In this paper, the linear and the third-order
nonlinear optical absorption in Al,Ga,_, As/GaAs
electric-field biased hyperbolic quantum wells are
investigated, with most emphasis is on the effects
of the electric field and the variational rule of the
coefficients in hyperbolic

optical absorption
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quantum wells.

1 Theory

Fig. 1 shows the shapes of the hyperbolic

quantum wells when the value of the parameter a is
0 . —
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Fig. 1 The shape of the hyperbolic quantum wells
when the value of the parameter a is different
different. Electrons in the hyperbolic quantum
wells with an applied electric field can be described

by the effective-mass Hamiltonian.
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where a is a parametre which has a dimension of
length. F is the intensity of the applied electric
field, e is the electronic charge, m" is the effective
mass of electron.

So the Schrédinger equation can be written as
following

He, . (r)=e,.0... (r) (2)
where the eigenfunctions and the eigenvalues as
follows

s (N =¢, (Dulryexp (k" +r")

(n=0,1,2+) (3
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Here u (r) 1is the periodic part of the Bloch

. / / .
function, k" and r" are the wave vector in x —y

plane; ¢, (z) and E, obey the following
Schrédinger equation
Hyyp, (=) =E,p,(2) (5
2 2
H,=— h,, 92— Vo +eFz (6)
2m” dz ot 2
a

As we know, Equation (5) can be solved exactly.
Next the formulas of the linear and the third-
order nonlinear optical absorption coefficients in
electric-field biased hyperbolic quantum wells will
be deduced”™. Considering a monochromatic
incident field E(x)=Ee ™ +E" ¢“ is applied to the
system, the evolution of the density matrix can be
deduced by the

equation

time-dependent  Schrédinger

J
J{%:%[Ho*qu(t),p],_,*Fu (o—p0)y <)

where H, is the unperturbed Hamilitonian, p, is
the unperturbed density matrix and I'; is the
relaxtion rate.

Equation (7) is solved using the usual

iterative method and expanding p in powers as

(D= X" (1) 8
With
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hlyp5 Y 9
The application of Equation (9) to n =0 can be
obtain
(D :q<§D; z ‘ @ (P:(im _{01(10) ) —
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The expressions of pi” and pg”

can be obtained
with the same method.

The electronic polarization P (t) and
susceptibility x(z) caused by the optical field E(#)
can be expressed through the density matrix as

P () =ey(wsDEe ™ +ey(—w,DE" e =
LTr (" ) (1)

where S is the area of the system, ¢, is the
permittivity of the free space and Tr denotes the
trace or summation over the diagonal elements of
the matrix pM. The suscepertibility y is related to

the absorption coefficient a(w) by

alw.D=w /E{ilm(eox(w,l)) (12)
R

where p is the permeability of the system, er is the
real part of the permittivity, and y (w) is the
Fourier component of ¥ (z). From equation(7) to
equation (12) the linear absorption coefficients
a” (w) and the third-order nonlinear absorption
coefficients a* (w, I) can be obtained

“ ‘/"U 2(]2 O'\ﬁF,_,
ERi’LZ(wia),’] )2+(h1_‘1‘j )2

e (w’D:iw\/g(ZeoIan){o‘*ql |y 2T, [4|M] 2.
(wf +T5) — | i — pyi |” Bl —dww; o> —T5) 1}/
B (w; ¥ [(w; —w)* + T 1 (14)
z‘goﬂ | 6. is the density of the

(13

a(” (w)=w

where p; = ‘ (@i
electrons in the quantum well, I is the optical
intensity per unit area, n, is the refractive index, ¢
is the speed of light in free space. From equation
(13) and equation (14) the total absorption
coefficient of the intersubband a(w,I) is given by
alw,D=a"" () +a? (w,D (15

2 Results and discussion

In the following, the absorption coefficient
a(w,I) obtained in Equation (15) is calculated
numerically for wvarious optical intensity I and
applied electric field F. The parameters are as
follows™"

/1:47(><1077H em 'yn =3.2,05, =5 X

10% m—* ’13 =0.14 ps, m* =0.067m..

L

From equation (14) we can know the linear
intersubband optical absorption coefficient doesn’t
depend on optical intensity I. Fig. 2 shows that the
peak of the linear optical absorption coefficient
shifts upward both in energy and in magnitude
with an increasing applied electric field F. Upward
shifts in energy can be explained by the quantum
confined Stark effects and the
observed by Harwit and Harris/'*,

30

results were
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Fig. 2 The linear intersubband optical absorption

coefficient o' when parameter a=2 but applied

electric field F is different
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Fig. 3 shows that the absorption coefficient
reduce by half at I=1.0 MW/cm? and the effect of
the electric field is to shift the total absorption
peak to a higher energy. This can be explained by
the equation (14).
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Fig.3 The intersubband optical absorption coefficient
a(w, ) when parametera=2 but applied field F
and optical intensity I are different

Fig. 4 shows the intersubband absorption
coefficient a(w,I) when a and I are different but F
is a constant, the peak of the linear absorption
coefficient shifts upward in energy and shifted
downward in magnitude with an increasing a. A
smaller
When

parameter a increase, the peak will move to the

very important feature is that the

parameter a is, the bigger the peak is.

right of the curve. This is because when parameter
a increase, the well width will increase and the
confinement in the hyperbolic quantum wells will

become weaker. Therefore the excitonic effect on

the  third-order  nonlinearoptical  absorption
becomes more and more weak™".
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Fig. 4 The absorption coefficient « when F=150 kV/cm
but paramete a and optical intensity I are different

From Fig. 4, we also can see that when
parameter a and applied electric field F are a
constant the absorption coefficient is reduced with
an increase optical intensity I and the strong
absorption saturation will occur with optical
intensity I increasing. These results accord with
absorption

the experimental results of the

[1]

coefficient in the quantum wires'"'. The

intersubband optical saturation is sensitively

related to the electron dynamic processes including

electron relaxation and electron tunneling.

3 Conclusion

In conclusion, from the above results it can be
seen that the shape of the well will change with
parameter a and the linear and the nonlinear
absorption coefficients will change with parameter
a, applied field F and optical intensity I and the
strong absorption saturation will occur when I

increases. The contributions to the nonlinear

absorption coefficient are due to the parameter a,
the optical intensity I and the applied electric field
F. So this study may have potential application for
practical devices such as ultra fast optical switches
and so on. We also hope this paper will be helpful
in the experimental study of the influence of the
quantum well’s shape and the applied electric field
on the third-order nonlinear optical properties.
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