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Properties of the second-order nonlinear optical susceptibility x „2…

in asymmetric undoped AlGaAs/InGaAs double quantum wells
Tae-ik Park, Godfrey Gumbs,a),b) and Y. C. Chena)

Department of Physics and Astronomy, Hunter College of the City University of New York,
695 Park Avenue, New York, New York 10021

~Received 2 November 1998; accepted for publication 17 April 1999!

The second-order nonlinear optical susceptibilityx (2) for second-harmonic generation is calculated
for the 11H transition of a graded double quantum well~DQW! structure of undoped
GaAs/AlxGa12xAs. These results are compared with the single quantum well~QW!. Our results
show that the values ofx (2) have optimal magnitudes dependent on the width, depth and separation
between the QWs in a DQW structure. When the electric field increases, the dipole moment
increases due to the increasing separation between the electron and hole wave functions. On the
other hand, the oscillator strength of the 11H transition is reduced as a result of the decrease in the
overlap of the electron and hole envelope functions. These two competing factors give rise to
optimal conditions for the enhancement of the second-order nonlinear susceptibilityx (2). It is
demonstrated thatx (2) for the DQW structure is more enhanced than for the biased single QW.
© 1999 American Institute of Physics.@S0021-8979~99!01215-3#
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I. INTRODUCTION

Since the discovery of second-harmonic generat
~SHG! by Frankenet al. in 1961, shortly after the demon
stration of the first working laser by Maiman in 1960, no
linear optics has received a considerable amount of atten
over the years.1 The nonlinear optical response has be
mainly described byx (2) ~the second-order nonlinear optic
susceptibility! andx (3) ~the third-order nonlinear optical sus
ceptibility! even though higher order effects may be sign
cant. x (2) has its own characteristics in that it has nonze
values for the noncentrosymmetric crystals that do not
play inversion symmetry. On the other hand,x (3) has its own
characteristics in that this function can have nonzero va
both for centrosymmetric and noncentrosymmetric media
particular, second-order effects such as frequency mixing
cluding SHG, sum~and difference! frequency generation
~SFG and DFG! and linear electro-optic~Pockels! effect are
of great practical interest in the areas of integrated optics
optical communications. The large value ofx (2) can lead to
the miniaturization of efficient optical devices such
frequency-tunable visible lasers~using SFG! and optical
parametric oscillators~using DFG!.1 So far, many papers
dealing with the enhancement ofx (2) for an asymmetric
quantum well ~QW!, asymmetric double quantum we
~DQW! and other structures~e.g., bond-alternating dipola
structures! have been published.2–8 In these papers, large va
ues of x (2) were obtained under suitable conditions. Typ
cally, the magnitude ofx (2) is of order 531028 cm/statvolt
or ;1.67310212m/V. However, In Refs. 2–8,x (2) is en-
hanced by 2 orders of magnitude. In addition to these wo
many papers dealing with calculation ofx (2) for a single QW
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biased by an electric field have also been published.9–12 In
Ref. 9, Kuwatsuka and Ishikawa clearly discuss the prop
ties of x (2). As the electric field increases, the dipole m
ment increases due to the separation of the electron and
overlap wave functions, while the oscillator strength wea
ens due to the decrease of the overlap integral of the elec
and hole envelope functions. Therefore, an optimum elec
field exists for each well width. A value forx (2) of more than
5310210m/V ~which is thex (2) value of bulk GaAs! was
obtained for a 70 Å well width with an electric field of 1.
3107 V/m.9 In our paper, we present results forx (2) for
various asymmetric well structures. From a theoretical po
of view, the nonlinear effects depend on the origin of co
dinates along the growth direction of the QW structure sin
the polarization is defined in terms of a dipolar displacem
of charge. In particular, for an asymmetric QW structure
careful choice of the origin must be made since, for exam
if there are several subbands occupied, each subband
has a different charge distribution. Some papers take the
metrical origin on the left-hand side of the QW.3,7 Some
others choose the origin at the center of the well,4,5 while it is
not clear where others have chosen their origin
coordinates.2 As far as we know, there has not been a cle
statement concerning the origin of coordinates in the ca
lation of x (2) for QWs. In this paper, we present numeric
results forx (2) for transitions between the first conductio
and first heavy hole subbands of an asymmetric intrin
AlGaAs/InGaAs double quantum well.

II. THEORY

We consider an intrinsic DQW structure with finit
width along thez axis which is the direction of confinemen
~i.e., subband quantization! as shown in Fig. 1. In the ab
sence of doping, the Schro¨dinger equation for an electron o
charge2e in a uniform electric fieldE is given by

y
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FIG. 1. Band edge for a double quantum well GRINSCH structure. Reg
I and IX consist of Al0.6Ga0.4As, regions III, V and VII consist of
Al0.3Ga0.7As. The left QW~region IV! is fixed as GaAs with a width of 10
Å and a depth of 0.284 eV in the conduction band and a depth of 0.153
in the valence band. The QW on the right-hand side consists of InxGa12xAs
whose depthd depends on the In compositionx.
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where the subscriptsc andv denote the conduction and va
lence band, respectively,m(c,v)* (z) is the z-dependent elec-
tron effective mass in the conduction band or the hole eff
tive mass in the valence band, andV(c,v)b(z) is the band
edge of the conduction or valence band. The total wave fu
tion C(r ) is

C (c,v)~xi ,z!5u(c,v)~xi!eiki•xif (c,v),n~z!, ~2!

whereu(c,v)(xi) is the normalized Bloch function of the con
duction or valence band,xi is the 2D position vector andki

is the 2D wave vector of an electron in the plane of the Q
respectively. The normalized envelope wave function of
bound statesfn(z) satisfies the following 1D Schro¨dinger
equation:

H 2
\2

2

]

]z

1

m~c,v !,n* ~z!

]

]z
1V(c,v),b~z!2eEzJ f (c,v),n~z!

5e (c,v),nf (c,v),n~z!, ~3!

where,e (c,v),n is the nth subband energy in the conductio
and valence band.

Making use of these eigenfunctions and eigenvalues,
can calculatex (2) numerically, obtained through the densi
matrix formalism of quantum mechanics. This formalism
suitable because it is capable of treating effects due to t
perature and impurity scattering. It is well known that for
electron density equal toN, the nonlinear optical suscept
bility x i jk

(2) is given by~see, for example, Sec. 3.6 of Ref.
and Ref. 13;i , j ,k representx,y,z)

s

V

x i jk
(2)~v!52N

e3

\2 (
gnn8

H ~r i !gn~r j !nn8~r k!n8g

~v2vng1 iGng!~v22vn8g1 iGn8g!
1

~r i !gn~r k!nn8~r j !n8g

~v2vng1 iGng!~v12vn8g1 iGn8g!

1
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1
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2
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3S 1

v22vng1 iGng
1

1

v11vn8g1 iGn8g
D J rg

(0) . ~4!
For solids, the eigenfunctions are given by Eq.~2! andrg
(0)

denotes the Fermi-Dirac distribution function. Also, (r i)n8n

is a dipole matrix element between energy eigensta
\vnn8 is theki dependent transition energy between ene
eigenstates andGnn8 is an inverse relaxation time. Cons
quently, Eq.~4! can be expressed in terms of the Bloch sta
u(c,v)(xi) and the envelope functionf (c,v),n(z). We assume
that the materials making up the heterojunction are direct
semiconductors. This is true for GaAs/AlxGa12xAs for the
alloy compositionx<0.42 with both the valence band max
s,
y

s

p

mum and the conduction band minimum at theG point.14 We
restrict our attention to a calculation ofxzxy

(2) which is given
by

xzxy
(2) ~2v5v1v!52

2e3

e0\2 E d2ki(
lmn

f l
v~ki!

3^uvuxuuc&^uvuyuuc&

3
^f l

vufm
c &^fm

c uzufn
c&^fn

cuf l
v&

~v2~vm
c 2v l

v!1 iG!~v1~vn
c2v l

v!1 iG!
,

~5!
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FIG. 2. Plots ofxzxy
(2) as a function of electric field, for a frequency equal to half the band gap. In~a! and ~b!, the DQW structure has a well on the right o

different width wr chosen as shown but with fixed widthwl510 Å for the well on the left. The material for each QW is GaAs whose well depth id
50.284 eV for the conduction band andd50.153 eV for the valence band. The separation between the wells iss552 Å. In ~c! and~d!, there is a single GaAs
square QW with the same depth as the DQW structure.
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where we have assumed that the impurity scattering is in
pendent of the subband index. In our calculations, we u
G51012s21. Also, in this notation,f l

v(ki) denotes the Fermi
Dirac distribution function for electrons in the valence ban

III. NUMERICAL RESULTS AND DISCUSSION

In this section, we present numerical results forxzxy
(2) . As

shown in Fig. 1, the DQW structure is divided into nin
regions for a graded index of refraction separate confinem
heterostructure~GRINSCH!. Regions I and IX consist o
Al0.6Ga0.4As of thickness 10 Å, regions III, VII~each of
thickness 50 Å!, and region V consist of Al0.3Ga0.7As,
whereas II and VIII are graded and of thickness 100 Å.15 The
left QW ~LQW! forming region IV is fixed as GaAs of width
10 Å and a depth of 0.284 eV in the conduction band a
0.153 eV in the valence band. For zero electric field, th
are only two subband levels in either the conduction or
valence band~with energy levelsec,150.235,ec,250.262,
ev,150.113, andev,250.117). Therefore, the second ener
level is barely confined to in the well and can thus be
moved by applying an external electric field. On the oth
hand, the right QW~RQW! shown as region VI, is compose
of InxGa12xAs so that we can change the depth of the w
Downloaded 06 Dec 2001 to 146.95.156.66. Redistribution subject to A
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Accordingly, an asymmetric DQW structure is achieved
varying the widthwr of the RQW, its depthd, and the dis-
tances between the LQW and the RQW. Here, we use
intrinsic GaAs/InGaAs DQW structure in which an electro
makes a transition between the first conduction and fi
heavy hole~11H!. Since we restrict our attention to the 11
transition, we can set the origin of coordinates along thz
direction to be the center of the charge distribution for t
first heavy hole subband.

A. GaAs/GaAs DQW

We now present numerical results in Figs. 2~a! and 2~b!
for x (2) for a DQW with GaAs forming the LQW and GaA
forming the RQW. The widths of the two wells are chos
unequal to make the system asymmetric. In Fig. 2~a!, the
width of the LQW is fixed as 10 Å and the width of th
RQW is chosen successively as 10, 12, 14, and 16 Å with
same depthd and separations552 Å. When both wells have
a width of 10 Å @dotted line in Fig. 2~a!#, xzxy

(2) is antisym-
metric about zero electric field. The magnitude ofx (2) is
drastically increased as soon as the width of the RQW
changed to 12 Å, thereby breaking the symmetry of
DQW. With this small change in width, most of the char
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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distribution is shifted to one side.16 So that a polarization o
the charge is abruptly generated and the value ofx (2) is
increased at zero electric field. As the width of the RQW
increased, the polarization charge is more separated an
magnitude ofx (2) is increased. Figure 2~b! shows that for the
wider QWs from 70 to 130 Å, the effect due to increasing t
well width is reversed. When the well width is increas
from 10 to 16 Å, the electric fieldEmax which gives the
largestx (2) is increased, butEmax is decreased when the we
width is increased from 70 to 130 Å. Therefore, there is
optimal electric field and well width determining the large
x (2). This result can be understood as a competition betw
the dipolar effect and the oscillator strength for the opti
transition. Clearly, from Eq.~5! as the electric field in-
creases, the dipole moment increases due to the increa
separation between the electron and hole eigenfuncti
However, the oscillator strength is weakened due to a
crease in the overlap integral of the electron and hole en
lope functions. Therefore, it is expected that optimum c
ditions will be achieved for some value of the electric fie
and well width. From a physical point of view, if one QW
much wider than the other, the limiting case for a sing
square well will be obtained and the value forx (2) will be
decreased. Furthermore, when the well width is increa
from 10 to 16 Å, the response range of the electric field
increased. This can be understood as follows: when an e
tric field is applied, the band edge is tilted and less cha
can be confined to the QW. But, if the well width is in
creased, more charge can be contained in the well leadin
a wider response range of the electric field~range of finite
values forx (2)), as shown in Fig. 2~a!. Also, the fact that
x (2) is flat in this range means that the system is not v
sensitive to a change in the electric field over this ran
However, for very wide QWs, the range of response for
electric field can be reduced with increasing QW width,
shown in Fig. 2~b!. The reason for this is that when the ba
edge is tilted by a chosen electric field, the electron wa
function has a larger change in shape within the wider Q
and the electron charge can be depleted in the well, i.e., t
is less confinement of the electrons. Consequently, the
sponse to the electric field takes place over a narrower ra
for the wider QW. Similar results are obtained for sing
QWs as we show in Figs. 2~c! and 2~d!. The results in Fig.
2~d! agree with previously published calculations in Ref.
The difference is in Fig. 2~c! where the effect is reversed fo
very narrow QWs~widths less than 30 Å!. The key differ-
ence is thatxzxy

(2) for DQWs has larger peak values than f
single QWs. Figure 2~c! shows that as the well width i
increased, the slope nearE50 is decreased. Also, nearE
5150 kV/cm, an abrupt change takes place. This is due
the displacement of the charge from the well. The narrow
the well width, the higher is the subband energy level. The
fore, when the well is tilted by the applied electric field, t
electronic charge distribution close to the top of the w
spills out leading to a sharp drop inx (2). In Fig. 2~d!, the
well widths are larger than in Fig. 2~c! and that is why there
is no abrupt drop of the magnitude nearE5150 kV/cm. Fur-
thermore, in contrast to the narrow well case, when the w
of the well is increased, the slope is increased. The reaso
Downloaded 06 Dec 2001 to 146.95.156.66. Redistribution subject to A
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this is because the larger the well width, the greater
amount of charge that can be located in the well, so t
when the well is tilted by an electric field, the dipole effect
more likely due to the increased separation. This is w
when the width of the well is increased, the slope ofx (2) is
increased.

B. GaAs/InGaAs DQW

In Fig. 3, we present numerical results for a DQW wi
GaAs forming the left QW and InxGa12xAs forming the QW
on the right. The width of these two wells is fixed at 10
and the separation between them is chosen ass552 Å. The
structure is made asymmetric by changing the In comp
tion. Whenx is increased, the depthd of the right QW is
increased. As a matter of fact, whenx is increased from 0.02
to 0.08, the peak height ofxzxy

(2) increases monotonically, a
shown in Fig. 3~a!, because the polarization increases w
the degree of asymmetry within the structure. Figure 3~b!
presents results forxzxy

(2) for largerx values. When the right
QW is much deeper than the one on the left, most of
charge distribution is shifted to the right QW andx (2) be-

FIG. 3. Plots ofxzxy
(2) as a function of a constant external electric field. T

left QW is GaAs of widthwl510 Å and band offsetd50.284 eV for the
conduction band andd50.153 eV for the valence band. The right QW
InxGa12xAs and the separation between the wells is chosen ass552 Å.
Results are presented for a range of In composition with 0.02<x<0.08 in
~a! and 0.10<x<0.30 in ~b!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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haves like that for a single QW. The abrupt decrease s
near the high electric fieldE5100kV/cm in Fig. 3~b! is also
due to the lack of confinement by the well as the electr
spill over the top.

Figure 4 shows the behavior ofxzxy
(2) for various values of

the barrier widths between the two wells of a DQW syste
with 20 Å<s<80 Å. In these calculations, the widths of th
left and right QWs,wl andwr , respectively, were equal an
fixed with the LQW consisting of GaAs and the RQW
In0.1Ga0.9As. Whens is increased, the magnitude ofxzxy

(2) is
increased due to the increased polarization produced by
larger separation between the electron and hole charge
tributions. Figure 4 has the largest value ofxzxy

(2) compared
with the results in Figs. 2 and 3 due to the asymmetry cau
by both the difference in well depths and the large separa
between the wells. By increasing the separation between
QWs. the magnitude will continue to increase but the dra
back from a practical point of view is that the response ra
of the electric field becomes very narrow.

IV. CONCLUDING REMARKS

In summary, we have calculatedxzxy
(2) for second-

harmonic generation for the 11H transition of a GRINSC
double QW structure of undoped GaAs/AlxGa12xAs. We
chose the origin of coordinates along the growth direction
the center of the charge distribution of the first heavy hole
the valence band. Our results show that the values ofx (2)

have optimal values dependent on the width, depth and s
ration between the QWs in a DQW structure. When the e

FIG. 4. Results forxzxy
(2) of a DQW as a function of the electric field fo

various separationss between the QW on the left made up GaAs and
QW on the right consisting of In0.1Ga0.9As DQW. The left QW has width
wl510 Å and band offsetd50.284 eV for the conduction band andd
50.153 eV for the valence band. The right QW is In0.1Ga0.9As. The sepa-
ration s is varied from 20 to 80 Å.
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tric field increases, the dipole moment increases due to
increasing separation between the electron and hole w
functions. On the other hand, the oscillator strength of
11H transition is reduced as a result of the decrease in
overlap of the electron and hole envelope functions. Th
two competing factors may give rise to optimal conditio
for the enhancement of the second order nonlinear susc
bility x (2). Increasing the separation between the QWs a
increases the maximum value thatx (2) can have but the re
sponse takes place over a reduced range of electric fields
have demonstrated thatx (2) for the DQW GRINSCH struc-
ture is more enhanced than for the biased single QW. A
because the barrier regions where the graded structure ar
from the QWs, we do not expect that removing the grad
regions will result in any significant change in our concl
sions.
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