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Binding energies of excitons in polar quantum well heterostructures
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Department of Physics, Emory University, Atlanta, Georgia 30322, USA

~Received 18 June 2003; published 20 November 2003!

We present a calculation of the variation of the binding energy of a heavy-hole exciton in a highly ionic
quantum well structure, as a function of well width using a variational approach. We include the effects of
exciton-phonon interaction and of mismatches between the particle masses and the dielectric constants of the
well and barrier layers. The effect of exciton-phonon interaction is described in terms of an effective potential
between the electron and the hole, derived by Pollmann and Bu¨ttner @J. Pollmann and H. Bu¨ttner, Phys. Rev.
B 16, 4480~1977!# using an exciton–bulk optical-phonon Hamiltonian. We find that the values of the exciton
binding energies we calculate agree very well with those obtained using a more rigorous but a complicated
approach due to Zheng and Matsuura@R. Zheng and M. Matsuura, Phys. Rev. B58, 10 769~1998!# in which
they consider an exciton interacting with the confined-longitudinal optical phonons, interface phonons, and
half-space phonons. Our method has the advantage of being considerably simpler, more efficient to use and is
much easier to generalize to include the effects of external perturbations such as electric and magnetic fields.
We compare the results of our calculations with the available experimental data in a few ionic quantum well
structures and find a very good agreement. We show that for an appropriate understanding of the experimental
data in ionic quantum well structures one must properly account for the exciton-phonon interaction.
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I. INTRODUCTION

Quantum well heterostructures based on wide band-
materials, such as~Cd,Zn!O/~Mg,Zn!O, Zn~Cd,Se!/Zn~S,Se!,
and ~In,Ga!N/~Al,Ga!N, are important for their potential ap
plications in the fabrication of optical and electro-optical d
vices operating in the green-ultraviolet region of the elect
magnetic spectrum. Besides, in~Cd,Zn!O/~Mg,Zn!O and
Zn~Cd,Se!/Zn~S,Se! based quantum well~QW! heterostruc-
tures the radiative recombination of excitons can play
important role in lasing-emission processes.1,2 Exciton tran-
sitions have higher oscillator strengths and more peaked
sity of states than those corresponding to free carriers
addition, the energy distribution of optical gain is mu
larger than that for the free-carrier recombination. Thu
lasing process based on excitonic recombination is expe
to have a higher gain and a lower threshold. In particular
ZnO based heterostructures, excitons can be responsibl
optical processes at temperatures significantly higher t
the room temperature~RT!, since the exciton binding energ
in bulk ZnO is 59 meV.3 These strongly polar heterostru
tures have recently attracted a great deal of interest,4–16since
they could be a valid alternative to~In,Ga!N/~Al,Ga!N QW
heterostructures where excitons do not play an important
due to smaller values of the exciton binding energies and
presence of strong built-in electric fields throughout t
structure.17,18 In fact, the improved quality of epitaxia
growth techniques for ZnO based semiconductor alloys h
recently led to the fabrication of high quality multiple qua
tum well ~MQW! heterostructures with very good~in-plane!
lattice match.6–16 The use of ScAlMgO4 ~SCAM! as a sub-
strate, rather than sapphire, has greatly improved the pro
ties of epitaxial ZnO and MgxZn12xO films in terms of sur-
face flatness, crystal quality, electron mobility, and opti
spectra, due to excellent lattice matching.6 Measurements o
photoluminescence ~PL! and absorption spectra i
0163-1829/2003/68~20!/205314~9!/$20.00 68 2053
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ZnO/MgxZn12xO MQW’s have clearly shown the quantum
confinement effect and excitonic transitions up to RT~Ref. 6!
and, recently, Makino and co-workers8 have reported RT ex-
citonic stimulated emission in ZnO/Mg0.12Zn0.88O MQW
heterostructures and measured thresholds below 22 kW2

for well widths in the range 7–47 Å, with a minimum o
11 kW/cm2 for the 47 Å thick QW.

Therefore a proper understanding of the effect
electron-hole interaction in these heterostructures is very
portant since it is necessary for the correct interpretation
the optical data as well as for improving the tailoring of t
material properties, in view of their many device applic
tions. In fact, due to the strongly polar nature of these s
tems, some effects usually neglected in III-V semiconduc
heterostructures, such as exciton-phonon interaction, bec
important and not accounting for these effects properly
lead to a lack of accuracy in the interpretation of experim
tal data.

Various calculations of the exciton binding energies ha
been presented to interpret experimental data obtaine
ZnCdSe/ZnSe QW heterostructures,19,20 leading to different
levels of agreement according to the choices of physical
rameters and the completeness of the models used for
calculations. We will show that accounting for the excito
phonon interaction improves this agreement and reduces
certainty in the values of physical parameters.

In this paper we present a calculation of the binding e
ergy of a heavy-hole exciton as a function of well width in
highly ionic quantum well structure. We follow a variation
approach and include the effects of the exciton-phonon in
action and of the mismatches between the particle ma
and the dielectric constants between the well and the ba
layers. The effect of the exciton–longitudinal optical~LO!
phonon interaction is described by means of an effective
tential between an electron and a hole as derived by P
mann and Bu¨ttner21,22 using the exciton–bulk-longitudina
©2003 The American Physical Society14-1
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R. T. SENGER AND K. K. BAJAJ PHYSICAL REVIEW B68, 205314 ~2003!
optical-phonon Hamiltonian. The effect of the dielectric m
match on the binding energy of the exciton is calcula
following the approach used by Kumagai and Takagahar23

We show that the values of the exciton binding energies
calculate agree very well with those obtained by consider
an exciton interacting with confined-LO phonons, interfa
phonons, and half-space phonons.24 Our method has the
great advantage of being considerably simpler than the m
rigorous but complicated approach of Zheng and Matsuu24

and is much easier to generalize to include the effects
external perturbations such as electric and magnetic fie
We compare the results of our calculations with the availa
experimental data in several ionic quantum well structu
and find a very good agreement. And finally we comm
briefly on the validity of the approximations made in o
calculations.

II. THEORY

The Hamiltonian of an electron-hole pair created in
quantum well, describing the excitonic state in interact
with the phonon modes of the polar medium, within t
framework of effective-mass and decoupled valance-b
approximations, can be expressed as composed of t
parts; the exciton part containing kinetic energy, Coulo
interaction, and quantum well confinement potentials of
electron and the hole, phonon part describing the Ham
tonian of phonon field with components of confined, ha
space, and interface modes, and finally the part corresp
ing to the interaction of the exciton with those phonon mod
expressed in the form of well-known Fro¨hlich interaction
Hamiltonian,

H5Hex1Hph1Hex-ph. ~1!

Detailed explicit form of the above Hamiltonian is given
several works such as the one by Zheng and Matsuura.24 The
Hamiltonian that will be used in our calculations, however
a formally simpler one which describes the effects
exciton-phonon coupling through an effective interaction p
tential between the electron and the hole, and polaronic s
energy contributions. Such an effective Hamiltonian wh
describes the excitons in bulk ionic media and successf
explains the measured values of the exciton binding ener
in polar materials is derived by Pollmann and Bu¨ttner.21,22

Investigating the quantitative agreement between the res
of original Hamiltonian~1! and of Pollmann-Bu¨ttner ~PB!
Hamiltonian based on bulk-phonon approximation is amo
the motivations of the present study. To account for the qu
tum well confinement potential we will employ an approp
ately modified form of the PB effective Hamiltonian.

The heterostructure is made up of two different po
semiconductors having distinctive material parameters
band-gap energies. Assuming a type-I band alignment,
electron and the hole in the quantum well experience fin
barrier confinement potentials of the form

Vi
conf~zi !5H 0, uzi u<L/2

v i , uzi u.L/2
~ i 5e,h!, ~2!
20531
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where (i 5e,h) denote the electron and the hole,ve andvh
are the conduction- and valence-band offsets, respectiv
With the origin taken at the center of the quantum well
thicknessL and positioning the well in thex2y plane, the
position coordinates of the particles are given by the vec
rW i5(rW i ,zi). The total effective Hamiltonian of the system
taking into account the mass-mismatch and dielect
mismatch effects, can be expressed in terms of the rela
position vectorrW5rWe2rWh5(rW ,z) and the particle coordi-
nates as

Heff5 (
i 5e,h

F2
\2

2

]

]zi

1

mi~zi !

]

]zi
1Vi

conf~zi !G
2

\2

2m

1

r

]

]r
r

]

]r
1VKT~r,ze ,zh ;j!1VPB~r ;aex!

1Eself~ae ,ah ;aex!. ~3!

The position dependences of the electron mass and the
mass along thez direction are defined through their corre
sponding values in the well~w! and the barrier~b! regions,

mi~zi !5H mi
w , uzi u<L/2

mi
b , uzi u.L/2 ~ i 5e,h!. ~4!

m is the reduced mass corresponding to heavy-hole band
the plane perpendicular to thez axis. Both m and mh

j ( j
5w,b) can be expressed in terms of the well-known Lu
tinger band parameters25,26 of the well and barrier materials

1

m
5

1

me
w

1
1

m0
~g1

w1g2
w!, ~5!

1

mh
j

5
1

m0
~g1

j 22g2
j ! ~ j 5w,b!, ~6!

wherem0 is the free-electron mass.
The Coulomb interaction between the electron and

hole is modified in a quantum well due to penetration of th
electric fields through a dielectric discontinuity. In the pre
ence of two media with different dielectric constants ea
charge induces a different polarization, which leads to
charge distribution at the interface. When a layer is sa
wiched by a material with a smaller dielectric constant, t
fields produced by the charge distributions at the interfa
force the electron and the hole into the middle of the cen
layer, modify their Coulomb field and enhance their intera
tion. To describe this effect we adopt the approach prese
by Kumagai and Takagahara~KT!,23 who studied in detail
the effects of the dielectric confinement on the electron-h
Coulomb interaction, treating the dielectric mismatch
means of the image charge method. Using this techni
they calculated the effective Coulomb potential through
the quantum well heterostructure, describing the actual fi
by introducing a number of virtual charges whose positio
and charge values satisfy the continuity of the macrosco
electric field across the boundaries. In the case of a quan
4-2
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BINDING ENERGIES OF EXCITONS IN POLAR . . . PHYSICAL REVIEW B 68, 205314 ~2003!
well, due to the presence of two interfaces the resulting
tential consists of a series of infinite terms, whose comp
expressions are given in Ref. 23 and represented in Ha
tonian ~3! by the termVKT(r,ze ,zh ;j). It should be noted
that in Eq.~3! the direct Coulomb interaction term is alread
contained in the PB potential, and hence is excluded fr
VKT . The relative importance of the effect of the dielect
mismatch depends on the argumentj5(e0

w2e0
b)/(e0

w1e0
b)

of VKT , which vanishes if the static dielectric constants
the well and barrier materials,e0

j ( j 5w,b), are assumed to
be equal.

As mentioned above the PB effective potentialVPB(r ;aex)
together with the self-energy term describes the polaro
effects on the exciton ground state. The expression of
potential was originally derived for bulk media assuming
isotropic hole mass, and has a spherically symmetric form
a function of the relative distance between the electron
the hole. The other argumentaex is called the exciton size
and its value depends on the particular form of the exci
wave function. In principle, the effective Hamiltonian of p
laronic exciton can be rederived with the relevant wave fu
tion and the appropriate symmetry of the quantum well s
tem. However, such a calculation turns out to be m
tedious and complicated than dealing with the origin
Hamiltonian of the problem. Therefore we choose to ke
the form of the potential as derived for bulk, but let th
quantum well confinement to act through the parameteraex
by its generalized redefinition. The material parameters
pearing in the PB potential are taken as those of the w
material, such as the electron massme* 5me

w , and the value
of the hole mass is taken as the weighted average o
values along thez and transverse directions, which can
expressed simply in terms of the Luttinger parameter
mh* 5m0 /g1

w .26 With these approximations the PB potent
and the self-energy terms are expressed as

VPB~r ;aex!52
e2

e0
w r

2
e2

e* r
FC4

B4
2

me* he

Dm
e2rAe /Re

1
mh* hh

Dm
e2rAh /Rh2S hm1

C3r

2B3aex
D e2rB/RmG ,

~7!

Eself~ae ,ah ;aex!52~aege1ahgh2amgm!\vLO , ~8!

where e* 5(1/e`
w21/e0

w)21, e0
w and e`

w respectively, being
the static and optical dielectric constants in the well a
Dm5mh* 2me* is the mass difference. DefiningM5me*
1mh* as the total mass, andmm* 5me* mh* /M as the reduced
mass, dimensionless charge-phonon coupling constants
the characteristic polaron radii for the electron, the hole,
the reduced mass are given by

a i5
e2

2e* Ri\vLO

,
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Ri5A \

2mi* vLO

~ i 5e,h,m!, ~9!

wherevLO is the frequency of the dispersionless longitudin
optical phonons. The remaining coefficients have the follo
ing explicit forms:22

Ai
2511Ri

2/aex
2 ~ i 5e,h!,

B2511C2, C25Rm
2 /aex

2 ,

hi511~mj* Ri /mi* aex!
2 ~ j Þ i 5e,h!,

hm52~me* /mh* 1mh* /me* !C21C4/B4,

gi5Ai~12 1
2 Ri

2/aex
2 !2 ~ i 5e,h!,

gm5C2~41 1
2 C21C2/B222Aede22Ahdh!/B,

di5~11AiBAmj* /M !/~Ai1BAmj* /M ! ~ j Þ i 5e,h!.
~10!

The effective interaction Hamiltonian defined above h
an explicit and crucial dependence on the quantityaex. It is
a measure of the size of the exciton, and its value is de
mined variationally. The PB effective Hamiltonian was d
rived for a bulk semiconductor using a one parameter hyd
genic trial wave function,Cbulk(r )5Nexp(2r/l), wherel is
a variational parameter. Consequently, the value of the e
ton radius used in the effective Hamiltonian has a bulk lim
given by aex5^Cbulku1/r uCbulk&

215l. In the present case
however, the variational trial wave function we use also co
tains one-particle electron and hole envelope functions,
an extra variational parameters to account for the cylindri-
cal symmetry of the quantum well geometry:

C~r e ,r h ,r !5N fe~ze! fh~zh!

3exp~2Ar21s2~ze2zh!2/l!. ~11!

In the above, N is the normalization constant,f i(zi)
( i 5e,h) are the one-particle ground-state solutions of
part of Hamiltonian~3! regarding the motion along thez
direction. To account for the confinement effects we sim
generalize the definition of the exciton size using the n
wave function,aex(l,s)5^Cu1/r uC&21. As expected, such
a form will lead to the correct bulk limit for wide quantum
wells for which f i(zi) are almost constant, and the aniso
ropy parameters tends to one.

We should also note that in this treatment of the effect
electron-hole interaction, the renormalization of the elect
and hole masses to polaronic masses is not required
shown by Pollmann and Bu¨ttner in their work.22 The as-
sumption that the above form of the effective potential wh
is derived for bulk is not significantly modified in the pre
ence of an external confinement has been successfully
to describe the measured diamagnetic shifts in the case
polaronic exciton in a magnetic field,27 where the magnetic
field provided the means of confinement in that case.
4-3
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R. T. SENGER AND K. K. BAJAJ PHYSICAL REVIEW B68, 205314 ~2003!
The ground-state energy of the system is obtained
minimizing the expectation value of the effective Ham
tonian, Eq.~3!, with respect to the variational parameters

E05min
l,s

^CuHeff~l,s!uC&. ~12!

Since the phonon field and the coupling of the exciton to
phonons are included in the Hamiltonian, the variatio
ground-state energyE0 is an upper bound to the energy
the polaronic exciton including the appropriate renormali
tion effects due to phonons.

Exciton binding energy is defined in reference to the
ergy of the state corresponding to uncorrelated electron
hole polarons in the quantum well,

EB5Ee
sub1Eh

sub1Ee
pol1Eh

pol2E0 , ~13!

where Ei
sub ( i 5e,h) are the ground-state subband energ

of the electron and the hole, calculated as the solutions o
Hamiltonian which is given as the first term ofHeff ~3!. For
the polaron self-energies in a quantum well, as an appr
mation we use their corresponding bulk values,Ei

pol

52a i\vLO . It is well known28 that the confined polaron
in fact have somewhat lower self-energies, therefore
binding energies we calculate are expected to have slig
larger values for the intermediate values of the quantum w
width.

The PB description of the exciton-phonon interaction
an ionic medium brings about significant improvements o
some simplified approaches which describe the polaronic
citon as the interactions of two quasiparticles, an electr
polaron, and a hole-polaron, through a screened Coulo
potential. Appropriate particle mass values to be used in
model are the polaron masses given by

mi
pol5mi~11a i /6! ~ i 5e,h!, ~14!

where coupling constantsa i are defined in Eq.~9!, and the
Coulomb interaction potential is taken as screened by
static dielectric constant, corresponding to the first term
VPB, Eq. ~7!. Since the mutual interaction effects of the o
positely charged polarons are totally ignored, the correspo
ing polaronic self-energy of the exciton is assumed to be
sum of the self-energies of the individual polarons,Eself
52(ae1ah)\vLO . In the following, exciton binding ener
gies as calculated using this ‘‘shallow exciton model’’ w
also be presented for comparison purposes. Such sim
models are in fact accurate enough for weakly polar mat
als like GaAs.

In more ionic materials, however, the Coulomb intera
tion between the electron and the hole as well as their
laronic self-energies become significantly modified, so tha
more elaborated description such as that provided by
effective Hamiltonian is required. Let us briefly review th
details of how PB potential provides a successful descrip
of exciton-phonon interaction, first in the bulk limit. The fir
term in the effective interaction potential~7! is in the form of
static screening. As compared to the original form of Ham
tonian ~1!, the elimination of phonon coordinates to obta
an effective electron-hole interaction transforms the C
20531
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lomb interaction from a dynamically screened to a statica
screened one in the leading order.22 However the terms in
VPB as well as the self-energy expression, Eq.~8!, are essen-
tial to describe the detailed and nontrivial interaction of t
two charges with opposite polarization fields around the
The crucial parameter that determines the form of the eff
tive interaction is the ratio of the effective exciton sizeaex to
the polaron radiiRi . It is instructive to check the limiting
cases of this ratio in an ionic material. In the limits of we
and strong binding it is easy to show that

lim
aex /Ri→`

Eself52~ae1ah!\vLO and lim
aex /Ri→0

Eself

50. ~15!

For large exciton radii the total self-energy approaches
sum of the two individual self-energies of the free polaro
In the opposite limit for very small exciton radii the tota
self-energy of the exciton vanishes because the polariza
clouds of the electron and the hole cancel each other
general, and under the influence of the confinement poten
the partial cancellation of the polarization fields is well d
scribed by Eq.~8!. Similarly, in these extreme limits the
effective potential gets the following asymptotic forms:

lim
aex /Ri→`

VPB~r !52
e2

e0
wr

2
e2

e* r

~mhe2r /Rh2mee
2r /Re!

~mh2me!

and

lim
aex /Ri→0

VPB~r !52
e2

e`
w r

. ~16!

For extremely small sizes of the exciton, the effective Co
lomb interaction becomes dynamically screened where
polaronic effects diminish entirely. With these reasona
limits, PB Hamiltonian gives a successful description of t
polaronic excitons.22 In the present study the main effect o
the confining potential is to modify the charge densities
both the electron and the hole, decreasing the relative
tance between them; which in turn makes the effect
electron-hole interaction potential to be less scree
through the PB term.

III. RESULTS AND DISCUSSION

We have calculated the variation of the heavy-hole ex
ton binding energyEB as a function of well widthL in sev-
eral ionic quantum well structures. The values of the vario
physical parameters used are given in Table I. In Fig. 1
display the variation of the exciton binding energy as a fu
tion of well width in Zn0.6Cd0.4Se/ZnSe quantum wells. Th
solid curve represents the results of our calculation includ
dielectric mismatch effect. We find, as expected, that
value ofEB increases as the well width is reduced, reache
maximum and then drops rather sharply. This behavior ofEB
with L was first observed and explained by Greeneet al.29

Open circles represent the results of Zheng and Matsuu24
4-4
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TABLE I. Values of the various physical parameters used in our calculation. All mass values a
corresponding band masses of the particles without polaronic corrections and are expressed in unit
free-electron mass.me

w and me
b are the isotropic conduction-band masses in the well and barrier reg

respectively.mh
uu is the heavy-hole mass of the well material in the plane parallel to the quantum

whereas the hole masses along thez direction in the well and barrier regions are denoted bymh
w and mh

b ,
respectively. The conduction- and valence-band offsets,ve andvh , and the LO-phonon energies of the we
material are given in millielectron volt. All other symbols are defined in the text.

Well/Barrier me
w me

b mh
uu mh

w mh
b e0

w e`
w e0

b ve vh \vLO

Zn0.6Cd0.4Se/ZnSea 0.114 0.122 0.453 0.453 0.504 8.62 5.72 7.60 294 74 29
Zn0.69Cd0.31Se/ZnSeb 0.131 0.136 0.323 0.816 0.813 8.96 5.73 8.80 230 98 29
Zn0.77Cd0.23Se/ZnSeb 0.132 0.136 0.324 0.815 0.813 8.92 5.73 8.80 171 73 30
ZnO/Mg0.27Zn0.73O

c 0.24 0.24 0.78 0.78 0.78 8.1 4.0 8.1 424 106 72.
ZnO/Mg0.12Zn0.88O

c 0.24 0.24 0.78 0.78 0.78 8.1 4.0 8.1 168 42 72.
GaN/Al0.3Ga0.7N

d 0.20 0.24 0.80 0.80 1.01 9.8 5.4 9.4 425 283 92.

aReference 24.
bReferences 19, 20.
cReference 11.
dReference 41.
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who consider the interaction of excitons with confined-L
phonons, interface phonons, and half-space phonons, an
effect of dielectric mismatch. We find an excellent agreem
between our results obtained using PB potential and th
calculated by Zheng and Matsuura. In Fig. 1 we have a
plotted the variation ofEB with L as obtained using only PB
potential~dot-dashed line!, and static screened Coulomb p
tential with polaron mass~dashed line!. First, we find that the
values ofEB obtained using static screened Coulomb pot
tial are considerably lower than those obtained by PB po
tial, thus emphasizing the importance of including the eff
of exciton-phonon interaction in the calculation of the ex
ton binding energies. Second, we note that the effect of

FIG. 1. Variation of exciton binding energy as a function of w
width in a Zn0.6Cd0.4Se/ZnSe quantum well. The solid curve is o
tained using PB potential and including dielectric mismatch effe
Open circles represent the results of an equivalent calculation
Zheng and Matsuura~Ref. 24!. The dot-dashed and dashed curv
are obtained using PB potential and static screened Coulomb p
tial, respectively, without the dielectric-mismatch effect.
20531
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electric mismatch on the values ofEB is quite significant in
this quantum well structure.

In Fig. 2 we display the variation of the exciton bindin
energy as a function of well width in a ZnxCd12xSe/ZnSe
quantum well structure using our full calculation~solid
curves! and a static screened Coulomb potential~dashed
curves! for Cd concentrations~x! of 31% and 23%. Our
choice of the physical parameters are shown in Table I
this case the Luttinger parameters of the well layer are
culated by linear interpolation between those for ZnSe (g1
52.45,g250.61) by Holscheret al.30 and those for CdSe
(g152.52,g250.65) by Fuet al.31 The use of these param
eters leads to the hole masses which are almost identic
the well and barrier layers.

t.
by

n-

FIG. 2. Variation of exciton binding energy as a function of we
width in Zn12xCdxSe/ZnSe quantum wells forx50.31 and x
50.23. The solid curves represent our full calculations. The das
curves are obtained using the shallow exciton model. The exp
mental data are represented by circles (x50.31, Ref. 19!, squares
(x50.23, Ref. 20!, and a triangle (x50.21, Ref. 32!.
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In Fig. 2 symbols represent experimental data by De N
dis et al.19 (x531%, circles!, Cingolani et al.20 (x523%,
squares!, and Pulset al.32 (x521%, triangle!. The results of
our calculations forx521% are not presented since the d
viations from the results forx523% are always less than
meV throughout the presented range of well widths. De N
dis et al.19 and Pulset al.32 determine the values of the ex
citon binding energies from the difference between the sp
tral positions of the 1s and 2s exciton states, since the
studied the absorbtion as a function of magnetic field a
were able to resolve the 2s state at high magnetic fields
Cingolani et al.,20 on the other hand, determined the valu
of the exciton binding energies as the difference between
spectral position of the 1s state and the exciton continuum.
should be pointed out that the experimental determinatio
the electron and the hole masses actually refers to the
laron massesmi

pol of the particles. Therefore we have calc
lated their band masses from the polaron masses report
the literature using the relation given in Eq.~14!, and derived
the hole masses from Luttinger parameters. Values of
various physical parameters reported in literature for Cd
and ZnSe materials are strongly dependent on the exp
mental techniques used for their determination. This lead
rather large uncertainties, especially in the values of
masses and dielectric constants.19,20,30–34A discussion of the
Luttinger mass parameters of ZnSe as determined by di
ent techniques can be found in Ref. 19.

It is clear from Fig. 2 that the experimental values of t
exciton binding energies for 40 Å, 50 Å, and 70 Å we
widths agree rather well with the results of calculatio
which include exciton-phonon interaction, whereas the ex
ton binding energies calculated assuming a static scree
Coulomb interaction are too low. For a 30-Å well, howev
the experimental value is somewhat lower than the ca
lated value. The absorption spectrum measured by Cingo
et al.20 in this quantum well is rather broad. The strong ov
lap between the exciton resonance and the exciton c
tinuum can lead to a considerable uncertainty in the dete
nation of the exciton binding energy, which should be larg
than the62 meV reported in their work.

Some time ago Pelekanoset al.34 studied the behavior o
the 1s and the 2s states of an exciton in a 90 Å wid
Zn0.75Cd0.25Se/ZnSe quantum well structure as a function
the magnetic field, using absorption spectroscopy. They
termine a value of 31 meV for the difference between th
two transitions at zero magnetic field. By adding to this va
the corresponding binding energy of the 2s state they obtain
an exciton binding energy of 37 meV in this structure. Th
value is considerably larger than that calculated for a 90
wide well using any of the three sets of physical parame
mentioned above as well as its measured value in a 7
wide well.20 The reason for this discrepancy is not cle
though we suspect that the transition they identify as du
2s state is probably incorrect. This is due to the fact that
diamagnetic shift they measure for this transition is too sm
for a 2s state.19 However, we find that the exciton bindin
energy calculated using the physical parameters propose
Zheng and Matsuura24 is close to the value determined fro
the data of Pelekanoset al.34 It should be pointed out tha
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values of the electron and hole masses used by Zheng
Matsuura are actually polaron masses and not the b
masses as assumed by them. They also assume that the
mass is isotropic. In addition, they use a value ofe0 ~7.6!
that is considerably smaller than that used by many ot
groups. All these assumptions lead to considerably lar
values of the exciton binding energies. It should be poin
out that in the calculations of the exciton binding energ
displayed in Fig. 1 we have used the same values of
physical parameters as those used by Zheng and Matsuu
we are interested in comparing the results of our calculati
with those of their calculations.

In Figs. 3~a! and 3~b! we display the variations of the
binding energies of the heavy-hole excitons as a function
well width in two ZnO/MgxZn12xO quantum well hetero-
structures with x50.27 and x50.12, respectively. The
choice of the various physical parameters used, as give
Table I, has been discussed in detail by Coli and Bajaj.11 The
conduction to valance-band offset ratio was used as an
justable parameter as this value is not accurately known
ratio of 80/20 is used in our calculations. The circles refer
the experimental data obtained by Sunet al.12 using absorb-
tion measurements at 5 K. Their quantum well structu
were grown by laser molecular beam epitaxy on SCAM s
strates which have an excellent lattice matching with Zn
The values of the well width ranged from 6.9 to 46.5 Å. T
thickness of the barrier layers was kept at 50 Å in both s
of samples. Again the solid curves refer to the results of
calculation including exciton-phonon interaction using P
potential. The effects of the mismatches of the parti
masses and the dielectric constants are not included as
values of these quantities are not known in MgZnO. T
dashed curves refer to calculations where the electron-
interaction is described by the static screened Coulomb
tential and the polaron masses of the electrons and holes

FIG. 3. Variation of exciton binding energy as a function of we
width in ZnO/MgxZn12xO quantum wells forx50.27 and x
50.12. The solid and dashed curves are obtained using PB
static screened Coulomb potentials, respectively. The symbols
resent the experimental data by Sunet al. ~Ref. 12!.
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BINDING ENERGIES OF EXCITONS IN POLAR . . . PHYSICAL REVIEW B 68, 205314 ~2003!
used. As expected, the use of the screened Coulomb pote
leads to a significant underestimation of the exciton bind
energies as compared to those where the full electron-
interaction is taken into account. It should be pointed out t
MgxZn12xO alloy grows with wurtzite symmetry for value
of x<0.5.35 The values of the physical parameters availa
in literature are for MgO which always grows with zinc
blende symmetry thus making it impossible to determine
physical parameters of the alloy system by interpolation.
nally we have assumed that there is no strain present in
well or in the barrier region as suggested in Ref. 5 and the
fore no electric fields. However, recently Makinoet al.14

have studied photoluminescence properties of a numbe
samples of ZnO/MgxZn12xO quantum well structures (x
50.12 and 0.27) with various well widths of 7–46.5 Å
They find a significant presence of built-in electric fields d
to piezoelectric and spontaneous polarization effects onl
larger wells (L.42.3 Å) and high Mg content (x50.27).
As shown in Figs. 3~a! and 3~b! the values of the exciton
binding energies measured by Sunet al.12 agree very well
with those calculated by us including the exciton-phon
interaction and are considerably larger than those obta
by using the static screened Coulomb potential.

In Fig. 4 we display the variations of the exciton bindin
energies as a function of well width in GaN/Al0.3Ga0.7N
quantum well structures, using the physical parameters g
in Table I and conduction to valance-band offset ratio
60/40. Again the solid curve represents the results of
calculation which includes exciton-phonon interaction a
the effects of mass and dielectric mismatches. Dashed c
represents the results obtained using static screened Cou
potential. It is not possible for us to compare the results
our calculations with the experimental data as the meas
values always include the effect of built-in electric fields d
to piezoelectric and spontaneous polarizations. However,
important to know the values of the exciton binding energ
at zero field in order to determine their shifts for finite valu
of the electric field.

FIG. 4. Variation of exciton binding energy as a function of w
width in a GaN/Al0.3Ga0.7N quantum well. The solid and dashe
curves represent the results of PB and shallow exciton models
spectively, including the dielectric-mismatch effect.
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Finally, we would like to comment on the approximation
we have made in our calculations. We have assumed p
bolic conduction and valance bands and thus ignored
effects of nonparabolicity. Whenever known, we have us
anisotropic values of the heavy-hole mass. We have not
cluded the effects of the valance-band mixing in our cal
lations. These effects are known to enhance the values o
exciton binding energies depending on the valance-b
structure.36 We have used exciton–bulk-LO-phonon intera
tion as formulated by Pollmann and Bu¨ttner.22 In the expres-
sions involving hole-LO-phonon interaction we have us
average values of the anisotropic hole masses.

Some time ago Mori and Ando37 investigated the behavio
of electron-optical-phonon interaction in single and dou
heterostructures using a dielectric continuum model. One
the important results of their study is the sum rule of fo
factors which states that the sum of the contributions of
kinds of phonon modes is exactly equal to that of bulk mod
if the coupling constants are assumed to be independen
the modes. Ru¨cker et al.38 using a fully microscopic mode
of a GaAs/AlxGa12xAs quantum well structure calculate
numerical results which strongly supported the sum rule
rived by Mori and Ando.37 Register39 studied the behavior o
polar-optical-phonon scattering of carriers in heterostructu
using a microscopic model and derived a sum rule analog
to that of Mori and Ando,37 which is applicable to arbitrary
heterostructure geometries and nonmetallic materials
should be pointed out that in spite of the general validity
the above-mentioned sum rule, significant differences
occur between scattering rates~imaginary parts of the self-
energies! calculated using models based on bulk phono
and those based on the phonon modes of the quantum
structures such as confined, interface, and half-sp
phonons because of the possible resonances between the
band energies and the phonon energies. However, the c
lations of the real parts of the self-energies are inherently
less sensitive to such resonances. It is therefore not sur
ing that the values of the exciton binding energies we cal
late using PB potential agree so well with those calculated
Zheng and Matsuura24 using exciton interaction with
confined-LO phonons, interface phonons, and half-sp
phonons. It is important to realize that our approach is ea
to generalize to study the effects of applied external per
bations such as magnetic and electric fields on the prope
of excitons in quantum well structures than that followed
Zheng and Matsuura.24

We shall now briefly comment on the effect of high co
centration of free carriers on the binding energy of excito
in quantum well laser structures based on highly ionic se
conductors. Under lasing conditions we have a highly co
plex many-body system with the simultaneous presence
excitons, free electrons, holes, and free optical phonon
finite temperatures. A proper calculation of the exciton bin
ing energies as a function of carrier density in such a sys
is a formidable task. However, it is possible to make a f
general qualitative observations. During the past 20 yea
number of groups have investigated the behavior of t
many-body system in the absence of optical phonons.40 For
instance, de-Leon and Laikhtman have calculated the va

e-
4-7
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R. T. SENGER AND K. K. BAJAJ PHYSICAL REVIEW B68, 205314 ~2003!
tion of the exciton binding energy as function of free-carr
concentration at finite temperature in single quantum w
structures. They consider three different screening mod
~1! static screening without phase filling,~2! dynamic screen-
ing without phase filling factor, and finally~3! dynamic
screening with phase filling factor. They find that the d
namic screening with phase filling is very effective in scree
ing out the effective interaction between the electron and
hole. The exciton binding energy goes to zero at a criti
value of the free-carrier concentration, which depends on
details of the quantum well structure and temperature.
they do not include the effects of exciton-phonon interact
and the presence of real phonons, it is not clear how
exciton binding energy will behave as a function of fre
carrier concentration in such structures. The presence of
carriers also modifies the exciton-phonon interaction
highly ionic quantum well structures.

IV. CONCLUSIONS

We have calculated the variation of the binding energy
a heavy-hole exciton as a function of well width in quantu
well structures composed of highly polar semiconducto
We follow a variational approach and include the effects
exciton–optical-phonon interaction and of the mismatc
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30H.W. Hölscher, A. Nöthe, and C. Uihlein, Phys. Rev. B31, 2379
~1985!.

31H.X. Fu, L.W. Wang, and A. Zunger, Phys. Rev. B57, 9971
~1998!.

32J. Puls, V.V. Rossin, F. Henneberger, and R. Zimmermann, P
Rev. B54, 4974~1996!.

33Semiconductor—Basic Data,edited by O. Madelung~Springer,
Berlin, 1996!.

34N.T. Pelekanos, J. Ding, M. Hagerott, A.V. Nurmikko, H. Luo, N
Samarth, and J.K. Furdyna, Phys. Rev. B45, 6037~1992!.
20531
s.

35S. Choopun, R.D. Vispute, W. Yang, R.P. Sharma, T. Venkate
and H. Shen, Appl. Phys. Lett.80, 1529~2002!.

36L.C. Andreani and A. Pasquarello, Phys. Rev. B42, 8928~1990!.
37N. Mori and T. Ando, Phys. Rev. B40, 6175~1989!.
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