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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 46d, _,Se/Zn$Se _, 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.[S0163-182008)01840-2

I. INTRODUCTION like GaAs. For ZnSe-based structures, which are character-
ized by strong excitonic features, the transition from two-
Starting with the first demonstration of blue-green laserdimensional to bulk material is of a very different nature.
diodes! many recent investigations related to ZnSe-based'hus the concept of the QCFKE is not appropriate for a
optoelectronics have focused on the development and imjescription of the intermediate regime.
provement of laser diodes. In addition, passive devices like |n the zero-field case, the excitonic absorption in bulk
electro-optical modulatofsand bistable switches are needed. materials can be described using the Elliott formi@leyhich
Those devices can be based on the change of the absorptiggs also been adopted to the two-dimensional Coulomb
coefficient as a function of an applied voltab&or bulk  proplem!® The excitonic absorption peak is strongly en-
material, this is due to the Franz-Keldysh effe€(FKE). In  panced in the case of two-dimensional structures and the

the case of quasi-two-dimensional semiconductor structureg, .iron binding energy amounts to four times the bulk value.

e, quantum wells, the corresponding phenomenon is thﬁor the intermediate regime, approaches based on noninteger
quantum-confined Stark efféctQCSB. Although both ef- sgatial dimensionalit’;f"95 as, Wpe‘I)I as noninteger quantumg

fects have been extensively studied in GaAs-based structuré 6. 1y 2
(see, e.g., Ref.)8 much less work has been done usingnumberé which interpolate between both limits have been

ZnSe-based alloys™® proposed. However, for the purpose of describing electro-

Models developed for the theoretical description of suchOptical modulators, these concepts cannot be applied since

electro-optical modulators essentially focus upon the fieldheY do notinclude the influence of the electric field.
dependent absorption coefficient according to the FKE or the 1he objective of this paper is to develop a theoretical
QCSE, respectively. Since the width of the quantum well carPProach for the field-dependent excitonic absorption coeffi-
be continuously increased from a narrow two-dimensionafient in ZnSe-based structures, and compare it with experi-
layer of a few nm to a bulklike layer of the order of 100 nm mental results. In the center of interest is the investigation of
or more, the QCSE is expected to turn into the FKE withthe transition from two-dimensional to bulk behavior. In par-
increasing well width. An understanding of this transition isticular, the theoretical approach is aimed at covering the full
essential for a theoretical description and practical design dfansition regime of quantum-well widths, and coping with
heterostructure devices with layers whose thickness is in theery high electric fields as appear in the centep-gin junc-
intermediate regime. tions. By comparing this model with simpler approaches
This transition has previously been investigated in thewhich neglect the Coulomb interaction, using material pa-
GaAs-based material system by completely neglecting theameters for ZnCdSe/ZnSSe structures, the need for the full
Coulomb interactiort! The authors coined the term “quan- model will be demonstrated.
tum confined Franz-Keldysh effect{QCFKE) for the The organization of the paper is as follows. In Sec. Il, the
electric-field dependence of the absorption coefficient of nartheoretical model is derived. In Sec. Ill, the results of nu-
row quantum wells. Subsequently, they showed that thenerical simulations are presented, and the transition from
QCFKE turns into the conventional FKE if the quantum well two-dimensional to bulk behavior, parametrized by the well
width is increased? width and the electric-field strength, is discussed. In Sec. IV,
The neglect of the Coulomb interaction for the discussionthe simulations are compared with measurements. Finally,
of the transition is an acceptable simplification for materialssome conclusions are drawn in Sec. V.

0163-1829/98/5@.6)/1070912)/$15.00 PRB 58 10 709 © 1998 The American Physical Society



10710 MERBACH, SCHQ.L, EBELING, MICHLER, AND GUTOWSKI PRB 58

Il. THEORY where

The first approach to the theoretical treatment of the R L
guantum-confined Stark effect in Ill-V semiconductors was Ha=3 ﬁwgz (chcj—djd;') (2
limited to the calculation of the spectral shift of the excitonic !
peak/"'” which was found to be quadratic in the field js the free HamiltonianE,=%w, is the band gap,
strength. It was based upon a solution of the one-dimensional ’ g
Schralinger equatior(in the growth directiohand a varia-
tional solution of the exciton problem in the plane of the
guantum well. The electric-field-dependent absorption spec-
trum in the regime of the QCSE may then be modeled by &ontains the interaction with an electromagnetic wae
Gaussian line-shape function centered at the calculated pea#thin the dipole approximatiofdipole matrix elemeni ),
energy. The related oscillator strength depends upon thand
overlap of the corresponding electron and hole wave func-
tions, and upon the exciton wave function. roo_ o v AtA

In the case of more than one discrete level in the Ttw % Tikei ot Tidide @
conduction- and valence-band quantum well, this procedure ) L o L
is applied to all pairs of levels. Such an approach has beefi€Scribes the coupling in tight-binding approximationa-
successfully used for the modeling of self-electro-optic-trix elementsTf and T). Herec/ (c;) andd] (d;) denote
effect devices (SEED$ based on GaAs/AGa_,As the creation(annihilation operators for an electron and a
multiple-quantum well structuré€.However, this decompo- hole, respectively, at sitp
sition of the total absorption coefficient into distinct  Using Heisenberg’s equations of motion a set of equations
contributions of pairs of levels, each correlated with anfor the expectation values of the bilocal operato?ﬁ

exciton, requires that the Coulomb interaction is only a=gc;, C;=clc;, andD;=d]d; can be derived. Bilocal

small perturbation of the confinement potential forming gynamic variables are needed, since electrons and holes can
the quantum well. This condition is well satisfied in ove independently. Changing the position indicasdj to

the case of GaAs/AGa ,As heterostructures but is continuous coordinates andr.,, and normalizing all quan-
violated for ZnSe-based structures, due to the much stronggfies by the volume elemer2, we can transform to con-

Coulomb interaction and larger exciton binding energy.inyous densities and polarizations, e.g., the interband opera-
Typical exciton binding energies are of the order ofy,,
6-9 meV in GaAs/AlGa_,As and 30-40 meV in
Zn,Cd; ,SelZn3Sg quantum we_lls, respe_ctively. ?ijﬁ?(fl,rz)/ﬂf?cv. (5)

As a result, the coupling of the different discrete levels as
well as their coupling with bulk continuum states above thewhere the superscripts and v denote the conduction and
guantum well barrier by means of the Coulomb interactionvalence bands, respectively. The expectation values of the
turns out to be essential. The theoretical approach which ngagona| elements @A, f), and? are related to the usual
develop below takes this coupling into account. As an approdensities of electrons and holes, and the polarization, respec-
priate formalism we have adopted the density-matrix theoryively. Since we are interested in the absorption spectrum in
in a real-space representatithThis approach has been the low-excitation limit, the densities will be neglected in the
used, e.g., for a description of nonlinear optical respéfise, following.
in particular for the nonresonant optical Stark effédtor a To apply the two-band model to ZnSe-based quantum-
description of field-dependent absorption in the low-densityell structures, some refinements are necessary. The most
limit, the real-space concept is preferable to the Fourierimportant extension of the model is the inclusion of the Cou-
space formalism because spatially dependent quantities natismb interaction. Further, the quantum-well potential and the
rally arise. This approach readily provides the possibility toapplied static electric fieléF are added. It is convenient to
discuss the transition from two- to three-dimensional behavintroduce the relative coordinate=r,—r;=r.—r, and the
ior of the absorption coefficient if the quantum-well width is center-of-mass coordinateR= (Mgf ¢+ Myrp,)/(Me+m;).
increased. The geometry of the quantum-well structure can be best de-

First, the equation for the microscopic polarization in- scribed by cylindrical coordinates=(p,z). The projections
duced by the exciting electromagnetic wave will be set up. Irbf the relative coordinate and the electron and hole coor-
order to solve this equation, we perform a series expansioginatesr, andr, onto the quantum-well plane are denoted
of the polarization on the basis of the eigenfunctions of theyy 5 5. andp,,, respectively. The respective normal coor-
one-dimensional Schdinger equation for the quantum-well ginates are, z,, andz,. Z is the projection of the center-
potential. The fast convergence of the expansion allows f0pf.mass coordinat® onto the normal. For a monochromatic
an appropriate truncation which is necessary for the ”Umerielectromagnetic wave of frequeney and complex ampli-
cal solution. Finally, the absorption coefficient is related toy,qe E,, the basic equation for the coherent electron-hole
the imaginary part of the polarization. . . 0C SN e 9

In thg seC{)rF:d quantize%l form the two-band Hamiltonianmterband amplituder®=(Y") is given by
of the system is given by [“A(0+IT)+AQen(ra,rn) 1Y (re, 1 ,w)=M”C(r)Ew(EQ))

6

ﬂEM=—; Mo(d;c;+c/d])E; ()

7:{:7,:(/\"' ’ﬁlEM+7:[M (1) with
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Qen=wy+ Qe+ 0N+ llet gllhy qCoul (74
n?
Q= — 2—Vze+ Ec(z.) —eFz, (7b)
e
2
AQEN=— VZ +Ey(zy)+eFz, (79)
2my,  °
m“~8=—h—2v2 (7d)
2m, ¢
hZ
hQlln= — e (79
2mh'H
e’ 1
hQCOU= — (7f)

dmege \/(Ze_ Zh)2+ (pe— Ph)2 .

HereT is a phenomenological linewidth accounting for
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Vn,n’,m,m’(P)
e? e () W (20) YE(2e) Wi 20)
e [ it
dmege P>+ (Ze—12zp)?
(11

and the reduced in-plane mags=me My, || /(Mg +my ).
Here the dipole matrix elements

M (p)= f f YE(Ze) W (20IMP(p,| 26— 2]) d2 dZ,
(129

6 _
- f YA(2)¥hN(Z) dZ Mo%

TPo

(12b

have been calculated by means of the shell nfédel

S(p—po)(2)

M*“(p,2)=M,
2mpo

(13

dephasing, mainly due to exciton-phonon interaction at room

temperature, but also influenced by alloy fluctuations, interintroducing the shell radiupo=2V%/(2nwg). Finally the
face roughness etc., aM"“(r) is the interband dipole den- resulting coefficienty 2 (p), calculated for a finite shell ra-
sity. The electric fieldF is applied perpendicular to the diusp,, are extrapolated to the limjit,— 0 according to the

guantum-well plane, an&c(z,) and E\(z,) describe the

analytically known relatiort? This allows one to take into

modulation of the conduction- and valence-band edges dugccount correctly the singularity of both the Coulomb poten-
to the confining potential. The effective electron and holetial and dipole density for=0. From the complex-valued
masses for in-plane and perpendicular motions are denotefterband amplitudé&/*¢(R,r,») the complex interband po-

by Mg and mgy, , , respectively, ande, and € are the
absolute and relative permittivities.
The chosen procedure for the solution of Ef) is to

expand the interband amplitu®&® into solutions of the one-
dimensional perpendicular Sclidinger equations for the

electron and hole, which are given by

mO Y (ze) = ERyi(Ze), (8a)

ROy (2,) =ENuh(zp).

The one-dimensional wave functiogé(z,) and y"(z,,) are
used as basis for the expansion according to

(8b)

YOo(re,rp ,w>=Emen Yo (p,@) ez ¥in(zn)  (9)

with the expansion coefficien¥,,(p, ). (In the following

we will drop the argumeni for brevity) Inserting the ex-

pansion into the interband equatidi®), multiplying by
e ,h . . . .

¥, and integrating over the normal directionsandz,

yields a set of equations for the coefficiemﬁn(p):

hZ
fi(wg—w—il)+ES, +EN, — 2—V§ S S
M

>

m,n

+Vn,n’,m,m’(P) er)yfn(P):Mz?vmr(P) (10

with the Coulomb matrix elements

larization
P(R,w):zf M(r)Y'S(R,r,w) d3r (14
and the complex susceptibility
P 2MoY'Y(Z,w)
X(Z,0)= = (15

€0y EOEw

can be calculated, where again the shell model has been used
to reduce the integration. The susceptibility now depends
only on Z because of the symmetry of the quantum well.
Finally, the absorption coefficient is obtained from the sus-
ceptibility in Eq. (15) according to

® 2MY'(Z, w)
a(Z,w)=—IM———, (16)

nr GOEw
wherec is the velocity of light andh, is the real refractive
index. Note that in Eq(10) all Coulomb matrix elements are
included.

As a consequence of the spatial inhomogeneity in the nor-
mal direction due to the electric field and the confinement
potential, the polarization, and thus the absorption coeffi-
cient, emerge as functions of the center of mass coordinate
Z. In the following, a(Z,®) is called the “local absorption
coefficient,” and can be understood phenomenologically as
the variation of the absorption coefficient resulting from the
different materials of the heterostructure.
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. optical waveguide mode calculation of the absorption coefficient in the vicinity of the
gl N band gap, only heavy holes have to be taken into account. As
e a consequence of the splitting, the heavy-hole dispersion re-
refractive index lation can be approximated to be parabolic, and an effective
mass can be defined. The diagonalization of the Luttinger
Az AN Hamiltonian under strain was performed using standard
methodgsee Appendix A The parameters used are listed in
Table 1.

The absorption coefficient is determined by means of a
numerical solution of Eq(10). First, the Coulomb matrix
elements and the dipole matrix elements have to be calcu-
ptype Infinglc n-ype lated using the solutions of the one-dimensional electron and

hole Schrdinger equations which have been obtained in

Fourier spacé’
electron The energy spectrum of the Schinger equation for a
J\evefunstion qguantum well in an electric field is continuous, with some
resonances due to the levels in the well. The continuum can
be turned into a quasicontinuum by placing the whole
quantum-well structure in a sufficiently wide confining po-
chemical potential tential well with high barrierghere the width has been cho-
sen as 60 nm

For a numerical solution, expansi¢® must be truncated
appropriately, depending upon the quantum-well width and
the applied field. Figure 2 illustrates the wave functions in-
cluded in the conduction and valence bands for a field of 80
kV/cm and a width of 15 nm. Equatiofi0) is solved using

FIG. 1. Schematic sketch of a typical pin-waveguide structurea standard discretization scheme in the spatial coordinate
with a single quantum well. The optical waveguide is formed by the In Fig. 3(@), the spatially averaged absorption coefficient
ZnMgSSe cladding and the ZgSg _, core. The quantum well is  for a 15-nm-wide quantum well is shown for photon energies
the ZnCd,_,Se layer, embedded in the Zi&& , barrier. The ranging from the heavy-hole band edge at about 2.43 eV up
band structure in thermodynamic equilibrium is schematically indi-to the energy gap of the ZgSe _, barrier, which is at 2.72
cated in the bottom half. The intrinsic electric field at the quantume\/, The various curves differ by the number of wave func-

ZnMgSSe ZnSSe

8spouz

1000 nm 100 nm 100 nm 1000 nm

wuQzg-€

51016cm3  21017cm3 210'7cm3  210'7cm3

conduction band

hole
wavefunction

valence band

well is due to the space charge of tha junction. tions N taken into account in each band. As expected, an
additional excitonic resonance peak is found for each extra
lll. NUMERICAL RESULTS pair of wave functions included. In addition, it can be seen

that the inclusion of a further pair of wave functions en-
hances the resonance peakotiier resonances. This clearly

In this section we will solve Eq.(6) for the shows the importance of the Coulomb coupling between dif-
Zny Cdy 5Se/Zn§ 0eS& 94 quantum-well structure schemati- ferent sublevels. Nevertheless, the convergence is extremely
cally shown in Fig. 1. The quantum well in those structuresfast. In the vicinity of the heavy-hole band edge, good con-
is under biaxial compressive strain, which leads to a splittingrergence is already achieved with=6, i.e., a total of 12
of the light- and heavy-hole bands by 86 meV. Hence, for thevave functions. In order to demonstrate the convergence

A. Convergence

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

band gap of barrier material (Zp&S&) 90 2.72 eV
band gap of well material (yCd, sSe) 2.40 eV
resulting conduction-band offséwithout strain 256 meV
resulting valence-band offséwithout strair) 64 meV
effective electron mass, of Zny Cd, sS€/ZNS (65 g4 (0.14/0.19m,
Luttinger parameteryy / y,/ys of Zny Cdy 5Se 3.21/1.01/2.20
Luttinger parameteryy /y,/ys of ZnS, 065804 3.15/0.735/1.97
elastic stiffnessC;,/Cy, 7.78/4.88 N/m
hydrostatic deformation potential —4.07 eV
shear deformation potential —1.08 eV
exciton-phonon linewidti 10 meV
relative permittivity e 8.7

doping concentratiofip-type/n-typg 2x107cm3




PRB 58 ELECTRIC-FIELD-DEPENDENT ABSORPTION B. .. 10713

g 02 . — 0.15

: oSS DOSCN

. LSS

£ 0.1 AN N N ~A 0.1

8 ANV eV ae

% LY 0.05

2 [o]

£ St NN\ o

£ <> /

g -0.1

= -0.05

>

L o2 ~ —_J 01

3 \ N AANANNNANNM -

@ @ (b) XXXKXA

5 -0.3 2 2 L L e £ -0.15
-30 -20 -10 O 10 20 30 -30 -20 -10 O 10 20 30

z[nm] z[nm]

FIG. 2. Calculated wave functions ¢ conduction band an¢b) valence band of a 15-nm-wide quantum-well structure in an applied
electric field of F=80 kV/cm. The thick lines represent those wave functions which were included in the expansion of the interband
amplitudeY?¢.

properties in Fig. 3 the absorption coefficient is shown for We have compared the solution of the full modEig.
energies ranging from the quantum-well band gap to the(a)] with a reduced model where the Coulomb interaction
band gap of the barrier material. Note that the light holes cafpetween different levels within the same quantum well is
be neglected for energies near the quantum-well band gapgglected(see Appendix B The resulting convergence of
but need to be included for higher energies. Further, the bulkhe expansion is shown in Fig.(l8. Differences between
exciton in the Zn$Se _barrier material starts to develop at both diagrams must be attributed to the coupling between

the high-energy side, although more than 12 wave functiongifferent levels of the same band. From Figbit can be
would be necessary to fully resolve the peak. deduced that—in contrast to the full model—the inclusion of

a further pair of levels does not alter the absorption spectrum
for photon energies below the resonance eneigyE,
+E,,, whereE, and E,, are the energies of the respective
levels. Hence it is evident that the simple model must not
be used if the dielectric constant is small and excitonic
effects are important. However, the reduced model is suffi-
cient for materials with weak excitonic effects, e.g.,
GaAs/AlLGa _,As heterostucture¥:

B. Absorption coefficient

absorption coefficient [arb. units]

Here we consider an experimental setup where the light is
transmitted vertically through the quantum-well structure. If
2,65 27 the absorption coefficient is constant along the propagation
direction, the optical powdP(Z) = Pyexp(—aZ) is exponen-
tially attenuated. Generalizing this to a spatially dependent

24 245 25 2.55 2.6
photon energy [eV]

°r ) absorption coefficient(Z),
Z 4l
§ daP(z) = Z2)P(Z 1
‘é‘ sk dZ - a( ) ( )i ( 7)
3 ol we obtain the solution
§ 1+ +L%2 , ,
N= Pout=Pinexp — a(z')dz' |, (18
—L%2
0 2.4 2.45 25 2.55 2.6 2.65 27
photon energy [eV] which relates the output powet, =P (Z=+L%2) to the

FIG. 3. Calculated absorption coefficient as a function of photoiNPUt power Py, =P(Z=—L%2) for a symmetric sample
energy £=0, L2"=15 nm. (a) Full model. (b) Reduced model with surfaces aZ == L%2. The absorption coefficient, vary-
where only diagonal Coulomb matrix elements are used. The cold ON a nanometer scale, thus enters the expression for the
vergence is demonstrated by comparing different curves correlfansmitted optical power in an integrated form. With the
sponding to a different number of wave functions in the conductiondefinition of an absorption coefficient integrated over the
bandN and in the valence bari included in the expansion of the propagation direction and normalized by the widtR" of
interband amplitude. the quantum well according to
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(o) F=0 kV/cm

0
T

F=360 kV/cm

absorption coefficient [arb. units]
absorption coefficient [arb. units]

2.48 2.50 2.52 254 256 258 260 2.40 242 244 246 248 250 2.52
photon energy [eV] photon energy [eV]

(@

F=0 kV/cm F=0 kV/cm

F=160 kV/cm
F=240 kV/cm

absorption coefficient [arb. units]
absorption coefficient [arb. units]

oL h 1 1 ) ) L L 1 1 oL ) )
238 240 242 244 246 248 250 252 254 256 238 240 242 244 246 248 250

photon energy [eV] photon energy [eV]

FIG. 4. Calculated electric-field dependence of the absorption coeffieféfiffor different widths of the ZpCd, _,Se quantum well(a)
3 nm,(b) 5 nm,(c) 10 nm, andd) 15 nm. Different curves correspond to different electric-field strengths increasing with the arrow in steps
of 40 kV/cm (for numerical parameters, see Tabld k=10 me\).

1 (4L the absorption peak at zero-field is due to the hole ground
asz—W a(z')dZ, (19 state to electron ground-state transition, this new peak is
LW -1 caused by transitions from the second level of the hole to the
the output power is ground state of the electron. This additional transition is for-
bidden at zero field because of parity reasons. With increas-
Pout= Pine*“QWLQW. (20 ing electric field, the wave functions become distorted, and

hence the overlap of the wave functions involved in the for-
'bidden transitions does not vanish any more. Note that with
has to be related to the measured absorption coeffiaigHt incre_asing field the transition of the second electror_l _Ievel to
according to Eq(19). t_he first _hole Ieyel also bepomes an allowed transmon, but

Now the numerical results of the absorption coefficient€S at slightly higher energies because of the effective mass
a?W as defined by Eq€19) and(16) will be presented. We ratio as well as the different band discontinuities.

have performed simulations for Z8d; ,Se quantum wells Besides the appearance of the new peak, a comparison of
with a width of L®W=3 5, 10, and 15 nm and different the results for the 3- and 5-nm quantum well shows that the

applied electric fields. Starting from a nearly two- electric-field-induced broadening of the resonance peak is
dimensional situation, Fig.(8) shows thgaverageflabsorp-  more pronounced for the wider well. This is fully in accor-
tion coefficienta®" for a well width of 3 nm for fields up to dance with the interpretation of the quantum-confined Stark
360 kV/cm (in steps of 40 kV/cm in the direction of the effect: the barriers of the quantum well prevent the distortion
arrow). The field-dependent changes can obviously be attribédissociation of the exciton due to the electric field, which is
uted to thequantum-confined Stark effedVith increasing more effective for a narrow well.
field the excitonic resonance shifts to lower photon energies Now looking at the results for the 10-nm quantum well,
accompanied by a strong decrease in the peak value togethaotted in Fig. 4c), the zero-field curve shows a second peak
with a field-induced broadening of the peak width. At aboutat the high-energy side which is due to allowed transitions
360 kV/cm the excitonic peak disappears, and the absorptiofiom the second hole level to the second electron level. With
coefficient is reduced approximately to half of the peak valugncreasing electric field, both resonance peaks rapidly be-
at zero field. At energies below the zero-field absorptioncome broadened, although a very small shoulder shifting to
edge, the absorption coefficient increases approximately by lawer energies can be seen. Again, otfferbidden transi-
factor of 3. tions emerge with increasing field. Moreover, at 10 nm the
For the 5-nm quantum well, the simulation results areintersubband spacing is reduced in comparison with smaller
depicted in Fig. &). Again, the quantum-confined Stark ef- wells. Therefore, the number of transitions involved in the
fect can clearly be identified by the peak shift as well as byabsorption process is increased. Further, the different peaks
the decrease of the peak value. On the high-energy shoulderan no longer be attributed to specific transitions, due to the
an additional peak arises with increasing electric field. WhileCoulomb coupling of the different sublevels. However, the

As the absorption coefficient cannot be spatially resolved i
experiments, the calculated local absorption coefficigt)
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spectrum exhibits resonances if the photon energy matche
the energy separation of a particular electron-hole subleve
pair. From the dependence of the absorption coefficient or
the electric-field strength, it can be deduced that the well
width of 10 nm corresponds to the transition from a two-
dimensional to a three-dimensional behavior of the absorp-
tion coefficient: The spectra show excitonic ped&sen at
120 kV/cm a small resonance peak can be found, at least fo
a linewidth ofI'=10 meV which is used throughguhow- 40kV/cm
ever, a pronounced redshift cannot be found due to a rapic
field-induced dissociation of the exciton, which results in a
strong broadening of the resonances with increasing electric
field.

For a quantum-well width of 15 nm, the results shown in 80kVicm 240kV/em
Fig. 4(d) indicate that bulklike behavior with respect to the S oSabanior
dimensionality of the exciton is found. The excitonic peak at JnCase i 25

. A . quantum well z [nm] O
zero field vanishes before any peak shift can be seen. At 16l - ol
kV/cm, the spectrum is monotonic. However, with respect to ZnSSe barer h
the density of states, the bulk limit is not reached, and hence '2%V/e™ 240 245 £ [oy) 250 255
the absorption spectra for the 15-nm quantum well can be
associated with thguantum-confined Franz-Keldysh regime  FIG. 5. Density plot of the local absorption coefficientZ, »)
The investigation of a wider well, e.g., of 20-nm width, for a 5-nm quantum well for different electric fields. The energy
would correspond to the transition from a two- to a three-(E=%0) and space4) scales and the direction of the electric field
dimensional center-of-mass motion. This, however, cannof (&ow are shown on the bottom right scheme. Additionally,
be seen in absorption spectra, since momentum conservatiGANtoUr lines are given as a guide to the eye.
requires a vanishing center-of-mass motion. Thus the results
for a 20-nm well do not provide any further information.
Moreover, due to the slower convergence of the series ex- Our quantum-mechanical theory in fact provides even
pansion of the interband amplitude, the computational effortnore detailed information than has been used in Sec. Ill B,
will increase tremendously. where the integrated absorption coefficient was presented. In

In summary, for all well widths investigated here, a strongthis section, the spatially resolved larcal absorption coef-
electric-field-induced decrease in the absorption coefficienficient «(Z,») [Eg. (16)], which depends upon the normal
at the excitonic resonance and a substantial increase belowomponent of the center-of-mass coordindtewill be dis-
the excitonic resonance was found. The electric-fieldcussed.
strength necessary to broaden the resonance significantly is At this point, it should be noted that the local absorption
much higher for narrower wells. However, it should be coefficient emerges from a quantum-mechanical treatment of
pointed out that an important parameter which has a signifithe polarization. Thus the local absorption coefficient is a
cant impact on the result is the linewidihoriginating from  microscopic quantity. This is emphasized by the expansion
the exciton-phonon coupling which, in turn, strongly de- of the polarization using the solutions of the one-dimensional
pends on the well width. A microscopic analysis of the well Schralinger equation as the basis in Ef). Here the local
width dependence of the linewidth?’is outside the scope absorption coefficientr(Z,») can be used to identify and
of this paper. The measured exciton—LO-phonon couplingisualize the origin of the various peaks in the integrated
parameterd lead to the conclusion that the linewidth is of absorption coefficientQW.
the order ofl’~10 meV for a 3-nm guantum well at room In the following, the local absorption coefficiem(Z, w)
temperature, and of the order 6f~20 meV for a 10-nm is visualized as a density plot, where bright colors refer to
guantum well at room temperature. Generally, two effectdarge values. As a guide to the eye, equidistant contour lines
compete in the well width dependence of the absorption coare additionally supplied. In Fig. (Z,) is plotted for a
efficient: the electric-field dependence originating from thequantum well of 5-nm width. At zero field, the excitonic
dimensionality of the Coulomb interaction, as discussedesonance is clearly visible. With an electric field, the first
above, and the well width dependence of the exciton-phonoforbidden transition becomes weakly allowétD kV/cm).
interaction manifested in the linewidth. In order to clearly This is the small peak which also appears in Figp) 4With
separate these two effects and to give prominence to thiacreasing electric field, the peak of the fundamental reso-
“dimensionality- induced” transition, the linewidth has been nance decreases due to reduced overlap of the wave func-
set to a constant value =10 meV in all our calculations. tions, and the forbidden transition becomes more visible and
While this value is expected to be a good estimate for narroveventually dominates the allowed pe@00 kV/cm). Finally,
wells, it slightly underestimates the exciton-phonon interacat 240 kV/cm, the peak structure is almost completely lost,
tion for wide wells. However, this choice enables the identi-and the absorption coefficient increases monotonically with
fication of the Stark shift which would be smoothed out oth-the photon energy.
erwise in our simulations. Due to this assumption, for all At zero field, the local absorption coefficient is symmetric
well widths a pronounced absorptive electro-optical effect iswith respect to the center of the quantum well. Owing to the
found. different effective masses of electrons and holes as well as

C. Spatially resolved absorption spectra
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increasing applied electric field, the forbidden transitions
arise between the resonances of the allowed transitions, and
subsequently merge with those with concomitant asymme-
tries in theZ direction.

IV. COMPARISON WITH EXPERIMENTS

The theoretical results presented in Sec. Il will now be
compared with measurements of ZnSe-based heterostruc-
tures. The samples are similar to the schematic structure
sketched in Fig. 1; however, the ZnMgSSe waveguide clad-
ding layers are missing since the structures were not intended
for waveguide transmission experiments. This does not re-
30kV/em strict the validity of a comparison of experimental and theo-
retical results. We have used photocurrent spectroscopy to
obtain absorption spectra of thgsé-n diodes with different
guantum wells embedded in the intrinsic region of the diode.
The structures were illuminated with monochromatic light
obtained from a low-noise Xe lamp in conjunction with a
monochromator. Since the quantum well is included in the

EoRYicm 150kV/cm intrinsic region ¢, <360 nnj, even without applied external
bl bl L L L1 voltage the electric field is of the order of 100—200 kV/cm.
ZnSSe barrier This field strength leads to an effective carrier separation and
7 Joml 2 quantum efficiency close to?4.By applying an external
=] ZnCdSe quantum well ok bias voltage to the samples, we are able to increase or de-

crease the field strength in the quantum-well region. The
- _ r absorption coefficientr can be calculated from the photo-
ZnSSe barrier currentJ by the relation

2.40 245 Elev) 250

. J= —e(l—R)iaLQW, (21)
FIG. 6. Same as Fig. 5 for a 10-nm quantum well. fow
whereP is the excitation power, ang is the reflectivity of
due to the different depths of the conduction- and valencethe surface. This equation is only valid if the electric field is
band quantum wells, the symmetry is lost with increasingeffectively separating the carriers, which prevents the use of
applied electric field. In the subfigures above 120 kV/cm,this method for low electric fields.
this is clearly visible. For photon energies in the vicinity of ~ The samples were grown by molecular beam epitaxy at
the fundamental resonance, ttfest) peak of the spatially the University of Bremen om-doped GaAs substrates with
resolved absorption coefficient is shifted in the direction ofGaAs buffer layers to improve the crystalline quality of the
the electric field. For higher photon energies, tsecond  overall structure. All lI-VI layers, with the exception of the
peak of the local absorption coefficient is shifted against thguantum well, were made of ZpSeg _, (x~0.06) and lat-
direction of the electric field. Since the effective mass of thetice matched to GaAs at room temperature. This composition
heavy holes is significantly larger than the effective mass ofvas chosen to reduce the creation of lattice defects due to
the electrons, and since the conduction-band quantum well iglaxation of the II-VI layers, which would lead to an in-
significantly deeper than the valence-band well, this can bereased dark current during the photocurrent measurements.
interpreted in terms of a distorted hole wave function: TheThe doping of thep and n layers is approximately 2
hole ground-state wave function is pushed into the directior 10 cn®, with the p layer on top of the whole structure.
of the electric field, whereas the first excited wave function isGold was used to generate the contacts on top of the
distorted in the opposite direction. samples. This material leads to non-Ohmic contacts, and pre-
In the case of the 10-nm quantum well, for which the vents a direct correlation between the applied voltage and the
results are given in Fig. 6, the zero-field subfigure shows thénternal electric field. The quantum wells were placed in the
emergence of the second allowed transition at the highmiddle of the intrinsic layer and are composed of
energy side of the spectrum. Here again the properties of thén,Cd, ,Se with a Cd content between 20% and 25%. This
underlying wave functions are recovered: The first allowedamount of Cd allows the growth of layers with a maximum
transition, which is related to the pair of the fitse., ground thickness of 20 nm without the formation of misfit disloca-
state quantum-well wave functions, yields a single peak intions. These defects would lead to increased nonradiative
the local absorption coefficient. The second allowed transirecombination of the photocarriers, and prevent a direct cor-
tion is related to the pair of the secolice., first excitedd  relation of the current with the absorption coefficient. It
wave functions of the conduction- and valence-band quanshould be noted that the cadmium content in the theoretical
tum wells, respectively. Due to the uneven parity of the firstcalculations was chosen to be 30%, which represents the
excited wave functions, the local absorption coefficient splitsupper limit for Cd in electro-optic devices and leads to
into two spatially(in the Z direction) separated peaks. With higher confinement and higher strain effects within the quan-
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FIG. 8. Measured absorption coefficient for a 10-fsingle
guantum well for voltage§/)=0 toU=—4 V.

are found, and the spectrum shows the characteristic features
related with the Franz-Keldysh effect, i.e., a decrease of the
absorption close to the band edge and an increase for lower
photon energies. This can also be observed in a single quan-
242 244 246 248 25 242 244 246 248 25 tum well with a thickness of 20 nm. Nevertheless, the Cou-
lomb interaction is still important, and leads to a very steep
absorption edge in spite of the high built-in electric field in
decreased from)=+0.5 to U=—4.0 V in steps of 0.5 V. For the intrinsic layer of the order of 120 kV/cm at zero bias
comparison, the results of the simulations are given(fprl’= 10 voltage.. A direct comparison with the theoretlca‘.l .reSU|ts IS
meV and(c) T' =20 meV. more difficult here,. since our model was speuflcally de-
signed for the transition regime and the computational effort
tum well. However, the weaker confinement in the experi-to reach comparably high fields for wide quantum wells
mental structures causes a smaller level spacing within theould be tremendous. The theoretical results indicate that
guantum well, and enhances the influence of the Coulomkthe Franz-Keldysh regime is reached at moderate field
coupling effects. The overall comparability of the experi- strength, which is in full accordance with the experiments.
ment and theory is well given in spite of the small deviations
of the Cd content. In Fig.(d), the measured absorption co-
efficient is plotted for a 5-nm multiple quantum well with a
Cd content of 20%, which is embedded in an intrinsic layer The main objective of this paper is to discuss the electric
of 360-nm thickness. Curves are shown for different voltagesield dependence of electroabsorptive effects in
in the range fromU=+0.5 V toU=—-4 V. For the low-  Zn,Cd,_,Se/Zn§Se _ quantum-well structures of different
field case, the quantum-well absorption exhibits a peakvell widths. Because of much stronger Coulomb effects, the
which is fully broadened with increasing reverse bias. Al-scenario of the transition from two-dimensional to bulk be-
though no pronounced shift of the peak energy can be dehavior in wide-gap materials is entirely different from that in
tected, the behavior can be classified as belonging to th@aAs/AlLGa,_,As structures, where it reflects the depen-
quantum-confined Stark effect regime, since the excitoniglence of the density of states upon the quantum-well width.
resonance is preserved up to high fiells<{0 must be at- Strong Coulomb interaction results in a significant exciton
tributed to the high-field regime due to the large built-in binding energy and, thus, in a small exciton Bohr radius.
voltage resulting from the dopingFor comparison, in Fig. Hence strong modifications of the electric-field dependence
7(b), the results of the simulation using a linewidth Bf  of the absorption spectra can be expected if the well width is
=10 meV, corresponding to Fig(l), are shown. Here the larger than the diameter of the exciton. Already at well
field strengthF is converted into a device voltade using  widths where the density of states in the quantum well is far
the simple relatiorF = (U,;— U)/z with the built-in voltage from being bulklike, a transition occurs. It can be related to a
Upi=2.57 V and the width of the intrinsic layer=360 nm.  change in the dimensionality of the quantum-well exciton: A
Further, Fig. 7c) shows the same calculations but wikth  well width smaller than thébulk) exciton diameter results in
=20 meV. Comparing the experimental peak width with thea two-dimensional exciton, i.e., the relative motion of the
simulations one can estimate the linewidth to be of the ordeelectron-hole pair is confined to the well plane. If the well
of I'=20 meV (at room temperatuje Good overall agree- width approximately matches thi@ulk) exciton diameter,
ment of experiment and theory is found. the relative motion is essentially three dimensional, whereas
Figure 8 shows the measured absorption coefficient for ghe center-of-mass motion is still restricted to the plane of
single quantum well with a width of 10 nm. The cadmium the quantum well. Thus the important quantity for the dis-
content was 25%, and the thickness of the intrinsic layer watinction of the different regimes is the bulk exciton Bohr
200 nm. For the applied voltage range, corresponding to exadius.
tremely high fields up to 250 kV/cm, no excitonic resonances With respect to the electric-field dependence of the ab-

FIG. 7. (a) Measured absorption coefficient for a multiple quan-
tum well (four periods of.®W=5 nm) for different applied voltages

V. CONCLUSIONS
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sorption coefficient, it has been found that theantum- L=1 with m_ =0,=1. Because of the spin-orbit coupling,
confined Stark effedccurs for very narrow wells. For wells this results in six eigenstates 3L +s. The states with
of the order of the above-defined transition regime, the spec=3 and m;=+ 3 form the split-off band ['; symmetry,
tra show a(conventional, not quantum-confinedxcitonic ~ while the states with)=3 build the highest-lying valence
Stark effect, i.e., an exciton peak at zero field which rapidlyband havingI's symmetry. In bulk semiconductors, the
disappears if an electric field is applied. This effect is due tcheavy and light holes are degeneratéat). The reduction
the field-induced polarization and subsequent dissociation adf symmetry in quantum wells leads to a splitting such that
the exciton(since the electric field distorts the electron andthe heavy-hole energy band lies above the light-hole band.
hole wave functions in opposite directionehile the shift of If the materials forming the quantum well and barriers
the excitonic peak(Stark shify is rather insignificant. In have different lattice constants, the quantum well becomes
other words, the main effect of the electric field is that it biaxially strained. As a result, the in-plane valence-band dis-
reduces the lifetime of the excitdwith respect to dissocia- persion is modified”* The hydrostaticcomponentSEy,, of
tion, not recombination leading to a broadening of the ex- the strain only shifts the bands energetically, i.e., it modifies
citonic peak in absorption. This broadening exceeds the erthe band gap of the strained quantum well. It is assiifhed
ergy shift induced by the electric field. A bulklike situation that the shift due to the hydrostatic component of the strain
(Franz-Keldysh effegtis recovered at much larger well applies with a ratio ofé:3 to the conduction and valence
widths. In view of applications for room-temperature opera-pands, respectively. ThehearcomponentsEg,, also modi-
tion, the well width should be chosen such that it results in gies the total band gap, but only affects the hole subbands. In
minimum exciton-phonon coupling in order to minimize the particular, the effect of the shear contribution igfarthen
temperature-induced broadening of the excitonic peak. Theplitting of the light- and heavy-hole bands. With the inclu-
general trend is that the coupling parameter increases Wwitbion of strain, the Luttinger Hamiltonian becomes the Pikus-
the well width; thus narrow wells are favorable. Bir Hamiltonian, which may be unitarily transformed into a
Finally, our theoretical treatment, which is based on theplock diagonal forri*
density-matrix formalism in real space and fully accounts for

the Coulomb interaction, allows for a simulation of the spa- " P Q= 6E/2 IR|—i|9| UL

. . . . T _— . - o , o= , ,
tially resol_ved, local ab_sorptlon coe_ff|_0|ent. It has_been used IR|+i|S] PT QT 6Ep/2

for a detailed explanation of the origin of the various peaks (A1)

found in the integrated absorption coefficient. The integrated

absorption coefficient, which is the quantity observed experiwhere o labels the uppefU) and lower (L) blocks of the
mentally, can thereby be related to quantum-mechanical feddamiltonian corresponding to the in-plane dispersion rela-
tures. Good agreement between theory and experiment h&ign for the heavy and light holes, respectively, and

been found. Since the difference between conventional mod-

els and the advanced model developed here are physically B h? 2 o o

caused by the strong Coulomb coupling typical for wide-gap P= o vkt ky+k;) +V(2), (A23)
materials with a small dielectric constant, we suggest that 0

our advanced model applies not only to 42

ZnyCdl_YSe/Zn§Sei_X ;tructures, but to a mgch Iarggr_ Q=—72(k)2(+ k§—2k§), (A2b)
class of wide-gap materials. It offers the convenient possibil- 2mq

ity to treat a wide range of well widths up to very high
electric fields. 72

The physical interest in these structures is strongly moti- S= 13— y3ky( kx—iky), (A2c)
vated by their potential application as modulators and Mo
switches in integrated optoelectronics in the blue-green
range. Indeed, the pronounced field dependence of the ab- o
sorption coefficient found in this work may be used in self- R=— - 7(7’2+ v3) (ke —iky)
electro-optic effect devices. The occurrence of electro-optic 0

ﬁ2

bistability can be demonstrated based on the obtained elec- 3
troabsorption spectr®:*! These phenomena will be elabo- — — (3= y2) (ke Fiky)? |, (A2d)
rated in further studies. 4

whereV(2) is the quantum well potential.
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APPENDIX A: LUTTINGER HAMILTONIAN FOR HOLES
IN STRAINED QUANTUM WELLS
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set of 37 meV. The shear component of the straidks, In the reduced model, the Coulomb potential couples elec-
= —86 meV, splitting the heavy- and light-hole bands. Whiletrons attributed to sublevelwith holes attributed to sublevel
the heavy-hole band offset is increased byE/2 to a m, but the coupling between various electron levels as well
value of 80 meV, the light-hole offset is decreased toas the coupling between various hole levels is neglected.
—6 meV. This means that the light holes are anticonfinedHence Eqs(10) become decoupled,

i.e., the ZRCd,_,Se layer forms a barrier for light holes

(cf. similar type-ll quantum-well structures in the am ) h? > red
Zn,Cd,_,Se/ZnSe systef). fi(wg —w—il')— Z_Vp+Vn,m(P) Yim(p)=Mum(p),
We have calculated the in-plane valence-band dispersion - (B2)

relation from the Hamiltonian equatiotAl) for different
guantum-well widths. Our results show that the heavy-holewith 7wy™=%wgy+Eq+ E", and can be solved by a series
valence band is parabolic to a good approximation, and thagxpansion into solutions of the corresponding homogeneous
the resulting effective mass decreases monotonically with theigenvalue problem

width 3! ,

— ﬁ—Vi-l-V:]m

Yo =By Yo (B3)
2u

APPENDIX B: COMPARISON WITH A REDUCED
MODEL

This eigenvalue problem is the standard Sdimger equa-
tion of an exciton formed by an electron and a hole, both
described by particular wave functiong(z,) and ¥"(z,),

r _ respectively. This independent subband approximation is
Viom(P) =V mm (P) S Om (B13 equivalent to the simpler models generally used, e.g., for
GaAs/ALGa _,As structure€* In ZnSe-based structures,

A reduced model can be obtained from E#0) by re-
placing the Coulomb matrix elements in E41) with

2 e 2| ,.h 2
___°© J |¥n(ze) " ¢m(2n)| 2.4z, however, due to the strong Coulomb interaction, coupling of
4mege Vp2+(Ze—z4)? different levels within the same quantum well becomes es-

(B1b) sential(cf. Fig. 3.
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