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The second-order nonlinear optical susceptibijify for second-harmonic generation is calculated

for the 11H transition of a graded double quantum w@lQW) structure of undoped
GaAs/ALGa _,As. These results are compared with the single quantum (@&N). Our results

show that the values gf(?) 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 suscepjifflitylt is
demonstrated thay(® for the DQW structure is more enhanced than for the biased single QW.

© 1999 American Institute of Physids$0021-897809)01215-3

I. INTRODUCTION biased by an electric field have also been publishétlin
Ref. 9, Kuwatsuka and Ishikawa clearly discuss the proper-

Since the discovery of second-harmonic generationies of y(?). As the electric field increases, the dipole mo-
(SHG) by Frankenet al. in 1961, shortly after the demon- ment increases due to the separation of the electron and hole
stration of the first working laser by Maiman in 1960, non- overlap wave functions, while the oscillator strength weak-
linear optics has received a considerable amount of attentioens due to the decrease of the overlap integral of the electron
over the years. The nonlinear optical response has beenand hole envelope functions. Therefore, an optimum electric
mainly described by(?) (the second-order nonlinear optical field exists for each well width. A value for?) of more than
susceptibility and x(®) (the third-order nonlinear optical sus- 5x10 °m/V (which is the x(?) value of bulk GaAs was
ceptibility) even though higher order effects may be signifi-obtained for a 70 A well width with an electric field of 1.5
cant. Y@ has its own characteristics in that it has nonzerox 10’ V/m.? In our paper, we present results fgf? for
values for the noncentrosymmetric crystals that do not disvarious asymmetric well structures. From a theoretical point
play inversion symmetry. On the other hand®) has its own  of view, the nonlinear effects depend on the origin of coor-
characteristics in that this function can have nonzero valueginates along the growth direction of the QW structure since
both for centrosymmetric and noncentrosymmetric media. Irihe polarization is defined in terms of a dipolar displacement
particular, second-order effects such as frequency mixing inof charge. In particular, for an asymmetric QW structure, a
cluding SHG, sum(and differencg frequency generation careful choice of the origin must be made since, for example,
(SFG and DFGand linear electro-optitPockels effect are  if there are several subbands occupied, each subband level
of great practical interest in the areas of integrated optics an@as a different charge distribution. Some papers take the geo-
optical communications. The large value g?) can lead to Metrical origin on the left-hand side of the Q¥.Some
the miniaturization of efficient optical devices such asothers choose the origin at the center of the W&lihile it is
frequency-tunable visible laser@ising SFG and optical not clear where others have chosen their origin of
parametric oscillatorgusing DFQ.! So far, many papers coordinateg. As far as we know, there has not been a clear
dealing with the enhancement gf?) for an asymmetric Statement concerning the origin of coordinates in the calcu-
quantum well (QW), asymmetric double quantum well lation of x? for QWs. In this paper, we present numerical
(DQW) and other structuree.g., bond-alternating dipolar results forxy(® for transitions between the first conduction
Structure$ha\/e been pub“shéd'g"] these papers, |arge val- and first heaVy hole subbands of an asymmetric intrinsic
ues of y(® were obtained under suitable conditions. Typi- AlGaAs/InGaAs double quantum well.
cally, the magnitude 0f(? is of order 5< 10~ & cm/statvolt
or ~1.67x10 ?m/V. However, In Refs. 2-8y(? is en- Il THEORY
hanced by 2 orders of magnitude. In addition to these works,
many papers dealing with calculation g for a single QW We consider an intrinsic DQW structure with finite
width along thez axis which is the direction of confinement
(i.e., subband quantizatibas shown in Fig. 1. In the ab-
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where the subscripts andv denote the conduction and va-

1 T . T lence band, respectivelymZ‘Cyv)(z) is the z-dependent elec-
| X tron effective mass in the conduction band or the hole effec-
Il Vil | tive mass in the valence band, aNg. ,),(z) is the band
m_w_ v v v edge of the conduction or valence band. The total wave func-
Hld tion W(r) is
S 0 wew ”
% W (ev)(X),2) = Uc vy (X)) €71 X b vy n(2), (2
2 [AGa s GaAs/inGa,As  AlLGaAs | . ' .
5 whereu. )(X,) is the normalized Bloch function of the con-
A1+ s duction or valence band, is the 2D position vector anki,
is the 2D wave vector of an electron in the plane of the QW,
n n respectively. The normalized envelope wave function of the
bound statesp,(z) satisfies the following 1D Schdinger
equation:
2 ; i . | . 1
-200 -100 0 100 200 72 4 1 P
z (A) —7EWE+V(C,VW(Z)—GEZ Dicv)n(2)

FIG. 1. Band edge for a double quantum well GRINSCH structure. Regions
| and IX consist of A}¢GayAs, regions lll, V and VII consist of
Al Ga -As. The left QW(region V) is fixed as GaAs with a width of 10

A and a depth of 0.284 eV in the conduction band and a depth of 0.153 e\here, €(cv),n IS thenth subband energy in the conduction

in the valence band. The QW on the right-hand side consists Gfaln ,As and Va|en'cé band.

whose depttd depends on the In composition . . . .

Making use of these eigenfunctions and eigenvalues, one
can calculatey'® numerically, obtained through the density
matrix formalism of quantum mechanics. This formalism is
suitable because it is capable of treating effects due to tem-
perature and impurity scattering. It is well known that for an
electron density equal tdl, the nonlinear optical suscepti-
bility x7 is given by(see, for example, Sec. 3.6 of Ref. 1
and Ref. 13j,],k represenk,y,z)

= €cv)nPev),n(2), ®))

h? ( 7 (92)
— — | — 4+ —
2ml, (2)\ox*  ay?] 2 dzmb,, (2) 9z

+V(c,v)b(z)_eEZ] Wicv)(r)=€e¥ . )(r), (1)

(ri)gn(rj)nn’(rk)n’g
(0= wpgtilg) (W= wnrg+ilg)

(rk)gn’(rj)n’n(ri)ng
(0t wpgtilhg) (Wt wnigt+ilyg)

(ri)gn(rk)nn’(rj)n’g
(0= wpgtilg) (01— wng+ilg)

>

gnn’

2 e3
Xi(w)= N2z

(rj)gn’(rk)n’n(ri)ng
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1 1
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X (4)
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For solids, the eigenfunctions are given by E2). and pg)) mum and the conduction band minimum at thpoint!* We
denotes the Fermi-Dirac distribution function. Alse;)(,,  restrict our attention to a calculation gf i)y which is given
is a dipole matrix element between energy eigenstatedy
hw,, is thek, dependent transition energy between energy
eigenstates andl,,, is an inverse relaxation time. Conse-
quently, Eq.(4) can be expressed in terms of the Bloch states
Ue,v)(X) and the envelope functios . ) »(2). We assume

that the materials making up the heterojunction are direct gap
semiconductors. This is true for GaAs/Sla, ,As for the

alloy compositionx<0.42 with both the valence band maxi-

2e8
ngxyzw:m w)=—60—ﬁzJ dzku% fy'(ky)

X(uy[X|ug)(uy|yluc)
(& | pm) Dmlzl dr)( drl 1)
(0—(w5— ) +il)(w+(0;—w)+il)’

®)
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FIG. 2. Plots ofy?) as a function of electric field, for a frequency equal to half the band gafa) land (b), the DQW structure has a well on the right of

zXy

different widthw, chosen as shown but with fixed widtiy=10 A for the well on the left. The material for each QW is GaAs whose well depth is
=0.284 eV for the conduction band ade0.153 eV for the valence band. The separation between the weks58 A. In (c) and(d), there is a single GaAs
square QW with the same depth as the DQW structure.

where we have assumed that the impurity scattering is indeAccordingly, an asymmetric DQW structure is achieved by
pendent of the subband index. In our calculations, we usedarying the widthw, of the RQW, its depttd, and the dis-
I'=10"s"L. Also, in this notationf)(k,) denotes the Fermi- tances between the LQW and the RQW. Here, we use an
Dirac distribution function for electrons in the valence band.intrinsic GaAs/InGaAs DQW structure in which an electron
makes a transition between the first conduction and first
Ill. NUMERICAL RESULTS AND DISCUSSION heavy hole(11H). Since we restrict our attention to the 11H
In this section, we present numerical results;t@i)y. As tr.ansiFion, we can set the origin of coordipatgs a}long zhe
shown in Fig. 1, the DQW structure is divided into nine direction to be the center of the charge distribution for the

regions for a graded index of refraction separate confinemerft'st heavy hole subband.

heterostructurd GRINSCH. Regions | and IX consist of A GaAs/GaAs DQW

Al, Gay 4As of thickness 10 A, regions Ill, Vlleach of ) .
thickness 50 A and region V consist of ALGaAs, We now present numerical results in Figéa)2and 2b)

whereas Il and VIl are graded and of thickness 108 &he ~ for x?) for a DQW with GaAs forming the LQW and GaAs

left QW (LQW) forming region IV is fixed as GaAs of width forming the RQW. The widths of the two wells are chosen
10 A and a depth of 0.284 eV in the conduction band and!nequal to make the system asymmetric. In Fig),2the
0.153 eV in the valence band. For zero electric field, theravidth of the LQW is fixed as 10 A and the width of the
are only two subband levels in either the conduction or théRQW is chosen successively as 10, 12, 14, and 16 A with the
valence bandwith energy levelse.;=0.235,¢.,=0.262, same deptld and separation= 52 A. When both wells have
€,1=0.113, ande, ,=0.117). Therefore, the second energya width of 10 A[dotted line in Fig. 2a)], X%, is antisym-
level is barely confined to in the well and can thus be re-metric about zero electric field. The magnitude @f is
moved by applying an external electric field. On the otherdrastically increased as soon as the width of the RQW is
hand, the right QWRQW) shown as region VI, is composed changed to 12 A, thereby breaking the symmetry of the
of In,Ga, _,As so that we can change the depth of the wel.DQW. With this small change in width, most of the charge

Downloaded 06 Dec 2001 to 146.95.156.66. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



1470 J. Appl. Phys., Vol. 86, No. 3, 1 August 1999 Park, Gumbs, and Chen

distribution is shifted to one sid8.So that a polarization of 4 ' .
the charge is abruptly generated and the valuey@t is » x=0.02 @
increased at zero electric field. As the width of the RQW is 3L ——— x=0.04 4
increased, the polarization charge is more separated and the ——— x=0.06

x=0.08

magnitude ofy(? is increased. Figure(B) shows that for the
wider QWs from 70 to 130 A, the effect due to increasing the
well width is reversed. When the well width is increased
from 10 to 16 A, the electric fieldE,,,, which gives the
largesty(? is increased, buE . is decreased when the well
width is increased from 70 to 130 A. Therefore, there is an
optimal electric field and well width determining the largest
x?. This result can be understood as a competition between
the dipolar effect and the oscillator strength for the optical -1
transition. Clearly, from Eq.(5) as the electric field in-

@ (10" mv)

creases, the dipole moment increases due to the increase in E (kviem)

separation between the electron and hole eigenfunctions. T 2010 , <
However, the oscillator strength is weakened due to a de- 3F =020 (b) |
crease in the overlap integral of the electron and hole enve- L = x=0.30

lope functions. Therefore, it is expected that optimum con-
ditions will be achieved for some value of the electric field
and well width. From a physical point of view, if one QW is
much wider than the other, the limiting case for a single
square well will be obtained and the value figt) will be
decreased. Furthermore, when the well width is increased
from 10 to 16 A, the response range of the electric field is
increased. This can be understood as follows: when an elec-
tric field is applied, the band edge is tilted and less charge
can be confined to the QW. But, if the well width is in-
creased, more charge can be contained in the well leading to
a wider response range of the electric figtednge of finite
values fory(?)), as shown in Fig. @). Also, the fact that FiG. 3. Plots ofy(2), as a function of a constant external electric field. The
x?) is flat in this range means that the system is not veryeft QW is GaAs of widthw;=10 A and band offseti=0.284 eV for the
sensitive to a change in the electric field over this rangeconduction band and=0.153 eV for the valence band. The right QW is
However, for very wide QWSs, the range of response for the:gxea""xAS and the separation between the wells is _chosesqszA_.

o o . . esults are presented for a range of In composition with<9620.08 in
electric field can be reduced with increasing QW width, asg) and 0.16<x=<0.30 in (b).
shown in Fig. 2Zb). The reason for this is that when the band
edge is tilted by a chosen electric field, the electron wave
function has a larger change in shape within the wider QWthis is because the larger the well width, the greater the
and the electron charge can be depleted in the well, i.e., themount of charge that can be located in the well, so that
is less confinement of the electrons. Consequently, the rawvhen the well is tilted by an electric field, the dipole effect is
sponse to the electric field takes place over a narrower rangaore likely due to the increased separation. This is why
for the wider QW. Similar results are obtained for single when the width of the well is increased, the slopey®® is
QWs as we show in Figs.(® and 2d). The results in Fig. increased.
2(d) agree with previously published calculations in Ref. 9.
The difference is in Fig. @) where the effect is reversed for
very narrow QWs(widths less than 30 A The key differ-
ence is thal;(g()y for DQWs has larger peak values than for In Fig. 3, we present numerical results for a DQW with
single QWSs. Figure @) shows that as the well width is GaAs forming the left QW and LiGa _,As forming the QW
increased, the slope ne&r=0 is decreased. Also, ne&  on the right. The width of these two wells is fixed at 10 A
=150kV/cm, an abrupt change takes place. This is due tand the separation between them is choses=a52 A. The
the displacement of the charge from the well. The narrowestructure is made asymmetric by changing the In composi-
the well width, the higher is the subband energy level. Theretion. Whenx is increased, the deptth of the right QW is
fore, when the well is tilted by the applied electric field, the increased. As a matter of fact, wheris increased from 0.02
electronic charge distribution close to the top of the wellto 0.08, the peak height Q{fgi)yincreases monotonically, as
spills out leading to a sharp drop 2. In Fig. 2d), the  shown in Fig. 8a), because the polarization increases with
well widths are larger than in Fig.(® and that is why there the degree of asymmetry within the structure. Figutb) 3
is no abrupt drop of the magnitude nds+ 150 kV/cm. Fur-  presents results foxgi)y for largerx values. When the right
thermore, in contrast to the narrow well case, when the widtfQW is much deeper than the one on the left, most of the
of the well is increased, the slope is increased. The reason feharge distribution is shifted to the right QW ané® be-

1@ (10"°mv)

-100 0 100
E (kV/em)

B. GaAs/InGaAs DQW
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FIG. 4. Results fot)(gi)y of a DQW as a function of the electric field for
various separations between the QW on the left made up GaAs and the
QW on the right consisting of j3Ga /As DQW. The left QW has width
w,=10A and band offsei=0.284 eV for the conduction band arti
=0.153 eV for the valence band. The right QW ig {8& /As. The sepa-
ration's is varied from 20 to 80 A.
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tric 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 may give rise to optimal conditions
for the enhancement of the second order nonlinear suscepti-
bility x®). Increasing the separation between the QWs also
increases the maximum value th@f) can have but the re-
sponse takes place over a reduced range of electric fields. We
have demonstrated thgt? for the DQW GRINSCH struc-
ture is more enhanced than for the biased single QW. Also,
because the barrier regions where the graded structure are far
from the QWs, we do not expect that removing the graded
regions will result in any significant change in our conclu-
sions.
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