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Electric-field-dependent absorption of ZnSe-based quantum wells:
The transition from two-dimensional to three-dimensional behavior
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The absorption coefficient of ZnxCd12xSe/ZnSySe12y quantum-well structures in a strong electric field is
investigated as it depends on the quantum-well width. A quantum-mechanical model is developed which fully
takes account of the Coulomb interaction leading to intersubband coupling and strong excitonic effects. Nu-
merical results are presented and compared with measurements. The study focuses on the transition regime
between the quantum-confined Stark effect, which is found for well widths smaller than the exciton Bohr
diameter, and the Franz-Keldysh effect, which corresponds to the limit of wide wells. Our theory allows for a
unified treatment of a wide range of quantum-well widths and applied fields, and provides detailed insight into
the origin of the structure of the absorption spectrum through a spatially resolved microscopic absorption
coefficient.@S0163-1829~98!01840-2#
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I. INTRODUCTION

Starting with the first demonstration of blue-green la
diodes,1 many recent investigations related to ZnSe-ba
optoelectronics have focused on the development and
provement of laser diodes. In addition, passive devices
electro-optical modulators2 and bistable switches are neede
Those devices can be based on the change of the absor
coefficient as a function of an applied voltage.3 For bulk
material, this is due to the Franz-Keldysh effect4–6 ~FKE!. In
the case of quasi-two-dimensional semiconductor structu
i.e., quantum wells, the corresponding phenomenon is
quantum-confined Stark effect7 ~QCSE!. Although both ef-
fects have been extensively studied in GaAs-based struc
~see, e.g., Ref. 8!, much less work has been done usi
ZnSe-based alloys.9,10

Models developed for the theoretical description of su
electro-optical modulators essentially focus upon the fie
dependent absorption coefficient according to the FKE or
QCSE, respectively. Since the width of the quantum well c
be continuously increased from a narrow two-dimensio
layer of a few nm to a bulklike layer of the order of 100 n
or more, the QCSE is expected to turn into the FKE w
increasing well width. An understanding of this transition
essential for a theoretical description and practical desig
heterostructure devices with layers whose thickness is in
intermediate regime.

This transition has previously been investigated in
GaAs-based material system by completely neglecting
Coulomb interaction.11 The authors coined the term ‘‘quan
tum confined Franz-Keldysh effect’’~QCFKE! for the
electric-field dependence of the absorption coefficient of n
row quantum wells. Subsequently, they showed that
QCFKE turns into the conventional FKE if the quantum w
width is increased.11

The neglect of the Coulomb interaction for the discuss
of the transition is an acceptable simplification for materi
PRB 580163-1829/98/58~16!/10709~12!/$15.00
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like GaAs. For ZnSe-based structures, which are charac
ized by strong excitonic features, the transition from tw
dimensional to bulk material is of a very different natur
Thus the concept of the QCFKE is not appropriate for
description of the intermediate regime.

In the zero-field case, the excitonic absorption in bu
materials can be described using the Elliott formula,12 which
has also been adopted to the two-dimensional Coulo
problem.13 The excitonic absorption peak is strongly e
hanced in the case of two-dimensional structures and
exciton binding energy amounts to four times the bulk val
For the intermediate regime, approaches based on nonint
spatial dimensionality14,15 as well as noninteger quantum
numbers16 which interpolate between both limits have be
proposed. However, for the purpose of describing elec
optical modulators, these concepts cannot be applied s
they do not include the influence of the electric field.

The objective of this paper is to develop a theoreti
approach for the field-dependent excitonic absorption coe
cient in ZnSe-based structures, and compare it with exp
mental results. In the center of interest is the investigation
the transition from two-dimensional to bulk behavior. In pa
ticular, the theoretical approach is aimed at covering the
transition regime of quantum-well widths, and coping wi
very high electric fields as appear in the center ofp-i-n junc-
tions. By comparing this model with simpler approach
which neglect the Coulomb interaction, using material p
rameters for ZnCdSe/ZnSSe structures, the need for the
model will be demonstrated.

The organization of the paper is as follows. In Sec. II, t
theoretical model is derived. In Sec. III, the results of n
merical simulations are presented, and the transition fr
two-dimensional to bulk behavior, parametrized by the w
width and the electric-field strength, is discussed. In Sec.
the simulations are compared with measurements. Fina
some conclusions are drawn in Sec. V.
10 709 © 1998 The American Physical Society
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II. THEORY

The first approach to the theoretical treatment of
quantum-confined Stark effect in III-V semiconductors w
limited to the calculation of the spectral shift of the exciton
peak,7,17 which was found to be quadratic in the fie
strength. It was based upon a solution of the one-dimensi
Schrödinger equation~in the growth direction! and a varia-
tional solution of the exciton problem in the plane of t
quantum well. The electric-field-dependent absorption sp
trum in the regime of the QCSE may then be modeled b
Gaussian line-shape function centered at the calculated
energy. The related oscillator strength depends upon
overlap of the corresponding electron and hole wave fu
tions, and upon the exciton wave function.

In the case of more than one discrete level in
conduction- and valence-band quantum well, this proced
is applied to all pairs of levels. Such an approach has b
successfully used for the modeling of self-electro-opt
effect devices ~SEEDs! based on GaAs/AlxGa12xAs
multiple-quantum well structures.18 However, this decompo
sition of the total absorption coefficient into distin
contributions of pairs of levels, each correlated with
exciton, requires that the Coulomb interaction is only
small perturbation of the confinement potential formi
the quantum well. This condition is well satisfied
the case of GaAs/AlxGa12xAs heterostructures but i
violated for ZnSe-based structures, due to the much stro
Coulomb interaction and larger exciton binding energ
Typical exciton binding energies are of the order
6–9 meV in GaAs/AlxGa12xAs and 30–40 meV in
ZnyCd12ySe/ZnSxSe12x quantum wells, respectively.

As a result, the coupling of the different discrete levels
well as their coupling with bulk continuum states above
quantum well barrier by means of the Coulomb interact
turns out to be essential. The theoretical approach which
develop below takes this coupling into account. As an app
priate formalism we have adopted the density-matrix the
in a real-space representation.19 This approach has bee
used, e.g., for a description of nonlinear optical respons20

in particular for the nonresonant optical Stark effect.21 For a
description of field-dependent absorption in the low-dens
limit, the real-space concept is preferable to the Four
space formalism because spatially dependent quantities n
rally arise. This approach readily provides the possibility
discuss the transition from two- to three-dimensional beh
ior of the absorption coefficient if the quantum-well width
increased.

First, the equation for the microscopic polarization i
duced by the exciting electromagnetic wave will be set up
order to solve this equation, we perform a series expan
of the polarization on the basis of the eigenfunctions of
one-dimensional Schro¨dinger equation for the quantum-we
potential. The fast convergence of the expansion allows
an appropriate truncation which is necessary for the num
cal solution. Finally, the absorption coefficient is related
the imaginary part of the polarization.

In the second quantized form the two-band Hamilton
of the system is given by

Ĥ5ĤA1ĤEM1ĤM ~1!
e
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where

ĤA5 1
2 \vg(

j
~ ĉ j

†ĉ j2d̂ j d̂ j
†! ~2!

is the free Hamiltonian,Eg5\vg is the band gap,

ĤEM52(
j

M0~ d̂ j ĉ j1 ĉ j
†d̂ j

†!Ej ~3!

contains the interaction with an electromagnetic waveEj
within the dipole approximation~dipole matrix elementM0),
and

ĤM5(
i ,k

Tik
c ĉi

†ĉk1Tik
v d̂i

†d̂k ~4!

describes the coupling in tight-binding approximation~ma-
trix elementsTik

c andTik
v ). Here ĉ j

† ( ĉ j ) and d̂ j
† (d̂ j ) denote

the creation~annihilation! operators for an electron and
hole, respectively, at sitej .

Using Heisenberg’s equations of motion a set of equati
for the expectation values of the bilocal operatorsŶi j

5d̂i ĉ j , Ĉi j 5 ĉi
†ĉ j , and D̂ i j 5d̂i

†d̂ j can be derived. Bilocal
dynamic variables are needed, since electrons and holes
move independently. Changing the position indicesi andj to
continuous coordinatesr 1 andr 2 , and normalizing all quan-
tities by the volume elementV, we can transform to con
tinuous densities and polarizations, e.g., the interband op
tor

Ŷi j→Ŷ~r1 ,r2!/V[Ŷcv, ~5!

where the superscriptsc and v denote the conduction an
valence bands, respectively. The expectation values of
diagonal elements ofĈ, D̂, and Ŷ are related to the usua
densities of electrons and holes, and the polarization, res
tively. Since we are interested in the absorption spectrum
the low-excitation limit, the densities will be neglected in th
following.

To apply the two-band model to ZnSe-based quantu
well structures, some refinements are necessary. The
important extension of the model is the inclusion of the Co
lomb interaction. Further, the quantum-well potential and
applied static electric fieldF are added. It is convenient t
introduce the relative coordinater5r22r1[re2rh and the
center-of-mass coordinateR5(mere1mhrh)/(me1mh).
The geometry of the quantum-well structure can be best
scribed by cylindrical coordinatesr5(r,z). The projections
of the relative coordinater and the electron and hole coo
dinatesre and rh onto the quantum-well plane are denot
by r, re , andrh , respectively. The respective normal coo
dinates arez, ze , andzh . Z is the projection of the center
of-mass coordinateR onto the normal. For a monochromat
electromagnetic wave of frequencyv and complex ampli-
tude Ev , the basic equation for the coherent electron-h
interband amplitudeYvc5^Ŷvc& is given by19

@2\~v1 iG!1\Veh~re ,rh!#Yvc~re ,rh ,v!5M vc~r !Ev~R!
~6!

with
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Veh5vg1V',e1V',h1V uu,e1V uu,h1VCoul, ~7a!

\V',e52
\2

2me

¹ze

2 1EC~ze!2eFze , ~7b!

\V',h52
\2

2mh,'

¹ze

2 1EV~zh!1eFzh , ~7c!

\V uu,e52
\2

2me

¹re

2 , ~7d!

\V uu,h52
\2

2mh,uu
¹rh

2 , ~7e!

\VCoul52
e2

4pe0e

1

A~ze2zh!21~re2rh!2
. ~7f!

Here G is a phenomenological linewidth accounting f
dephasing, mainly due to exciton-phonon interaction at ro
temperature, but also influenced by alloy fluctuations, in
face roughness etc., andM vc(r ) is the interband dipole den
sity. The electric fieldF is applied perpendicular to th
quantum-well plane, andEC(ze) and EV(zh) describe the
modulation of the conduction- and valence-band edges
to the confining potential. The effective electron and h
masses for in-plane and perpendicular motions are den
by me/h,uu and me/h,' , respectively, ande0 and e are the
absolute and relative permittivities.

The chosen procedure for the solution of Eq.~6! is to
expand the interband amplitudeYvc into solutions of the one-
dimensional perpendicular Schro¨dinger equations for the
electron and hole, which are given by

\V',ecn
e~ze!5En

ecn
e~ze!, ~8a!

\V',hcm
h ~zh!5Em

h cm
h ~zh!. ~8b!

The one-dimensional wave functionsce(ze) andch(zh) are
used as basis for the expansion according to

Yvc~re ,rh ,v!5Ev(
m,n

Ym,n
vc ~r,v!cn

e~ze!cm
h ~zh! ~9!

with the expansion coefficientsYm,n
vc (r,v). ~In the following

we will drop the argumentv for brevity.! Inserting the ex-
pansion into the interband equation~6!, multiplying by
cn8

e cm8
h and integrating over the normal directionsze andzh

yields a set of equations for the coefficientsYm,n
vc (r):

(
m,n

F S \~vg2v2 iG!1En8
e

1Em8
h

2
\2

2m
¹r

2D dn,n8dm,m8

1Vn,n8,m,m8~r!GYm,n
vc ~r!5Mn8,m8

vc
~r! ~10!

with the Coulomb matrix elements
m
r-

ue
e
ed

Vn,n8,m,m8~r!

52
e2

4pe0e
E E cn8

e
~ze!cm8

h
~zh!cn

e~ze!cm
h ~zh!

Ar21~ze2zh!2
dze dzh

~11!

and the reduced in-plane massm5me,uumh,uu /(me,uu1mh,uu).
Here the dipole matrix elements

Mn,m
vc ~r!5E E cn

e~ze!cm
h ~zh!M vc~r,uze2zhu! dz,dzh

~12a!

5E cn
e~Z!cm

h ~Z! dZ M0

d~r2r0!

2pr0

~12b!

have been calculated by means of the shell model22

M vc~r,z!5M0

d~r2r0!d~z!

2pr0

~13!

introducing the shell radiusr052A\/(2mvg). Finally the
resulting coefficientsYmn

vc (r), calculated for a finite shell ra
diusr0, are extrapolated to the limitr0→0 according to the
analytically known relation.19 This allows one to take into
account correctly the singularity of both the Coulomb pote
tial and dipole density forr50. From the complex-valued
interband amplitudeYvc(R,r ,v) the complex interband po
larization

P~R,v!52E M ~r !Yvc~R,r ,v! d3r ~14!

and the complex susceptibility

x~Z,v!5
P

e0Ev

5
2M0Yvc~Z,v!

e0Ev

~15!

can be calculated, where again the shell model has been
to reduce the integration. The susceptibility now depen
only on Z because of the symmetry of the quantum we
Finally, the absorption coefficient is obtained from the su
ceptibility in Eq. ~15! according to

a~Z,v!5
v

cnr

Im
2M0Yvc~Z,v!

e0Ev

, ~16!

wherec is the velocity of light andnr is the real refractive
index. Note that in Eq.~10! all Coulomb matrix elements ar
included.

As a consequence of the spatial inhomogeneity in the n
mal direction due to the electric field and the confinem
potential, the polarization, and thus the absorption coe
cient, emerge as functions of the center of mass coordin
Z. In the following,a(Z,v) is called the ‘‘local absorption
coefficient,’’ and can be understood phenomenologically
the variation of the absorption coefficient resulting from t
different materials of the heterostructure.
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10 712 PRB 58MERBACH, SCHÖLL, EBELING, MICHLER, AND GUTOWSKI
III. NUMERICAL RESULTS

A. Convergence

In this section we will solve Eq. ~6! for the
Zn0.7Cd0.3Se/ZnS0.06Se0.94 quantum-well structure schemat
cally shown in Fig. 1. The quantum well in those structu
is under biaxial compressive strain, which leads to a splitt
of the light- and heavy-hole bands by 86 meV. Hence, for

FIG. 1. Schematic sketch of a typical pin-waveguide struct
with a single quantum well. The optical waveguide is formed by
ZnMgSSe cladding and the ZnSxSe12x core. The quantum well is
the ZnyCd12ySe layer, embedded in the ZnSxSe12x barrier. The
band structure in thermodynamic equilibrium is schematically in
cated in the bottom half. The intrinsic electric field at the quant
well is due to the space charge of thepn junction.
s
g
e

calculation of the absorption coefficient in the vicinity of th
band gap, only heavy holes have to be taken into account
a consequence of the splitting, the heavy-hole dispersion
lation can be approximated to be parabolic, and an effec
mass can be defined. The diagonalization of the Luttin
Hamiltonian under strain was performed using stand
methods~see Appendix A!. The parameters used are listed
Table I.

The absorption coefficient is determined by means o
numerical solution of Eq.~10!. First, the Coulomb matrix
elements and the dipole matrix elements have to be ca
lated using the solutions of the one-dimensional electron
hole Schro¨dinger equations which have been obtained
Fourier space.23

The energy spectrum of the Schro¨dinger equation for a
quantum well in an electric field is continuous, with som
resonances due to the levels in the well. The continuum
be turned into a quasicontinuum by placing the who
quantum-well structure in a sufficiently wide confining p
tential well with high barriers~here the width has been cho
sen as 60 nm!.

For a numerical solution, expansion~9! must be truncated
appropriately, depending upon the quantum-well width a
the applied field. Figure 2 illustrates the wave functions
cluded in the conduction and valence bands for a field of
kV/cm and a width of 15 nm. Equation~10! is solved using
a standard discretization scheme in the spatial coordinatr.

In Fig. 3~a!, the spatially averaged absorption coefficie
for a 15-nm-wide quantum well is shown for photon energ
ranging from the heavy-hole band edge at about 2.43 eV
to the energy gap of the ZnSxSe12x barrier, which is at 2.72
eV. The various curves differ by the number of wave fun
tions N taken into account in each band. As expected,
additional excitonic resonance peak is found for each e
pair of wave functions included. In addition, it can be se
that the inclusion of a further pair of wave functions e
hances the resonance peak ofother resonances. This clearl
shows the importance of the Coulomb coupling between
ferent sublevels. Nevertheless, the convergence is extrem
fast. In the vicinity of the heavy-hole band edge, good co
vergence is already achieved withN56, i.e., a total of 12
wave functions. In order to demonstrate the converge

e
e

-

d from
and the
TABLE I. Material parameters used for the calculations. The Luttinger parameters are interpolate
the parameters given in Ref. 36 for the binary alloys. The elastic stiffness and deformation potentials
effective electron masses are interpolated from the parameters given in Refs. 37–39.

band gap of barrier material (ZnS0.06Se0.94) 2.72 eV
band gap of well material (Zn0.7Cd0.3Se) 2.40 eV
resulting conduction-band offset~without strain! 256 meV
resulting valence-band offset~without strain! 64 meV
effective electron massme of Zn0.7Cd0.3Se/ZnS0.06Se0.94 ~0.14/0.15!m0

Luttinger parametersg1 /g2 /g3 of Zn0.7Cd0.3Se 3.21/1.01/2.20
Luttinger parametersg1 /g2 /g3 of ZnS0.06Se0.94 3.15/0.735/1.97
elastic stiffnessC11/C12 7.78/4.88 N/m2

hydrostatic deformation potentiala 24.07 eV
shear deformation potentialb 21.08 eV
exciton-phonon linewidthG 10 meV
relative permittivitye 8.7
doping concentration~p-type/n-type! 231017 cm23
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FIG. 2. Calculated wave functions of~a! conduction band and~b! valence band of a 15-nm-wide quantum-well structure in an app
electric field of F580 kV/cm. The thick lines represent those wave functions which were included in the expansion of the int
amplitudeYvc.
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properties in Fig. 3 the absorption coefficient is shown
energies ranging from the quantum-well band gap to
band gap of the barrier material. Note that the light holes
be neglected for energies near the quantum-well band
but need to be included for higher energies. Further, the b
exciton in the ZnSxSe12xbarrier material starts to develop
the high-energy side, although more than 12 wave functi
would be necessary to fully resolve the peak.

FIG. 3. Calculated absorption coefficient as a function of pho
energy (F50, LQW515 nm!. ~a! Full model. ~b! Reduced model
where only diagonal Coulomb matrix elements are used. The c
vergence is demonstrated by comparing different curves co
sponding to a different number of wave functions in the conduct
bandN and in the valence bandN included in the expansion of th
interband amplitude.
r
e
n
p,
lk

s

We have compared the solution of the full model@Fig.
3~a!# with a reduced model where the Coulomb interacti
between different levels within the same quantum well
neglected~see Appendix B!. The resulting convergence o
the expansion is shown in Fig. 3~b!. Differences between
both diagrams must be attributed to the coupling betw
different levels of the same band. From Fig. 3~b! it can be
deduced that—in contrast to the full model—the inclusion
a further pair of levels does not alter the absorption spect
for photon energies below the resonance energyEg1En
1Em , whereEn and Em are the energies of the respectiv
levels. Hence it is evident that the simple model must
be used if the dielectric constant is small and excito
effects are important. However, the reduced model is su
cient for materials with weak excitonic effects, e.g
GaAs/AlxGa12xAs heterostuctures.24

B. Absorption coefficient

Here we consider an experimental setup where the ligh
transmitted vertically through the quantum-well structure.
the absorption coefficienta is constant along the propagatio
direction, the optical powerP(Z)5P0exp(2aZ) is exponen-
tially attenuated. Generalizing this to a spatially depend
absorption coefficienta(Z),

dP~Z!

dZ
52a~Z!P~Z!, ~17!

we obtain the solution

Pout5PinexpS 2E
2Lz/2

1Lz/2
a~z8!dz8D , ~18!

which relates the output powerPout5P(Z51Lz/2) to the
input power Pin5P(Z52Lz/2) for a symmetric sample
with surfaces atZ56Lz/2. The absorption coefficient, vary
ing on a nanometer scale, thus enters the expression fo
transmitted optical power in an integrated form. With t
definition of an absorption coefficient integrated over t
propagation direction and normalized by the widthLQW of
the quantum well according to

n

n-
e-
n
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FIG. 4. Calculated electric-field dependence of the absorption coefficientaQW for different widths of the ZnyCd12ySe quantum well:~a!
3 nm,~b! 5 nm,~c! 10 nm, and~d! 15 nm. Different curves correspond to different electric-field strengths increasing with the arrow in
of 40 kV/cm ~for numerical parameters, see Table I;G510 meV!.
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LQWE2Lz/2

1Lz/2
a~z8!dz8, ~19!

the output power is

Pout5Pine2aQWLQW
. ~20!

As the absorption coefficient cannot be spatially resolved
experiments, the calculated local absorption coefficienta(Z)
has to be related to the measured absorption coefficientaQW

according to Eq.~19!.
Now the numerical results of the absorption coefficie

aQW as defined by Eqs.~19! and~16! will be presented. We
have performed simulations for ZnyCd12ySe quantum wells
with a width of LQW53, 5, 10, and 15 nm and differen
applied electric fields. Starting from a nearly tw
dimensional situation, Fig. 4~a! shows the~averaged! absorp-
tion coefficientaQW for a well width of 3 nm for fields up to
360 kV/cm ~in steps of 40 kV/cm in the direction of th
arrow!. The field-dependent changes can obviously be att
uted to thequantum-confined Stark effect. With increasing
field the excitonic resonance shifts to lower photon energ
accompanied by a strong decrease in the peak value tog
with a field-induced broadening of the peak width. At abo
360 kV/cm the excitonic peak disappears, and the absorp
coefficient is reduced approximately to half of the peak va
at zero field. At energies below the zero-field absorpt
edge, the absorption coefficient increases approximately
factor of 3.

For the 5-nm quantum well, the simulation results a
depicted in Fig. 4~b!. Again, the quantum-confined Stark e
fect can clearly be identified by the peak shift as well as
the decrease of the peak value. On the high-energy shou
an additional peak arises with increasing electric field. Wh
n

t

-

s
her
t
on
e
n
a

e

y
er,
e

the absorption peak at zero-field is due to the hole gro
state to electron ground-state transition, this new peak
caused by transitions from the second level of the hole to
ground state of the electron. This additional transition is f
bidden at zero field because of parity reasons. With incre
ing electric field, the wave functions become distorted, a
hence the overlap of the wave functions involved in the f
bidden transitions does not vanish any more. Note that w
increasing field the transition of the second electron leve
the first hole level also becomes an allowed transition,
lies at slightly higher energies because of the effective m
ratio as well as the different band discontinuities.

Besides the appearance of the new peak, a compariso
the results for the 3- and 5-nm quantum well shows that
electric-field-induced broadening of the resonance pea
more pronounced for the wider well. This is fully in acco
dance with the interpretation of the quantum-confined St
effect: the barriers of the quantum well prevent the distort
~dissociation! of the exciton due to the electric field, which
more effective for a narrow well.

Now looking at the results for the 10-nm quantum we
plotted in Fig. 4~c!, the zero-field curve shows a second pe
at the high-energy side which is due to allowed transitio
from the second hole level to the second electron level. W
increasing electric field, both resonance peaks rapidly
come broadened, although a very small shoulder shifting
lower energies can be seen. Again, other~forbidden! transi-
tions emerge with increasing field. Moreover, at 10 nm
intersubband spacing is reduced in comparison with sma
wells. Therefore, the number of transitions involved in t
absorption process is increased. Further, the different pe
can no longer be attributed to specific transitions, due to
Coulomb coupling of the different sublevels. However, t
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spectrum exhibits resonances if the photon energy mat
the energy separation of a particular electron-hole suble
pair. From the dependence of the absorption coefficient
the electric-field strength, it can be deduced that the w
width of 10 nm corresponds to the transition from a tw
dimensional to a three-dimensional behavior of the abso
tion coefficient: The spectra show excitonic peaks~even at
120 kV/cm a small resonance peak can be found, at leas
a linewidth ofG510 meV which is used throughout!; how-
ever, a pronounced redshift cannot be found due to a ra
field-induced dissociation of the exciton, which results in
strong broadening of the resonances with increasing ele
field.

For a quantum-well width of 15 nm, the results shown
Fig. 4~d! indicate that bulklike behavior with respect to th
dimensionality of the exciton is found. The excitonic peak
zero field vanishes before any peak shift can be seen. At
kV/cm, the spectrum is monotonic. However, with respec
the density of states, the bulk limit is not reached, and he
the absorption spectra for the 15-nm quantum well can
associated with thequantum-confined Franz-Keldysh regim.
The investigation of a wider well, e.g., of 20-nm widt
would correspond to the transition from a two- to a thre
dimensional center-of-mass motion. This, however, can
be seen in absorption spectra, since momentum conserv
requires a vanishing center-of-mass motion. Thus the res
for a 20-nm well do not provide any further informatio
Moreover, due to the slower convergence of the series
pansion of the interband amplitude, the computational ef
will increase tremendously.

In summary, for all well widths investigated here, a stro
electric-field-induced decrease in the absorption coeffic
at the excitonic resonance and a substantial increase b
the excitonic resonance was found. The electric-fi
strength necessary to broaden the resonance significan
much higher for narrower wells. However, it should
pointed out that an important parameter which has a sig
cant impact on the result is the linewidthG originating from
the exciton-phonon coupling which, in turn, strongly d
pends on the well width. A microscopic analysis of the w
width dependence of the linewidth25–27 is outside the scope
of this paper. The measured exciton–LO-phonon coup
parameters28 lead to the conclusion that the linewidth is
the order ofG'10 meV for a 3-nm quantum well at room
temperature, and of the order ofG'20 meV for a 10-nm
quantum well at room temperature. Generally, two effe
compete in the well width dependence of the absorption
efficient: the electric-field dependence originating from t
dimensionality of the Coulomb interaction, as discuss
above, and the well width dependence of the exciton-pho
interaction manifested in the linewidth. In order to clea
separate these two effects and to give prominence to
‘‘dimensionality- induced’’ transition, the linewidth has bee
set to a constant value ofG510 meV in all our calculations
While this value is expected to be a good estimate for nar
wells, it slightly underestimates the exciton-phonon inter
tion for wide wells. However, this choice enables the iden
fication of the Stark shift which would be smoothed out o
erwise in our simulations. Due to this assumption, for
well widths a pronounced absorptive electro-optical effec
found.
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C. Spatially resolved absorption spectra

Our quantum-mechanical theory in fact provides ev
more detailed information than has been used in Sec. II
where the integrated absorption coefficient was presented
this section, the spatially resolved orlocal absorption coef-
ficient a(Z,v) @Eq. ~16!#, which depends upon the norma
component of the center-of-mass coordinateZ, will be dis-
cussed.

At this point, it should be noted that the local absorpti
coefficient emerges from a quantum-mechanical treatmen
the polarization. Thus the local absorption coefficient is
microscopic quantity. This is emphasized by the expans
of the polarization using the solutions of the one-dimensio
Schrödinger equation as the basis in Eq.~9!. Here the local
absorption coefficienta(Z,v) can be used to identify and
visualize the origin of the various peaks in the integra
absorption coefficientaQW.

In the following, the local absorption coefficienta(Z,v)
is visualized as a density plot, where bright colors refer
large values. As a guide to the eye, equidistant contour li
are additionally supplied. In Fig. 5,a(Z,v) is plotted for a
quantum well of 5-nm width. At zero field, the exciton
resonance is clearly visible. With an electric field, the fi
forbidden transition becomes weakly allowed~40 kV/cm!.
This is the small peak which also appears in Fig. 4~b!. With
increasing electric field, the peak of the fundamental re
nance decreases due to reduced overlap of the wave f
tions, and the forbidden transition becomes more visible
eventually dominates the allowed peak~200 kV/cm!. Finally,
at 240 kV/cm, the peak structure is almost completely lo
and the absorption coefficient increases monotonically w
the photon energy.

At zero field, the local absorption coefficient is symmet
with respect to the center of the quantum well. Owing to t
different effective masses of electrons and holes as wel

FIG. 5. Density plot of the local absorption coefficienta(Z,v)
for a 5-nm quantum well for different electric fields. The ener
(E5\v) and space (Z) scales and the direction of the electric fie
F ~arrow! are shown on the bottom right scheme. Additional
contour lines are given as a guide to the eye.
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due to the different depths of the conduction- and valen
band quantum wells, the symmetry is lost with increas
applied electric field. In the subfigures above 120 kV/c
this is clearly visible. For photon energies in the vicinity
the fundamental resonance, the~first! peak of the spatially
resolved absorption coefficient is shifted in the direction
the electric field. For higher photon energies, the~second!
peak of the local absorption coefficient is shifted against
direction of the electric field. Since the effective mass of
heavy holes is significantly larger than the effective mass
the electrons, and since the conduction-band quantum we
significantly deeper than the valence-band well, this can
interpreted in terms of a distorted hole wave function: T
hole ground-state wave function is pushed into the direc
of the electric field, whereas the first excited wave function
distorted in the opposite direction.

In the case of the 10-nm quantum well, for which t
results are given in Fig. 6, the zero-field subfigure shows
emergence of the second allowed transition at the h
energy side of the spectrum. Here again the properties o
underlying wave functions are recovered: The first allow
transition, which is related to the pair of the first~i.e., ground
state! quantum-well wave functions, yields a single peak
the local absorption coefficient. The second allowed tran
tion is related to the pair of the second~i.e., first excited!
wave functions of the conduction- and valence-band qu
tum wells, respectively. Due to the uneven parity of the fi
excited wave functions, the local absorption coefficient sp
into two spatially~in the Z direction! separated peaks. Wit

FIG. 6. Same as Fig. 5 for a 10-nm quantum well.
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increasing applied electric field, the forbidden transitio
arise between the resonances of the allowed transitions,
subsequently merge with those with concomitant asymm
tries in theZ direction.

IV. COMPARISON WITH EXPERIMENTS

The theoretical results presented in Sec. III will now
compared with measurements of ZnSe-based heteros
tures. The samples are similar to the schematic struc
sketched in Fig. 1; however, the ZnMgSSe waveguide cl
ding layers are missing since the structures were not inten
for waveguide transmission experiments. This does not
strict the validity of a comparison of experimental and the
retical results. We have used photocurrent spectroscop
obtain absorption spectra of thesep-i-n diodes with different
quantum wells embedded in the intrinsic region of the dio
The structures were illuminated with monochromatic lig
obtained from a low-noise Xe lamp in conjunction with
monochromator. Since the quantum well is included in
intrinsic region (zi<360 nm!, even without applied externa
voltage the electric field is of the order of 100–200 kV/cm
This field strength leads to an effective carrier separation
a quantum efficiency close to 1.29 By applying an external
bias voltage to the samples, we are able to increase or
crease the field strength in the quantum-well region. T
absorption coefficienta can be calculated from the photo
currentJ by the relation

J52e~12R!
P

\v
aLQW, ~21!

whereP is the excitation power, andR is the reflectivity of
the surface. This equation is only valid if the electric field
effectively separating the carriers, which prevents the us
this method for low electric fields.

The samples were grown by molecular beam epitaxy
the University of Bremen onn-doped GaAs substrates wit
GaAs buffer layers to improve the crystalline quality of th
overall structure. All II-VI layers, with the exception of th
quantum well, were made of ZnSxSe12x (x;0.06) and lat-
tice matched to GaAs at room temperature. This composi
was chosen to reduce the creation of lattice defects du
relaxation of the II-VI layers, which would lead to an in
creased dark current during the photocurrent measurem
The doping of thep and n layers is approximately 2
31017cm3, with the p layer on top of the whole structure
Gold was used to generate the contacts on top of
samples. This material leads to non-Ohmic contacts, and
vents a direct correlation between the applied voltage and
internal electric field. The quantum wells were placed in t
middle of the intrinsic layer and are composed
ZnyCd12ySe with a Cd content between 20% and 25%. T
amount of Cd allows the growth of layers with a maximu
thickness of 20 nm without the formation of misfit disloc
tions. These defects would lead to increased nonradia
recombination of the photocarriers, and prevent a direct c
relation of the current with the absorption coefficient.
should be noted that the cadmium content in the theoret
calculations was chosen to be 30%, which represents
upper limit for Cd in electro-optic devices and leads
higher confinement and higher strain effects within the qu
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tum well. However, the weaker confinement in the expe
mental structures causes a smaller level spacing within
quantum well, and enhances the influence of the Coulo
coupling effects. The overall comparability of the expe
ment and theory is well given in spite of the small deviatio
of the Cd content. In Fig. 7~a!, the measured absorption co
efficient is plotted for a 5-nm multiple quantum well with
Cd content of 20%, which is embedded in an intrinsic lay
of 360-nm thickness. Curves are shown for different volta
in the range fromU510.5 V to U524 V. For the low-
field case, the quantum-well absorption exhibits a pe
which is fully broadened with increasing reverse bias. A
though no pronounced shift of the peak energy can be
tected, the behavior can be classified as belonging to
quantum-confined Stark effect regime, since the excito
resonance is preserved up to high fields (U50 must be at-
tributed to the high-field regime due to the large built-
voltage resulting from the doping!. For comparison, in Fig.
7~b!, the results of the simulation using a linewidth ofG
510 meV, corresponding to Fig. 4~b!, are shown. Here the
field strengthF is converted into a device voltageU using
the simple relationF5(Ubi2U)/zi with the built-in voltage
Ubi52.57 V and the width of the intrinsic layerzi5360 nm.
Further, Fig. 7~c! shows the same calculations but withG
520 meV. Comparing the experimental peak width with t
simulations one can estimate the linewidth to be of the or
of G'20 meV ~at room temperature!. Good overall agree-
ment of experiment and theory is found.

Figure 8 shows the measured absorption coefficient fo
single quantum well with a width of 10 nm. The cadmiu
content was 25%, and the thickness of the intrinsic layer w
200 nm. For the applied voltage range, corresponding to
tremely high fields up to 250 kV/cm, no excitonic resonanc

FIG. 7. ~a! Measured absorption coefficient for a multiple qua
tum well ~four periods ofLQW55 nm! for different applied voltages
decreased fromU510.5 to U524.0 V in steps of 0.5 V. For
comparison, the results of the simulations are given for~b! G510
meV and~c! G520 meV.
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are found, and the spectrum shows the characteristic feat
related with the Franz-Keldysh effect, i.e., a decrease of
absorption close to the band edge and an increase for lo
photon energies. This can also be observed in a single q
tum well with a thickness of 20 nm. Nevertheless, the Co
lomb interaction is still important, and leads to a very ste
absorption edge in spite of the high built-in electric field
the intrinsic layer of the order of 120 kV/cm at zero bi
voltage. A direct comparison with the theoretical results
more difficult here, since our model was specifically d
signed for the transition regime and the computational ef
to reach comparably high fields for wide quantum we
would be tremendous. The theoretical results indicate
the Franz-Keldysh regime is reached at moderate fi
strength, which is in full accordance with the experiment

V. CONCLUSIONS

The main objective of this paper is to discuss the elec
field dependence of electroabsorptive effects
ZnyCd12ySe/ZnSxSe12x quantum-well structures of differen
well widths. Because of much stronger Coulomb effects,
scenario of the transition from two-dimensional to bulk b
havior in wide-gap materials is entirely different from that
GaAs/AlxGa12xAs structures, where it reflects the depe
dence of the density of states upon the quantum-well wid
Strong Coulomb interaction results in a significant excit
binding energy and, thus, in a small exciton Bohr radi
Hence strong modifications of the electric-field depende
of the absorption spectra can be expected if the well widt
larger than the diameter of the exciton. Already at w
widths where the density of states in the quantum well is
from being bulklike, a transition occurs. It can be related t
change in the dimensionality of the quantum-well exciton:
well width smaller than the~bulk! exciton diameter results in
a two-dimensional exciton, i.e., the relative motion of t
electron-hole pair is confined to the well plane. If the w
width approximately matches the~bulk! exciton diameter,
the relative motion is essentially three dimensional, wher
the center-of-mass motion is still restricted to the plane
the quantum well. Thus the important quantity for the d
tinction of the different regimes is the bulk exciton Bo
radius.

With respect to the electric-field dependence of the

FIG. 8. Measured absorption coefficient for a 10-nm~single!
quantum well for voltagesU50 to U524 V.
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sorption coefficient, it has been found that thequantum-
confined Stark effectoccurs for very narrow wells. For well
of the order of the above-defined transition regime, the sp
tra show a~conventional, not quantum-confined! excitonic
Stark effect, i.e., an exciton peak at zero field which rapi
disappears if an electric field is applied. This effect is due
the field-induced polarization and subsequent dissociatio
the exciton~since the electric field distorts the electron a
hole wave functions in opposite directions!, while the shift of
the excitonic peak~Stark shift! is rather insignificant. In
other words, the main effect of the electric field is that
reduces the lifetime of the exciton~with respect to dissocia
tion, not recombination!, leading to a broadening of the ex
citonic peak in absorption. This broadening exceeds the
ergy shift induced by the electric field. A bulklike situatio
~Franz-Keldysh effect! is recovered at much larger we
widths. In view of applications for room-temperature ope
tion, the well width should be chosen such that it results i
minimum exciton-phonon coupling in order to minimize th
temperature-induced broadening of the excitonic peak.
general trend is that the coupling parameter increases
the well width; thus narrow wells are favorable.

Finally, our theoretical treatment, which is based on
density-matrix formalism in real space and fully accounts
the Coulomb interaction, allows for a simulation of the sp
tially resolved, local absorption coefficient. It has been u
for a detailed explanation of the origin of the various pea
found in the integrated absorption coefficient. The integra
absorption coefficient, which is the quantity observed exp
mentally, can thereby be related to quantum-mechanical
tures. Good agreement between theory and experiment
been found. Since the difference between conventional m
els and the advanced model developed here are physi
caused by the strong Coulomb coupling typical for wide-g
materials with a small dielectric constant, we suggest t
our advanced model applies not only
ZnyCd12ySe/ZnSxSe12x structures, but to a much large
class of wide-gap materials. It offers the convenient possi
ity to treat a wide range of well widths up to very hig
electric fields.

The physical interest in these structures is strongly m
vated by their potential application as modulators a
switches in integrated optoelectronics in the blue-gre
range. Indeed, the pronounced field dependence of the
sorption coefficient found in this work may be used in se
electro-optic effect devices. The occurrence of electro-o
bistability can be demonstrated based on the obtained e
troabsorption spectra.30,31 These phenomena will be elabo
rated in further studies.
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APPENDIX A: LUTTINGER HAMILTONIAN FOR HOLES
IN STRAINED QUANTUM WELLS

The valence band in zinc-blende semiconductors
formed by three states with an orbital angular moment
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L51 with mL50,61. Because of the spin-orbit coupling
this results in six eigenstates ofJ5L1s. The states withJ
5 1

2 and mJ56 1
2 form the split-off band (G7 symmetry!,

while the states withJ5 3
2 build the highest-lying valence

band havingG8 symmetry. In bulk semiconductors, th
heavy and light holes are degenerate atk50. The reduction
of symmetry in quantum wells leads to a splitting such th
the heavy-hole energy band lies above the light-hole ban

If the materials forming the quantum well and barrie
have different lattice constants, the quantum well becom
biaxially strained. As a result, the in-plane valence-band d
persion is modified.32,33 The hydrostaticcomponentdEhy of
the strain only shifts the bands energetically, i.e., it modifi
the band gap of the strained quantum well. It is assume33

that the shift due to the hydrostatic component of the str
applies with a ratio of23 : 1

3 to the conduction and valenc
bands, respectively. TheshearcomponentdEsh also modi-
fies the total band gap, but only affects the hole subbands
particular, the effect of the shear contribution is a~further!
splitting of the light- and heavy-hole bands. With the incl
sion of strain, the Luttinger Hamiltonian becomes the Pik
Bir Hamiltonian, which may be unitarily transformed into
block diagonal form34

H s5S P6Q6dEhy/2 uRu2 i uSu

uRu1 i uSu P7Q7dEhy/2
D , s5U,L,

~A1!

where s labels the upper~U! and lower~L! blocks of the
Hamiltonian corresponding to the in-plane dispersion re
tion for the heavy and light holes, respectively, and

P5
\2

2m0

g1~kx
21ky

21kz
2!1V~z!, ~A2a!

Q5
\2

2m0

g2~kx
21ky

222kz
2!, ~A2b!

S5A3
\2

m0

g3kz~kx2 iky!, ~A2c!

R52
\2

m0
S A3

4
~g21g3!~kx2 iky!2

2
A3

4
~g32g2!~kx1 iky!2D , ~A2d!

whereV(z) is the quantum well potential.
For the ZnyCd12ySe/ZnSxSe12x structures investigated

here, the total band-gap discontinuity of th
ZnyCd12ySe/ZnSxSe12x structure is 320 meV~cf. Table I!.
Assuming a ratio of 80:20 for the contribution to the condu
tion and valence bands, the conduction-band offset is
meV and the valence-band offset is 64 meV. The differ
lattice constants for the well and barrier materials lead t
biaxial compression of the well, resulting in strain-induc
changes of the band gap. The hydrostatic component of
strain is evaluated asdEhy5281 meV, which gives a
conduction-band offset of 202 meV and a valence-band



ile

to
ed
s
e

sio

ol
th
th

lec-
l
ell

ted.

s
ous

th

is
for
,
of

es-

PRB 58 10 719ELECTRIC-FIELD-DEPENDENT ABSORPTION OF . . .
set of 37 meV. The shear component of the strain isdEsh
5286 meV, splitting the heavy- and light-hole bands. Wh
the heavy-hole band offset is increased by2dEsh/2 to a
value of 80 meV, the light-hole offset is decreased
26 meV. This means that the light holes are anticonfin
i.e., the ZnyCd12ySe layer forms a barrier for light hole
~cf. similar type-II quantum-well structures in th
ZnyCd12ySe/ZnSe system35!.

We have calculated the in-plane valence-band disper
relation from the Hamiltonian equation~A1! for different
quantum-well widths. Our results show that the heavy-h
valence band is parabolic to a good approximation, and
the resulting effective mass decreases monotonically with
width.31

APPENDIX B: COMPARISON WITH A REDUCED
MODEL

A reduced model can be obtained from Eq.~10! by re-
placing the Coulomb matrix elements in Eq.~11! with

Vn,m
r ~r!5Vn,n8,m,m8~r!dn,n8dm,m8 ~B1a!

52
e2

4pe0e
E E ucn

e~ze!u2ucm
h ~zh!u2

Ar21~ze2zh!2
dzedzh .

~B1b!
ys

M

.

uc

T

-

B

ro
,

n

e
at
e

In the reduced model, the Coulomb potential couples e
trons attributed to subleveln with holes attributed to subleve
m, but the coupling between various electron levels as w
as the coupling between various hole levels is neglec
Hence Eqs.~10! become decoupled,

S \~vg
nm2v2 iG!2

\2

2m
¹r

21Vn,m
r ~r!D Ynm

red~r!5Mnm~r!,

~B2!

with \vg
nm5\vg1En

e1Em
h , and can be solved by a serie

expansion into solutions of the corresponding homogene
eigenvalue problem

S 2
\2

2m
¹r

21Vnm
r D Ynm

red,i5Enm
i Ynm

red,i . ~B3!

This eigenvalue problem is the standard Schro¨dinger equa-
tion of an exciton formed by an electron and a hole, bo
described by particular wave functionsce(ze) and ch(zh),
respectively. This independent subband approximation
equivalent to the simpler models generally used, e.g.,
GaAs/AlxGa12xAs structures.24 In ZnSe-based structures
however, due to the strong Coulomb interaction, coupling
different levels within the same quantum well becomes
sential~cf. Fig. 3!.
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