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A simple method for calculating the free-exciton binding energies in the fractional-dimensional-space
model for single-quantum-well (SQW) structures has been extended to symmetric coupled double quan-
tum wells (CDQW). We also apply these results to estimate the diamagnetic shift of the free excitons for
both CDQW and SQW systems. Corresponding experimental photoluminescence data are obtained on
CDQW and SQW samples grown by molecular-beam epitaxy. The calculated binding energies and di-
amagnetic shifts show good agreement with the experimental data.

I. INTRODUCTION

When the thickness of a barrier layer which separates
two quantum wells (QW’s) is sufficiently small, the two
wells become electronically coupled. Such structures,
coupled double quantum wells (CDQW?’s), are interesting
because they have electronic and optical properties which
can be utilized in optoelectronic devices. An important
method to investigate such CDQW structures is optical
characterization, such as photoluminescence (PL) and PL
excitation measurements with different perturbations
(such as magnetic field, mechanical stress, and electric
field). The PL spectra of the CDQW structures are usual-
ly dominated by the excitons. The effects of electric fields
on excitons in undoped GaAs/Al,Ga,_,As CDQW
structures have been studied by Chen et al.,! who show a
detailed experimental investigation of the quantum-
confined Stark effect, intrawell and interwell exciton tran-
sitions. The influence of electric fields on exciton life-
times in GaAs/Al,Ga,_,As CDQW structures was also
reported later.2 However, there is very little experimental
work reported concerning the exciton binding energies in
CDQW structures,’ and there is, to our knowledge, no
theoretical or experimental work reported concerning the
diamagnetic shift of the excitons in such structures.

Theoretical calculations of the exciton binding energy
have been reported by several authors* ¢ for CDQW
structures. The calculations were based on variational
methods. The accuracy of the results is then very depen-
dent on the choice of the trial wave function. Besides,
the excited states of the excitons are not dealt with in
most of the previous work. Such variational calculations
for CDQW structures are very demanding on computer
time in comparison with single QW structures.

Recently, a simple analytical method has been
developed by Mathieu, Lefebvre, and Christol’ (in the fol-
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lowing denoted as the MLC method) to calculate the ex-
citon binding energies in single QW (SQW) structures.
The method uses the model of fractional-dimensional
space. The spatial dimension a, which measures the an-
isotropy of the electron-hole interaction, changes con-
tinuously from 3 to 2 (or 1) for ideal three-dimensional
(3D) to 2D (or 1D) systems, respectively.” The results ob-
tained by this technique are surprisingly accurate in com-
parison with very advanced calculations in single QW
systems.®

In this paper, we have extended the MLC method to
study CDQW structures. The calculated exciton binding
energies are compared with our recent experimental re-
sults at zero magnetic field.> The dxamagnetlc shifts of
excitons are also measured and calculated in this work
(up to 6 T) for the CDQW and the single QW structures.
In Sec. II the samples and experimental techniques are
described. The experimental results on the diamagnetic
shifts are presented in Sec. III. In Sec. IV the main ana-
lytic expressions from the MLC method are simply re-
called. This is important to make the discussion of the
extension of the MLC formalism clearer in the following
section. In Sec. V the extension of the MLC to CDQW
structures is presented from this theoretical approach.
The results are compared with the experimental data in
Sec. VI. Finally, a summary is given.

II. SAMPLES AND EXPERIMENTAL SETUP

The samples were grown in a Varian Gen II modular
molecular-beam epitaxy machine on [001]-oriented semi-
insulating GaAs substrates. The growth was started with
a 5000-A-thick GaAs buffer layer, followed by a 20-
period superlattice consisting of 20-A AlAs and 20-A
GaAs layers. After the superlattice buffer layer, an 800-
A Al, ;Ga, ;As barrier was grown. On top of this barrier
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double QW structures with equal Alj;Gag;As barrier
thickness L, and decreasing QW widths (L,) were
grown. The double wells were separated by 800-A
Aly 3Gag ;As barrier layers. The growth was ended with
an 800-A-thick Alo 3Gag ;As barrier layer and a 200-A-
thick GaAs capping layer. The Be impurities are in the
center of the wells, with a doping concentration of
1X107 cm™3 The two doped symmetric CDQW’s
(SCDQW?’s) with nominal well widths of L,=150.0 and
99.1 A and the four undoped SCDQW'’s w1th well widths
of L,=150.0 and 99.1 A, and L,=124.5 and 79.2 A are
studled All double wells have a nominal barrier thick-
ness L, =14.2 A. Two doped SQW’s with nominal well
widths 99.1 and 150.0 A, grown in a similar way as the
SCDQW, were used as reference samples in this study.

The photoluminescence measurements were done in a
16-T superconducting magnet. The laser was coupled to
the samples via optical fibers, and the PL emissions from
the samples were collected through the same fiber into
the monochromator. The excitation source was an Art
laser (5145 A). A GaAs photomultiplier was used to
detect the PL signals. The data presented are measured
in the Faraday configuration.

III. EXPERIMENTAL RESULTS

PL spectra at different magnetic fields are measured
both for the SCDQW and the SQW structures. The di-
amagnetic shifts of the free excitons (FE’s) in the doped
SCDQW’s are the same as in the undoped SCDQW'’s.
Figure 1 shows PL spectra for the SCDQW with doped
99-A-wide wells at four different magnetic fields. Two
dominating transitions, the symmetric heavy hole (hh)
FE and acceptor bound excitons (BE), appear in the PL
spectra at flat-band conditions. Detailed optical studies
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FIG. 1. PL spectra from a 99-A-wide CDQW sample with a
14.2-A barrier layer, measured at 2.0 K at different magnetic
fields under flat-band conditions.
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FIG. 2. The magnetic-field dependence of the FE and the BE
peak energies for the 99- A-wide SCDQW and the 99- A-wide
SQW structures. The solid lines are fitted to experimental data
to deduce the diamagnetic shift.

of the hh FE and the BE with an applied electric field on
these samples have been reported previously.”!® It was
shown that both the interwell and intrawell FE and BE
can be observed with an electric field across the SCDQW
structures, and the binding energies of the interwell and
the intrawell BE are equal. PL spectra from different
samples are measured up to 6 T; the diamagnetic shifts of
the excitons are deduced by fitting the data. In Fig. 2 the
energy shifts of the excitons with magnetic field relative
to energy_ position of the excitons at zero field are shown
for a 99-A-wide SCDQW and for a reference 99-A-wide
SQW, respectively, at flat-band conditions. For the
SQW, the energy shifts are similar for the FE and the BE,
and also for the BE in the SCDQW. This is consistent
with the conclusion from the previous work that the BE
is not significantly influenced by the coupling between the
two wells for a 99-A-wide SCDQW structure with a
14.2-A-wide barrier,” while the FE exhibits a larger di-
amagnetic shift for the SCDQW than for the correspond-
ing SQW. The diamagnetic shifts have been deduced by
fitting the data in a least-squares-fitting procedure,!! and
are summarized in Table I. In Table II, the 15-2S energy
separations of the symmetric hh FE from previous stud-
ies® are also included. These results will be further com-
pared with theoretical calculations later in this paper.

TABLE I. The diamagnetic shifts of the hh FE for the
GaAs/Aly 3Gag ;As SCDQW and the GaAs/Alj ;Gagy ;As SQW
structures.

L, (A) CDQW Single QW
hh FE hh FE
(meV/T?) (meV/T?)
79.2 0.035
99.1 0.040 0.027
124.5 0.045
150.0 0.051 0.038
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TABLE II. The 1S-2S energy separations of the hh FE for
the GaAs/Al, ;Gay ;As SCDQW structures.

L, (A) 15-2S (meV)
L, (A) (x=0.3) hh excitons
99.1 14.2 5.65
79.2 14.2 6.50
59.4 14.2 7.79
79.2 19.8 6.75
59.4 19.8 7.98

IV. THE ANALYTIC MLC EXPRESSIONS
FOR EXCITONS IN SINGLE QW’S

By using the fractional-dimensional model proposed by
He,!? the exciton problem in QW structures can be treat-
ed as one of a hydrogenlike atom. In the fractional-
dimensional model adopted, the Schrodinger equation is
solved in a noninteger-dimensional space where the in-
teractions are assumed to occur in an isotropic environ-
ment. The discrete excitonic bound-state energies and or-
bital radii are then given by

E,
E,=E,— 5 7
a—
+
s ]
; ) (1)
a,=ag, n+a2 ,

where n=1,2, ..., is the principal quantum number, E|
and a, are the effective Rydberg constant and effective
Bohr radius, respectively, expressed in terms of the Ryd-
berg constant Ry and the Bohr radius ay,
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m,, is the free-electron mass and u is the exciton reduced
mass, 1/u=1/m,+1/m,. According to Eq. (1), the
binding energy of the 1S exciton is given by

2

a corresponds to the dimensionality and the related exci-
ton binding energy is given by E, =E,, 4E,, or « for
a=3, 2, or 1, respectively, corresponding to the well-
known results of the integer-dimensional models. Thus,
the main problem is to define the fractional dimension «,
which describes the degree of anisotropy of the electron-
hole interaction. For the SQW structures, MLC have
demonstrated’ that the dimensionless parameter a is
given by

* *
—L,/2a,

a=3—e R 4)

Q. X.ZHAO et al. 50
2
Lr=—+L
w kb w
6
G_ 1,1 !
kb kbe kbh ’
£Emg
ag=——ay - (6)
Eglt

Here k,, and k,; are the electron and hole eigen-wave-
vectors of the Schrodinger equation in the barrier materi-
al region of the QW. L, is the well width of the QW and
u1* is the mean value of the 3D reduced mass of the exci-
ton, which is given by 1/u*=1/mS +v7}.

Concerning the effective-mass mismatch between the
well and the barrier materials, MLC have defined the two
weighting parameters S, and 3, as

L

Bez_z—w—— ’

= +L

kbe v

(7)
By= Lu
’ 2
4L,
kon

Then the mean values for the electron effective mass and
valence-band Luttinger parameters are given by

me*zmew+(l_Be )meb ’
YI=BrV 1w T1=B )71 » (8)
Yy =BrYou T(1=By )Y -

Furthermore, MLC have taken into account the
conduction-band nonparabolicity and dielectric-constant
mismatch effects by introducing the following mean
values of electron effective mass and mean dielectric con-
stant:

My, =My 1+Q2a' +B)E, |, (9a)
My =myol1+ 122" +B )V, —E,)], (9b)

where m,,, and m,, are the band-edge effective masses
in the well and the barrier materials, respectively. V, is
the electron-quantum-well depth, E, is the confinement
energy. For GaAs, a'=0.64 eV~ !and B'=0.70 eV},
and the same values are used for the barrier material.
The mean dielectric constant is given by

e*=vB.Bre, +(1—V B.By e, - (10)

By using Eq. (1) together with Eq. (4), a very simple ex-
pression to obtain the binding energy of the confined ex-
citon in a finite quantum well is given by MLC,
E,= Es (11)
nb —L¥rak "’
; e b 0 ]2

[n—4
where E} is the mean value of the effective Rydberg ener-
gy for the three-dimensional exciton, which is calculated
using the following expressions for the reduced masses:
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So far we have just briefly reviewed the MLC formal-
ism leading to the analytical expressions for exciton bind-
ing energies in single QW’s. It has been demonstrated
that these simple calculations for confined exciton bind-

ing energy are reasonably good for SQW’s.’

V. EXTENSION OF THE MLC FORMALISM
TO COUPLED DOUBLE QUANTUM WELLS

In this section, we extend the MLC model to calculate
the exciton binding energies in the CDQW. Proper com-
puter calculations of the exciton binding energy in a
CDQW system are considerably more time consuming
than for the SQW system, since more excited states need
to be included in a CDQW system. Therefore, it is very
helpful to deduce a simple formula to calculate the exci-
ton binding energies in a CDQW. Figure 3 shows the
schematic potential for a CDQW structure. L, and L,,
are the two coupled well widths, L, is the barrier thick-
ness separating the two wells. The eigen-wave-functions
¥ and eigenenergies E! are solutions of the following
Schrodinger equation:

H\,=E\{}, , (13)
__#3 138
Hi=—" " —tVilz). (14)

Here the z axis is the growth axis of the structures. V;(z)
are the potential of the CDQW, with i € {e,hh,lh}. The
wave vectors and confined energies have the following re-
lation:

_ k2

2m

n b

w
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2mb )

Here m,, and m, are the effective masses in the wells and
the barriers, respectively. ¥V, is the band offset between
the well and the barrier materials.
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FIG. 3. The schematic potential for the CDQW structures.
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When extending the MLC model to calculate such
CDQW structures, an important aspect is how to define
the dimensionless parameter a. If we consider the two
coupled wells as an effective SQW with an effective well
width L4, , the analytical formula (4) may be directly
applicable here to calculate the parameter a, by simply
replacing the SQW width L, with the effective well width
L&, Now let us look at two limiting cases for a CDQW
structure: When the barrier thickness L, =0, the cou-
pled QW becomes a SQW with the well width
Lg,=L,,+L,,. When L, is going to infinity on the
other hand, the coupled QW’s become two independent
SQW’s with well widths L, and L,,, respectively, i.e.,
Leﬂ'.w =L 1w OT Leﬂ'.w =L2w'

From now on all our discussions are based on the
choice of the L,,, well as the main well and the L,,, well
as the perturbation well, assuming that L, >L,,. The
opposite case can easily be obtained by interchange of the
two well widths.

Based on the above two limiting cases, L.z, may be
written as
Lyg,=L,,+Lye **. (16)
Here the parameter k characterizes the interaction be-
tween the two wells. Since the interaction between the
two wells is dependent on the overlap of the respective
wave functions, and concern both the electron and the
hole involved in the excitons, the parameter ¥ may be
given by

1 1 1

K K, + Ky (17
Here k;, and k,, which are solutions of the Schrodinger
equation (13) of the electron and the hole in the CDQW
system, are defined by Eq. (15) for the electron and the
hole in the barrier layer, respectively. By using Eqgs. (4)
and (7)-(17), the binding energies of the S-like exciton
states can be calculated for the CDQW structures. The
measured hh FE 1S5-2S energy-separation for the excitons
can be compared with the energy separation E,-E,, cal-
culated from expression (11) (see Fig. 5). The effective
Bohr radius of the excitons can also be estimated as
my 2

€0
3

a—3

+
"

a,=

ay (18)

pn* is the effective mass of the excitons. The diamagnetic
shift of the excitons (AE) is directly correlated with the
effective Bohr radius and the effective mass of the exci-
ton. Accordingly, AE can be estimated by

2

AE=(eB)? a, . (19)

*

2
Here B is the applied magnetic field, and a, is a constant.
In the Faraday configuration (o components) a,=0.462
in bulk GaAs.!* In the derivation of this expression, no
additional important assumption was made except for the
spherical symmetry of the binding Coulomb potential.
For excitons in a 2D system we may expect some
difference of the constant a, due to a lower symmetry.
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TABLE IIlI. The parameters used in the calculations.

GaAs Al ,Ga;_,As
mg 0.0667m (0.0667+0.083x)m,
Muno 0.34m, (0.34+40.42x)m,,
Mo 0.094m,, (0.094+0.043x)m,
£, 12.5 12.5(1—x)+9.8x

The parameters used in our calculations are listed in
Table III. The band offset between the conduction and
valence band is taken as 0.65:0.35, and the band-gap en-
ergy difference between GaAs and Al ,Ga,_,As is
AE=1.455x.

VI. COMPARISON BETWEEN CALCULATED
AND EXPERIMENTAL DATA

By using Egs. (4) and (7)-(17), the binding energies of
the symmetric hh FE in SCDQW structures (i.e.,
L,,=L,,) versus the well widths are calculated. Figure
4 shows the results with different barrier widths between
the two wells as a parameter. The hh FE binding ener-
gies are reduced with decreasing barrier width, and the
well width corresponding to the maximum binding ener-
gy is shifted towards narrower wells with decreasing bar-
rier thickness. These results reflect the effects of increas-
ing the effective well width with decreasing the barrier
thickness. Figure 5 shows the calculated 1S-2S energy
separations of the symmetric hh FE at two different bar-
rier widths in the SCDQW structures. Our experimental
data of the 1S-2S energy separation of the hh FE are also
shown for comparison.’ The reduction of the hh FE
binding energy for the SCDQW structures, in comparison
with the corresponding SQW structures (see Fig. 4), is
consistent with an increase of the FE diamagnetic shift.

The diamagnetic shifts are calculated according to Egs.
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FIG. 4. The FE binding energies calculated according to the
SQW, and for the

text for a, GaAs/Aly;Gag,As d 1
GaAs/Al, ;Gay ;As CDQW with b, 60-A-, ¢, 40-A-, d, 20-A-,
and e, 14.2-A-wide barrier.
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FIG. 5. The dependence of the 1S-2S energy separation of
the hh FE on L,. The solid and dashed lines show the corre-
sponding calculated dependence according to E,-E,, by using
Eq. (11). The points are experimental results for two
SCDQW'’s.

(18) and (19) for the 1S hh FE in both the SCDQW and
the SQW structures, i.e., n =1 in Eq. (18). The solid lines
in Fig. 6 show the calculated diamagnetic shifts for the
single QW versus well widths with different values of the
constant a,. The experimental results (the solid circles)
are also indicated in the figure for comparison. Figure 7
shows the calculated exciton diamagnetic shifts for the
CDQW structures with the barrier width L, =14.2 A at
different values of the constant a,. The data from the
SQW and the SCDQW indicate that a, is close to 0.4 in
the QW structures. The agreement is very good within
the experimental accuracy if we use the constant a,=0.4
for both the SQW and the SCDQW. The deduced value
of 0.4 is accordingly very close to the bulk GaAs value of
0.462.

0.61

0.50
~

e 0.40
>
g

« 0.30
=
<
=
q

(%5

200 250

Well Width (A)

FIG. 6. The FE diamagnetic shifts vs well size for single QW
structures calculated according to Eq. (19) at different values of
the a, constant. The points correspond to experimental results.
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FIG. 7. The FE diamagnetic shifts vs well width for the
SCDQW structures with 14.2-A barrier width calculated ac-
cording to Eq. (19) at different values of the a, constant. The
points correspond to experimental results derived for structures
with various QW widths.

We would like to point out that the calculations for the
exciton binding energy in the CDQW structures dis-
cussed above only partly take into account the effect of
the dielectric-constant mismatch by the averaging pro-
cedure of Eq. (10). The electrostatic effect of image
charges is neglected, which is even more complicated in
CDQW structures than in single QW’s. Nevertheless,
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such image charge effects due to dielectric-constant
mismatch in single QW’s have been estimated in Ref. 7
by using a simple analytical expression [Eq. (28) in Ref.
71,

AEB=2(£w_8b)/(Ew+£b)

et
g, L

X[1—exp(—1.7L, /ag)] . (20)

In a first approximation, we can also use the same expres-
sion for CDQW structures, by simply replacing the well
width L, of a single QW in Eq. (20) to the effective well
width L ¢, in CDQW structures. The resulting change
of the exciton binding energy varies from 0.30 to 0.65
meV for the CDQW with a constant 14.2-A barrier when
the well width is reduced from 150 to 50 A, respectively.

VII. SUMMARY

A simple analytical model for isolated QW’s has been
extended to calculate the exciton binding energies of
CDQW structures. The calculations are compared with
our recent experimental results. The diamagnetic shifts
of the excitons, both for the single and symmetric cou-
pled double QW structures, are calculated and compared
with our experimental results. The calculated and experi-
mental results show good agreement both for exciton
binding energies and the exciton diamagnetic shifts in the
CDQW structures. By using the simple hydrogenic mod-
el, the diamagnetic shift data for both the single QW and
the CDQW structures indicate that the constant a, is
close to 0.4.
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