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Resonant exciton contributions to quantum-well electroabsorption
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We demonstrate that electroabsorption in shallow multiple quantum-well materials can be significantly
affected by the presence of excitons in which the electron or hole occupies a three-dimensional resonant state.
The calculated and experimental absorption spectra are seen to retain a two-dimensional character even for
photon energies above the quantum well threshold. Additional steplike features that appear in the high energy
portion of the absorption spectra, especially at high electric field, are further shown to be associated with the
resonant exciton states transitions. Our theoretical results are in excellent agreement with experimental mea-
surements on multiple quantum-well systems with small conduction band energy discontinuities.
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I. INTRODUCTION

The electro-optic spectra of semiconductor quantum w
and superlattices displays many complicated features
result of exciton formation. Additionally, the applied electr
field modifies the one-particle density of states leading
effects such as Wannier-Stark localization in superlatti
and field induced tunneling from isolated quantum we
Models of Stark-ladder transitions associated with Wann
Stark localization in superlattices formed from strong
coupled quantum wells however generally consider only
lowest miniband originating from the most localize
quantum-well level.1 While a simple tight-binding or transfe
matrix calculation of the energy spectra that employs
single lowest superlattice miniband usually yields reasona
results for the electric field dependence of the one-part
states, the results are limited to a narrow spectral ran
Moreover, excitonic formation in coupled quantum wells
known to partially inhibit spatially indirect transitions whic
in turn suppresses Stark-ladder effects.2 The degree of Stark
ladder features accordingly depends on the relative ma
tudes of the exciton binding energy and the superlattice m
band width.

In shallow quantum-well superlattices it is necessary
consider not only the lowest miniband but also higher mi
bands with energies above the quantum-well threshold
the presence of the external electric field the latter gives
to quasilocalized states with wave functions extending o
several periods of the superlattice. The field induced loc
ization may then be strong enough to enhance the elect
hole Coulomb coupling leading to the formation of a res
nant exciton state. Such a process in fact is observed in
emission spectra in many practical devices such as high
quency and high output power optical modulators based
multiple shallow quantum wells. These materials display
PRB 600163-1829/99/60~24!/16563~6!/$15.00
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merous features at high-energy that cannot be describe
the tight-binding model. The objective of this paper is the
fore to present a unified theory that correctly predicts
observed emission.

Section II of the paper determines the local density
states in a finite electric field from a numerical analysis
the MQW problem including the effect of localization an
interwell tunneling. The subsequent section extends the s
dard QW exciton model to include resonant levels in t
three-dimensional continuum of states. Finally a compari
is effected between theoretical and experimental results.

II. ELECTRONIC SPECTRUM IN SHALLOW
QUANTUM WELLS

Consider a quantum-well material with a small condu
tion band discontinuity that supports a single bound state
the conduction band and numerous localized heavy h
states. As the exciton transition intensity is proportional
the electron-hole wave-function overlap integral, we first d
termine the electron energy levels and broadening fac
from the local density of states of electrons in the quantu
well region. For this purpose we employ the local density
states defined by the projection

A~E!5E
QW

uFE~z!u2dz ~1!

onto the well region ofFE(z), the energy dependent solutio
of the one-dimensional Schro¨dinger equation for the conduc
tion band electrons in the growth direction normalized to
Dirac delta function with respect toE. The integral in the
above definition is taken over the entire quantum-well a
barrier region in order to model the localization of the ho
and thus the exciton in the quantum well.
16 563 ©1999 The American Physical Society
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A typical plot of the local density of states with electr
field for a single quantum well is presented in Fig. 1. The
calculations were performed by applying the finite-differen
approximation to the one-dimensional Schro¨dinger equation
for an electron with an effective massme50.0489m0 in the
potential shown in the inset which has a conduction ba
discontinuity of 108 meV, a well width of 95 Å and a barrie
width of 80 Å. Vanishing and standing wave boundary co
ditions forz→1` andz,0 were assumed, respectively. A
each field value, three distinctive maxima are present co
sponding to the lowest 1C, 2C, and 3C conduction-band
resonant levels. Of these, the 1C level energy is lower than
the quantum-well thresholdE0, which is taken as the energ
reference point in the figure, while the higher two resonan
remain in the continuum. As well, the field-dependent sh
and broadening of the levels is observed. The general sh
of the spectral resonances is, however, preserved up to
largest field shown.

The solutionFE(z) depends in general not only on th
potential profile but also on the boundary conditions. Pass
to the discussion of multiple quantum-well systems it is
structive to consider at first a solution satisfying the Blo
type boundary condition

F~z1Lw!5F~z!eikzLw, ~2!

whereLw is the sum of the well and barrier widths. The
solutions can be thought of as a local miniband structure
each unit cell of lengthLw . In a superlattice, an applie
electric field misaligns the local allowed bands described
real values ofkz , such that the local forbidden energy ga
of one unit cell with imaginary values ofkz , constitute a
barrier for the allowed energy bands of the adjacent quan
well. Thus an enhanced particle localization and theref
decreased resonance width will typically result from multip
reflections and interference.

FIG. 1. The evolution of the local density of states for electro
in a single quantum well at applied voltages of 0, 1, 2, 3, 4, an
V corresponding to electric fields from 25.5 to 150 kV/cm.
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The localization enhancement due to interference in m
tiple quantum-well systems is illustrated in Fig. 2~a! which
presents the local density of states of a single quantum
~solid line! for the potential profile given in Fig. 3~a! and for
an additional structure obtained by adding nine quant
wells ~dashed line! to the low potential side of the origina
quantum well shown in Fig. 3~b!. The energy reference poin
E0 is in both cases chosen to correspond to the maxim
value attained by the lower barrier of the quantum well
question. The boundary conditions used in this calculat
are FE(z)→0 for z→1` and FE(z)5A sin(kz1f) for z
,0. The local energy band positions as derived from Eq.~2!
are shown in this figure by vertical dashed-dotted lines.

The presence of additional wells clearly narrows t
single well resonances without significantly changing th
positions. Despite the splitting of the second and third c
duction band levels the dominant resonance lines in
MQW system are thus reasonably well represented by
broad resonances of an isolated well. The additional, sm
intensity resonances in the 10 well system originate from
localized states of neighboring wells that contribute to E
~1!. Observe also that the position of the lowest energy le
of the isolated QW approximately coincides with the upp

s
5

FIG. 2. ~a! A comparison of the local density of states of
single quantum well~solid line! and the local density calculated fo
the system of ten quantum wells and projected onto the quant
well region with greatest potential~dashed line! for a 25.5 kV/cm
applied field.~b! Same as~a! except for the system of ten quantu
wells averaged over an ensemble of 100 realizations of MQW s
tems with random fluctuations of the interface positions from th
nominal values given by a normal distribution with a standard
viation of 5 Å. Vertical dash-dotted lines denote the edges of
local energy bands.
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edge of the lowest local energy band of the superlattice. T
behavior is equally predicted by a simple tight binding c
culation model that employs only the lowest, strongly loc
ized state of the isolated well. On the other hand, the hig
energy resonances that branch away from the upper edg
the corresponding energy bands require more sophistic
analysis techniques.

The interference induced localization depends strongly
the coherence length of the electron wave function in rea
tic systems.3 Correspondingly, in Fig. 2~b!, we explore the
effects of small parameter fluctuations of the individu
quantum-well in the 10 well system. In particular, to gen
ate a realization of the random potential the position of e
interface is changed by a random valueDz that obeys a
normal probability distribution with standard deviations
55 Å and the corresponding density of states is calcula
This process is repeated 100 times and the individual res
for the density of states are averaged. The averaged de
of states~dashed line! is seen to be nearly identical to that
the isolated quantum well~solid line! since the additiona
contributions that result from the penetration of the localiz
states in the adjacent wells largely cancel after averag
This result indicates that the fluctuations in a real syste
caused either by static disorder or thermal oscillations p
vent the formation of satellite states over length scales m
greater than a superlattice period. Accordingly, we concl
that even for shallow quantum wells the MQW electroa
sorption spectra is given by an isolated quantum-well mo
that includes resonant states. The localization of the ass
ated wave-functions within the well is further sufficient
strong that such resonant excitons should be observable
perimentally. Note, however, that although our approxim
tions give the correct level positions, the calculated re

FIG. 3. The potential profile employed in the density of sta
calculations for~a! a single quantum well and~b! ten quantum
wells. The horizontal dash-dotted lines denote the energy refer
point ~zero of energy! for each potential.
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nance widths for the single QW case provide only a low
limit for the tunneling escape times.

III. EXCITONS IN THE CONTINUUM

Since in the presence of an electric field no true bou
states exist in MQW well systems, a comprehensive anal
must incorporate the entire continuum region of the o
particle states. Unfortunately, the electron-hole Coulomb
teraction is difficult to incorporate into such a model. Mo
theories of excitonic absorption in the quantum-well syste
thus consider only the strongly localized states of wells w
large potential barriers. The electric field-induced tunnel
is then incorporated by applying a uniform broadening to
excitonic lines. In the succeeding calculation, a similar a
proach will be applied to the resonant levels above the i
ization edge in the energy region for which, according to
previous discussion, the local density of states in the ene
interval of interest is still dominated by strong resonance

A full description of the one-particle spectrum for th
in-plane momentumkW50 is contained in the retarde
Green’s function, which is a solution of

@ T̂~ k̂z!1U~z!2E#G~z,z8!5d~z2z8!, ~3!

whereT̂ andU(z) denote the kinetic and potential energy
the electron, respectively. If the continuous spectrum w
functions and energies areFE andE, respectively,G(z,z8)
has the spectral representation

G~z,z8!5E
Emin

1` FE8~z!FE8
* ~z8!

E2E81 ih
dE8. ~4!

In the vicinity of the resonant energyẼres5Eres2 iG cor-
responding to outgoing wave solution forz,z0, the Green’s
function can be approximated by

G~z,z8!'
1

N

F res~z!F res~z8!

E2Eres1 iG
, ~5!

where the normalization constant N
5e22 Im k0z0*z0

1`uF res(z)u2dz and the complex wave vecto

k0 is found from the equationT(k0)5Eres2 iG. In accor-
dance with the results of the previous section we appro
mate the integral over the continuum eigenstates in Eq.~4!
by a sum over a small number of resonant states with c
plex energiesẼn5En2 iGn . These states are thus treated
localized bound states that give rise to resonant miniban
The spectrum differs from a discrete spectrum only throu
the incorporation of the finite resonant state lifetime, whi
is directly related to the parameterG. The Green function
then becomes

G~z,z8!'(
n

1

Nn

F res,n~z!F res,n~z8!

E2En1 iGn
. ~6!

Excitonic wave functions can then be constructed from re
nant valence and/or conduction subband states.

To calculate the absorption coefficient according to
method given in the previous publications4,5 the valence
miniband states are represented through the basis set
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cv~rW ,z!5
1

AA
Fm,m~z!eikW•rWum~rW ,z!, ~7!

whereum(rW ,z) are the bulk Bloch functions corresponding
the valence band maximum at theG point with k50 spin
valuesm56 1

2 andm56 3
2 . Each two-dimensional subban

can then be given a composite labelv5(m,m) in which m
51,2, . . . , represents the subband number. The envel
functionsFn,m(z) for the strongly localized hole levels ar
evaluated by applying zero boundary conditions at the o
interfaces of both quantum-well barriers. The basis functi
are normalized to the unity over the quantum-well areaA.

For the resonant conduction subbands we apply

cn~rW ,z!5
1

AA
Fres,n~z!eikW•rWun~rW ,z!, ~8!

whereun(rW ,z) is the bulk conduction band wave function
the G point for spin valuesn56 1

2 . The envelope function
F res,n(z) corresponds to a resonant solution of Eq.~3! with
an outgoing wave boundary condition.

Projecting the equation of motion onto the above set
basis functions yields a set of coupled eigenvalue equat
for the exciton wave function components associated with
possible electron-hole subband pairs. In this approach,
Coulomb interaction term is explicitly cylindrically symme
ric, enabling numerous simplifications. The kinetic ener
matrices are generated by projecting the three-dimensi
effective mass Hamiltonian onto the above basis function
In the direct band-gap III-V semiconductor calculations
the following section, a single spherically symmetric co
duction band and a light and a heavy hole valence b
described by the Luttinger-Kohn Hamiltonian are employ
It is also necessary to include the nonparabolicity in the c
duction band to ensure agreement with experiment at la
electric fields in our succeeding calculations. Since the
lence band of quaternary semiconductors are almost sp
cally symmetric in the vicinity of theG point, a cylindrical
approximation can be applied to the effective Hamilton
for the quantum-well excitons. Exciton eigenstates can t
be described in terms of thez projection of the total angula
momentumJ of the exciton whereJ5 l 1n2m ~the negative
signm stems from the time-reversed nature of the hole sta
and l represents thez component of the orbital electron-ho
pair angular momentum!. As a result of the selection rule
for excitonic transitions (l 50,un2mu<1) only the J50,
61 states are optically active.

The quantum-well absorption coefficient is given by t
golden rule expression

a~v!5
4p

cnrvLw
(

J
(
N

u^CN
J uPJ&u2L~v2EN

J !. ~9!

HereCN denotes theNth solution of the system of couple
exciton equations
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v2

FH0,v1v2

X ~p!CN,v2

J ~p!

2E
0

1`dp8

2p
p8Uv1v2

J ~p,p8!CN,v2

J ~p8!G5EN
J CN,v1

J ~p!

~10!

in which H0
X andUJ are the kinetic and potential energy pa

of the electron-hole pair Hamiltonian projected onto t
symmetry channel with total angular momentumJ. The Cou-
lomb matrix is diagonal with respect tol v assuming that the
Coulomb interaction is isotropically screened with a diele
tric constante0. It may be expressed in terms of a sing
integral overkz as

Uv1v2

J ~p,p8!

5
4pe2

e0
E

2`

` dkz

2p F M v2v1
~2kz!Mcc~kz!

A~kz
21~p2p8!2!~kz

21~p1p8!2!

3S A~kz
21~p1p8!2!2A~kz

21~p2p!2!

A~kz
21~p1p8!2!1A~kz

21~p2p8!2!
D u l v1

uGd l v1
l v2

.

~11!

In the above equationMab(kz)5*2`
1`dze2 ikzzFa* (z)Fb(z) is

the envelope function form factor. Since the Coulomb m
ing of the conduction subbands is negligible, the electron
assumed to be in a single specified conduction subband
components of the excitonic wave functions are labeled s
ply by specifying their valence levels.

Once the excitonic stateCN
J has been determined from

Eq. ~10!, its transition strength is computed from

^PJuCN
J &5E

0

` dk

2p
k(

v1

Pv1

J* CN,v1

J ~k! ~12!

in which the momentum matrix elementPv1

J for light polar-

ization e is proportional to the overlap of the conductio
level c and hole levelv envelope functions according to

Pv
J5Mcv~0!

1

VEV
d3x uc* ~xW ! p̂euv~xW !d l v0 . ~13!

Note that only the components ofPJ with nonzero angular
momentuml v are nonzero. In addition each excitonic tran
tion is characterized by a specific spectral line shape func
L(v).

IV. EXPERIMENTAL PROCEDURE

The physical system considered in this paper consists
nominally undoped multiple quantum-well structure com
posed of twenty 95 Å InGaAsP quaternary wells separa
by 80 Å barriers grown by metal-organic chemical vap
deposition. The well and barrier widths were precisely det
mined through TEM measurements. Both wells and barr
are made of a InGaAsP quaternary alloy lattice matched
InP so that, except where specifically noted, all material
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rameters employed in the text are obtained by interpola
from binary values. The nominal wavelengths correspond
to the well and barrier energy gaps arel51.48 mm andl
51.1 mm, respectively, although the value of the ener
gap employed in our succeeding calculations is adjus
slightly from these values in order to correctly reproduce
measured absorption edge position at zero applied bias.
associated conduction band discontinuity is then'100 meV
so that even at very weak electric fields only one conduc
band level is localized in the well with an energy below t
ionization threshold as discussed in Sec. II. All observ
heavy hole states on the other hand are strongly local
within each quantum well. The MQW region is finally san
wiched between ap-type and ann-type InP substrate layer t
form ap-i -n structure. The built-in voltage ofVbi'21V for
this diode has been obtained both by fitting the absorp
spectra at zero bias voltage and by observing the rapid
crease in quantum efficiency of the diode at 1V forward
bias.2

Measurements of the induced photocurrent spectra w
performed on chemically etched, PIN mesa structures w
light incident parallel to the growth direction through a wi
dow in the top gold contact. To obtain the absolute value
the absorption coefficient, the external bias required to ef
a 180° phase change ofl51.557 mm light emerging from a
straight 2.2 mm wide, 600 mm long single mode ridge
wave guide containing the MQW core and contacted b
metal electrode was measured. The straight wave guide
tion is placed into one arm of an interferometer as descri
in Ref. 6 and light polarized parallel to the quantum-w
plane is inserted from a tapered fiber into the wavegu
through a cleaved and coated end facet. Matching the ref
tive index change of the MQW material obtained from the
measurements excluding the bulk linear electro-optic eff
to the Kramers-Kronig transformation of the electroabso
tion spectrum yields the magnitude of the modal absorp
arising from the MQW material. The absorption coefficie
for the material is then calculated using a theoretical va
h50.6 for the overlap factor of the propagating mode ov
lap factor with the active region. The PIN’s and straig
wave guides were taken from material produced at the s
wafer location in order to ensure a similar material comp
sition.

V. COMPARISON OF THEORY AND EXPERIMENT

To effect a comparison between theory and measurem
we consider a theoretical model incorporating three cond
tion, two light-hole and six heavy-hole minibands. All inp
parameters to our numerical program are set empirically
outlined above with the exception of those related to ene
level broadening, which enter through the line shape func
L of Eq. ~9!. To construct this function, we perform an e
ponential resummation to all powers~cumulant expansion!
of the scattering amplitude for exciton-phonon scatteri
The resultingL resembles a Lorentzian for energies less th
a LO phonon energy away from its maximum value, b
decays nearly exponentially on the lower energy side of
maximum as the energy is decreased away from this reg
coinciding with the expected behavior of the Urbach tail.

A second source of broadening is the tunneling out o
n
g

d
e
he

n

d
d

n
e-

re
th

f
ct

a
ec-
d

l
e
c-
e
t,
-
n
t
e
-
t

e
-

nt,
c-

s
y
n

.
n
t
e
n,

a

given quantum well. This process is modeled according
the procedure outlined in Sec. II. However, Stark localizat
is only phenomenologically incorporated by limiting th
broadening parameterG to Gmax,10 meV. The linewidth
broadening induced by quantum-well width fluctuation
which are known experimentally to be on the order ofsW
55 Å, varies considerably with resonance energy. To cal
late this quantity we therefore calculate the variation of ea
energy level with well width. This quantity is then used
generate a Gaussian contribution to the linewidth funct
with a standard deviation deduced from the given value
sW . In contrast, local composition fluctuations are assum
to give the same contribution to the linewidth broadening
each resonance and are taken to provide a Gaussian co
bution to the line shape with a standard deviation in ene
of 12 meV. The Gaussian contribution to the linewidth
each resonance is therefore the square root of the sum
the squared variances of the well width and composit
fluctuations. The presence of ionized impurities in the intr
sic region generates a uniform background charge distr
tion and thus a linear electric field variation across t
sample. This effect is modeled with a rectangular contrib
tion to the linewidth. The width of the rectangle is set by t
magnitude of the background doping, which is determin
here through SIMS measurements. The Urbach type, rec
gular and Gaussian contributions are subsequently con
luted to produce the desired linewidth shape function,L.

A comparison between our theoretical curves and the
perimental PIN diode measurements for external reverse
ases ofU50, 1, 2, 3, 4, and 5 V at atemperatureT5300 K
is displayed in Fig. 4. Distinct steps in the absorption cu
accompanied with additional characteristic two-dimensio
excitonic features are observed. In particular a steplike st
ture at l51300 nm at 0V bias results from the excitonic
transition from the second heavy-hole 2HH to the seco
conduction 2C resonant subband. The magnitude of th
transition decreases slowly with electric field. At higher fie

FIG. 4. Experimental~solid lines! and theoretical~dashed lines!
room temperature (T5300 K) absorption coefficients for differen
applied voltages in a PIN diode containing multiple quantum we



o
5
vy
h
re
ir

l
the
x-

ted
4 at
me
pre-
rly,
the

and
ied
hat
ures
lysis
nd

in-
ing
that

ates
ow
xci-
rsist
rties
nu-

16 568 PRB 60BARDYSZEWSKI, YEVICK, ROLLAND, AND DUPONT
a new step appears in the absorption curve in the vicinity
l51300 nm. This signal, which is most pronounced atV
bias, is associated with the transition from the first hea
hole to the third, highly resonant conduction subband. T
strong broadening at higher applied electric fields obscu
the transitions, marked by arrows in Fig. 4, between the th
heavy hole 3HH level to the first conduction 1C level and

FIG. 5. Same as the previous figure, but forT5120 K.
.

f

-
e
s

d

the 1HH and the resonant 2C level. However, the overal
shape of the theoretical absorption spectra that includes
contribution from these two transitions agrees well with e
periment.

In order to reduce temperature broadening we repea
the photocurrent measurements on the sample of Fig.
T5120 K. Our theoretical results, obtained with the sa
parameters as in the room temperature calculations, are
sented together with the experimental data in Fig. 5. Clea
the agreement is excellent providing clear evidence for
validity of the linewidth broadening model.

VI. CONCLUSIONS

This paper has discussed several aspects of the theory
behavior of coupled quantum-well materials in an appl
electric field. The comprehensive numerical program t
was developed to reproduce the low and high energy feat
of such materials incorporates a cumulant expansion ana
of the resonant excitonic linewidth broadening, the bou
and resonant valence and conduction subband structure
cluding the band nonparabolicity and the Coulomb coupl
among the various subbands. Our analysis demonstrated
the nonbound resonances that exist in the density of st
high above the ionization edge even in relatively shall
quantum wells produce large and predictable steplike e
tonic features in the measured electroabsorption that pe
at room temperature. The enhanced electro-optic prope
associated with such features can be clearly exploited in
merous optoelectronic device applications.
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