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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.
[S0163-18209)11447-4

I. INTRODUCTION merous features at high-energy that cannot be described by
the tight-binding model. The objective of this paper is there-
The electro-optic spectra of semiconductor quantum welldore to present a unified theory that correctly predicts the
and superlattices displays many complicated features as @pserved emission.
result of exciton formation. Additionally, the applied electric ~ Section Il of the paper determines the local density of
field modifies the one-particle density of states leading tcstates in a finite electric field from a numerical analysis of
effects such as Wannier-Stark localization in superlattice$h® MQW problem including the effect of localization and
and field induced tunneling from isolated quantum wells.interwell tunne_lmg. The subse_:quent section extends th_e stan-
Models of Stark-ladder transitions associated with Wannierdard QW exciton model to include resonant levels in the
Stark localization in superlattices formed from Strongw_three-dlmensmnal contlnuur_n of states. Fmally a comparison
coupled quantum wells however generally consider only thdS effected between theoretical and experimental results.
lowest miniband originating from the most localized
quantum-well levet. While a simple tight-binding or transfer Il. ELECTRONIC SPECTRUM IN SHALLOW
matrix calculation of the energy spectra that employs the QUANTUM WELLS
single lowest superlattice miniband usually yields reasonable . i ,
results for the electric field dependence of the one-particle Consider a quantum-well material with a small conduc-
states, the results are limited to a narrow spectral rangdion band discontinuity that supports a single bound state in
Moreover, excitonic formation in coupled quantum wells isthe conduction band and numerous localized heavy hole
known to partially inhibit spatially indirect transitions which States. As the exciton transition intensity is proportional to
in turn suppresses Stark-ladder effécThe degree of Stark- the e_Iectron—hoIe wave-function overlap integral, we first de-
ladder features accordingly depends on the relative magnfermine the electron energy levels and broadening factors
tudes of the exciton binding energy and the superlattice minitfom the local density of states of electrons in the quantum-
band width. well region. For this purpose we employ the local density of
In shallow quantum-well superlattices it is necessary to>tates defined by the projection
consider not only the lowest miniband but also higher mini-
bands with energies above the quantum-well threshold. In _ 2
the presence of the external electric field the latter gives rise A(E)= wilch(z)l dz @
to quasilocalized states with wave functions extending over
several periods of the superlattice. The field induced localento the well region ofb¢(z), the energy dependent solution
ization may then be strong enough to enhance the electromf the one-dimensional Schdimger equation for the conduc-
hole Coulomb coupling leading to the formation of a reso-tion band electrons in the growth direction normalized to a
nant exciton state. Such a process in fact is observed in thgirac delta function with respect t&. The integral in the
emission spectra in many practical devices such as high freebove definition is taken over the entire quantum-well and
guency and high output power optical modulators based obarrier region in order to model the localization of the hole
multiple shallow quantum wells. These materials display nu-and thus the exciton in the quantum well.
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FIG. 1. The evolution of the local density of states for electrons
in a single quantum well at applied voltages of 0, 1, 2, 3, 4, and 5
V corresponding to electric fields from 25.5 to 150 kV/cm.

0.1+ . r .

A typical plot of the local density of states with electric -100 0 100
field for a single quantum well is presented in Fig. 1. These Energy (meV)
calculations were performed by applying the finite-difference . .
approx|mat|on to the One_d|mens|ona| Smhr[ger equann FIG. 2. (a) A comparison of the local denSIty of states of a

for an electron with an effective mass,=0.0489n, in the single quantum wel(solid line) and the Ioca_l density calculated for
potential shown in the inset which has a conduction bandn® system of ten quantum wells and projected onto the quantum-
discontinuity of 108 meV, a well width of 95 A and a barrier el région with greatest potentialashed lingfor a 25.5 kvicm
width of 80 A. Vanishing and standing wave boundary con-2PPlied field.(b) Same aga) except for the system of ten quantum
ditions forz— + andz<0 were assumed, respectively. At wells averaged over an ensemble of 100 realizations of MQW sys-
. T . tems with random fluctuations of the interface positions from their
each f.leld value, three distinctive maxima are pr.esent COIﬁreﬁominal values given by a normal distribution with a standard de-
sponding to the lowest@, 2C, and X conc_luctlon-band viation of 5 A. Vertical dash-dotted lines denote the edges of the
resonant levels. Of these, th€level energy is lower than |4 energy bands.
the quantum-well thresholB,, which is taken as the energy
reference point in the figure, while the higher two resonances e |ocalization enhancement due to interference in mul-
remain in thg continuum. As yvell, the field-dependent Sh'ﬁtiple quantum-well systems is illustrated in Figa2which
and broadening of the levels is observed. The general shapgasents the local density of states of a single quantum well
of the spectral resonances is, however, preserved up to thgoid line) for the potential profile given in Fig.(8) and for
largest field shown. _ an additional structure obtained by adding nine quantum
The solution®g(z) depends in general not only on the yelis (dashed lingto the low potential side of the original
potential profile but also on the boundary conditions. Pass'n%uantum well shown in Fig.(8). The energy reference point
to the discussion of multiple quantum-well systems it is in-EO is in both cases chosen to correspond to the maximum
structive to consider at first a solution satisfying the Blochy5jye attained by the lower barrier of the quantum well in
type boundary condition question. The boundary conditions used in this calculation
_ are ®(z)—0 for z— +o and ®g(z) =Asinkz+ ¢) for z
®(z+L,)=D(z)ektw, (2 <0. The local energy band positions as derived from(Ey.
are shown in this figure by vertical dashed-dotted lines.
wherel,, is the sum of the well and barrier widths. These The presence of additional wells clearly narrows the
solutions can be thought of as a local miniband structure fosingle well resonances without significantly changing their
each unit cell of lengthL,,. In a superlattice, an applied positions. Despite the splitting of the second and third con-
electric field misaligns the local allowed bands described byduction band levels the dominant resonance lines in the
real values ok,, such that the local forbidden energy gapsMQW system are thus reasonably well represented by the
of one unit cell with imaginary values d€,, constitute a broad resonances of an isolated well. The additional, small
barrier for the allowed energy bands of the adjacent quanturimtensity resonances in the 10 well system originate from the
well. Thus an enhanced particle localization and therefordocalized states of neighboring wells that contribute to Eq.
decreased resonance width will typically result from multiple(1). Observe also that the position of the lowest energy level
reflections and interference. of the isolated QW approximately coincides with the upper
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500 nance widths for the single QW case provide only a lower
limit for the tunneling escape times.

IIl. EXCITONS IN THE CONTINUUM

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

A full description of the one-particle spectrum for the

-1000 0 1000 2000 in-plane momentumk=0 is contained in the retarded
z(A) Green'’s function, which is a solution of

Energy (meV)

FIG. 3. The potential profile employed in the density of states
calculations for(a) a single quantum well andb) ten quantum

we_lls. The horizontal dash-dotted Iings denote the energy referen%heref andU(z) denote the kinetic and potential energy of
point (zero of energy for each potential. the electron, respectively. If the continuous spectrum wave
functions and energies afeg andE, respectivelyG(z,z')
edge of the lowest local energy band of the superlattice. Thibas the spectral representation
behavior is equally predicted by a simple tight binding cal-
culation model that employs only the lowest, strongly local- ) +o P (2)PE (2')
ized state of the isolated well. On the other hand, the higher G(z2")= JE ,md
energy resonances that branch away from the upper edges of " 7
the corresponding energy bands require more sophisticated |, the vicinity of the resonant energs,e=E,.—iT" cor-

analysis techniques. o responding to outgoing wave solution fprz,, the Green'’s
The interference induced localization depends strongly ofynction can be approximated by

the coherence length of the electron wave function in realis-

[T(k)+U(2)—E]G(z,2")=8(z—2"), 3)

E". (4)

tic systems. Correspondingly, in Fig. (), we explore the . L Fed2)FedZ')

effects of small parameter fluctuations of the individual G(z2)~y TE—E,otil ®
quantum-well in the 10 well system. In particular, to gener-

ate a realization of the random potential the position of eacivhere the normalization constant N

interface is changed by a random valne that obeys a =€ - kozofzrom|':res(z)|2dz and the complex wave vector
normal probability distribution with standard deviatian  ky is found from the equatio (kg) =Es—iI". In accor-

=5 A and the corresponding density of states is calculateddance with the results of the previous section we approxi-
This process is repeated 100 times and the individual result®ate the integral over the continuum eigenstates in(&xq.

for the density of states are averaged. The averaged density a sum over a small number of resonant states with com-
of stategdashed lingis seen to be nearly identical to that of plex energie€,=E,—iT',. These states are thus treated as
the isolated quantum wellsolid line) since the additional |ocalized bound states that give rise to resonant minibands.
contributions that result from the penetration of the localizedrhe spectrum differs from a discrete spectrum only through
states in the adjacent wells largely cancel after averaginghe incorporation of the finite resonant state lifetime, which

This result indicates that the fluctuations in a real Systemﬁ; direcﬂy related to the parameté‘r_ The Green function
caused either by static disorder or thermal oscillations prethen becomes

vent the formation of satellite states over length scales much

greater than a superlattice period. Accordingly, we conclude 1 Fresn(2)Fresn(Z")

that even for shallow quantum wells the MQW electroab- G(z2)=2 N. E-Eir. ©
sorption spectra is given by an isolated quantum-well model o noon

that includes resonant states. The localization of the assockExcitonic wave functions can then be constructed from reso-
ated wave-functions within the well is further sufficiently nant valence and/or conduction subband states.

strong that such resonant excitons should be observable ex- To calculate the absorption coefficient according to the
perimentally. Note, however, that although our approximasmethod given in the previous publicatidristhe valence
tions give the correct level positions, the calculated resominiband states are represented through the basis set
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WhereUM(E,Z) are the bulk Bloch functions corresponding to fo 27 P v (PP Wi (P) N i, (P)
the valence band maximum at thie point with k=0 spin (10)
valuesu==*3 andu=+ 3. Each two-dimensional subband
can then be given a composite lalvet (m, ) in whichm  in whichHY andU” are the kinetic and potential energy part
=1,2,...,represents the subband number. The envelopef the electron-hole pair Hamiltonian projected onto the
functionsF, ,(z) for the strongly localized hole levels are symmetry channel with total angular momentdnThe Cou-
evaluated by applying zero boundary conditions at the outelomb matrix is diagonal with respect tg assuming that the
interfaces of both quantum-well barriers. The basis function€oulomb interaction is isotropically screened with a dielec-
are normalized to the unity over the quantum-well a#fea  tric constantey. It may be expressed in terms of a single
For the resonant conduction subbands we apply integral overk, as

UZ,.(P.P")
N 1 s -
Un(p,2)= ﬁFres,n(z)elk.puy(Paz)r (8)

47TEZJ‘°0 dk, Mvzvl(_ k)Mcc(ky)

) €0 =27 | \J(k2+(p—p")2)(K2+(p+p’)?)

whereu,(p,z) is the bulk conduction band wave function at |

the I' point for spin valuesy=+ 3. The envelope function ( \/(k§+(p+ p’)?)— \/(k§+(p—p)2) "1

Fresn(2) corresponds to a resonant solution of E8). with O, -

an c?utgoing wave boundary condition. VIZ+(p+p")D) +(Ke+(p—p’)?) t
Projecting the equation of motion onto the above set of (11)

basis functions yields a set of coupled eigenvalue equations _

for the exciton wave function components associated with alln the above equatiokl , 5(k,) = fﬁﬁdze"kzZFz(Z)FB(z) is

possible electron-hole subband pairs. In this approach, thiae envelope function form factor. Since the Coulomb mix-

Coulomb interaction term is explicitly cylindrically symmet- ing of the conduction subbands is negligible, the electron is

ric, enabling numerous simplifications. The kinetic energyassumed to be in a single specified conduction subband and

matrices are generated by projecting the three-dimensionabmponents of the excitonic wave functions are labeled sim-

effective mass Hamiltonian onto the above basis function seply by specifying their valence levels.

In the direct band-gap 1llI-V semiconductor calculations of Once the excitonic stat&’JN has been determined from

the following section, a single spherically symmetric con-Eq. (10), its transition strength is computed from

duction band and a light and a heavy hole valence band

described by the Luttinger-Kohn Hamiltonian are employed. = dk

It is also necessary to include the nonparabolicity in the con- <PJ|\PJN>: fo Zkvz Pj:wﬂ"vl(k) (12

duction band to ensure agreement with experiment at large !

electric fields in our succeeding calculations. Since the vain which the momentum matrix elemelf?f/l for light polar-

lence band of quaternary semiconductors are almost sphefiation e is proportional to the overlap of the conduction

cally symmetric in the vicinity of thd” point, a cylindrical  |eye| ¢ and hole level envelope functions according to
approximation can be applied to the effective Hamiltonian

for the quantum-well excitons. Exciton eigenstates can then 1 o R
be described in terms of theprojection of the total angular P)= MCV(O)VJ d3x U (X) Py (X) 6 - (13
momentumJ of the exciton wherd =1+ v— u (the negative v
sign u stems from the time-reversed nature of the hole statefjote that only the components & with nonzero angular
and| represents the component of the orbital electron-hole momentuml, are nonzero. In addition each excitonic transi-
pair angular momentumAs a result of the selection rules  tjon is characterized by a specific spectral line shape function
for excitonic transitions I=0,|v—pu|<1) only the J=0, r(w).
+1 states are optically active.

The guantum-well absorption coefficient is given by the
golden rule expression

IV. EXPERIMENTAL PROCEDURE

The physical system considered in this paper consists of a

nominally undoped Eultiple guantum-well structure com-
4 posed of twenty 95 A InGaAsP quaternary wells separated

a(w)= cnol, EJ: EN: (PRIPHPL(0—ER).  (9) by 80 A barriers grown by metal-organic chemical vapor
deposition. The well and barrier widths were precisely deter-
mined through TEM measurements. Both wells and barriers
Here W denotes théNth solution of the system of coupled are made of a InGaAsP quaternary alloy lattice matched to
exciton equations InP so that, except where specifically noted, all material pa-
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rameters employed in the text are obtained by interpolation 20000
from binary values. The nominal wavelengths corresponding
to the well and barrier energy gaps are-1.48 um and\

=1.1 um, respectively, although the value of the energy
gap employed in our succeeding calculations is adjusted
slightly from these values in order to correctly reproduce the
measured absorption edge position at zero applied bias. The
associated conduction band discontinuity is thebt00 meV

so that even at very weak electric fields only one conduction
band level is localized in the well with an energy below the
ionization threshold as discussed in Sec. Il. All observed
heavy hole states on the other hand are strongly localized
within each quantum well. The MQW region is finally sand-
wiched between a-type and am-type InP substrate layer to
form ap-i-n structure. The built-in voltage of,;~ — 1V for

this diode has been obtained both by fitting the absorption
spectra at zero bias voltage and by observing the rapid de-
creazse in quantum efficiency of the diode af forward
bias: 0 1
Measurements of the induced photocurrent spectra were 1200 1400 1600
performed on chemically etched, PIN mesa structures with WAVELENGTH (nm)

light !ncident parallel to the growth dqrection through a win- FIG. 4. Experimenta(solid lineg and theoreticaldashed lines
dow in the top gold contact. To obtain the absolute value Ofroom temperatureT=300 K) absorption coefficients for different

the absorption coefficient, the extern_al bias rquired to effecépplied voltages in a PIN diode containing multiple quantum wells.
a 180° phase change pf=1.557 um light emerging froma - . _ _
straight 2.2 um wide, 600 um long single mode ridge given quantum well. This process is modeled according to
wave guide containing the MQW core and contacted by ghe procedure outlined i_n Sec._ll. However, Stark_ Io_c_alization
metal electrode was measured. The straight wave guide se only phenomenologically incorporated by limiting the
tion is placed into one arm of an interferometer as describe@roadening parametdr to I',,<10 meV. The linewidth

in Ref. 6 and light polarized parallel to the quantum-well Proadening induced by quantum-well width fluctuations,
plane is inserted from a tapered fiber into the WaveguidéNh'CE are known experimentally to be on the orderogy
through a cleaved and coated end facet. Matching the refrag= 2 A\ varies considerably with resonance energy. To calcu-
tive index change of the MQW material obtained from thes ate this quantity we therefore calculate the variation of each
measurements excluding the bulk linear electro-optic effectggﬁ;grgtleegelGVE\;'lthViv:r:l (‘;‘gﬂ:ﬂb;ﬁ'; 1gzatrr]1telzt>/li:18e\5\t]ig?h u]‘i?n(ét;[gn
t_o the Kramers-_Kronlg transformanon of the electroabso_rp—with a standard deviation deduced from the given value of
tion spectrum yields the magnitude of the modal absorption

. : X .~ ow. In contrast, local composition fluctuations are assumed
arising from t.he .MQW material. The gbsorptlon cc_;efﬂuentto give the same contribution to the linewidth broadening for
for the material is then calculated using a theoretical valu

_ . ‘ach resonance and are taken to provide a Gaussian contri-
7=0.6 for the overlap factor of the propagating mode OVer+,tion to the line shape with a standard deviation in energy
lap factor with the active region. The PIN's and straight ot 12 mev. The Gaussian contribution to the linewidth of
wave guides were taken from material produced at the samg,ch resonance s therefore the square root of the sum over
wafer location in order to ensure a similar material compo+he squared variances of the well width and composition

10000

ABSORPTION COEFF. (cm™)

sition. fluctuations. The presence of ionized impurities in the intrin-
sic region generates a uniform background charge distribu-
V. COMPARISON OF THEORY AND EXPERIMENT tion and thus a linear electric field variation across the

sample. This effect is modeled with a rectangular contribu-

To effect a comparison between theory and measuremertion to the linewidth. The width of the rectangle is set by the
we consider a theoretical model incorporating three conducmagnitude of the background doping, which is determined
tion, two light-hole and six heavy-hole minibands. All input here through SIMS measurements. The Urbach type, rectan-
parameters to our numerical program are set empirically agular and Gaussian contributions are subsequently convo-
outlined above with the exception of those related to energjyuted to produce the desired linewidth shape functifn,
level broadening, which enter through the line shape function A comparison between our theoretical curves and the ex-
L of Eq. (9). To construct this function, we perform an ex- perimental PIN diode measurements for external reverse bi-
ponential resummation to all powefsumulant expansion ases oflU=0, 1, 2, 3, 4, and 5 V at eemperaturél =300 K
of the scattering amplitude for exciton-phonon scatteringis displayed in Fig. 4. Distinct steps in the absorption curve
The resultingC resembles a Lorentzian for energies less tharaccompanied with additional characteristic two-dimensional
a LO phonon energy away from its maximum value, butexcitonic features are observed. In particular a steplike struc-
decays nearly exponentially on the lower energy side of theure atA=1300 nm at ¥ bias results from the excitonic
maximum as the energy is decreased away from this regiomansition from the second heavy-hole 2HH to the second
coinciding with the expected behavior of the Urbach tail. conduction Z resonant subband. The magnitude of this

A second source of broadening is the tunneling out of aransition decreases slowly with electric field. At higher field
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FIG. 5. Same as the previous figure, but Tor 120 K.

the 1HH and the resonantClevel. However, the overall
shape of the theoretical absorption spectra that includes the
contribution from these two transitions agrees well with ex-
periment.

In order to reduce temperature broadening we repeated
the photocurrent measurements on the sample of Fig. 4 at
T=120 K. Our theoretical results, obtained with the same
parameters as in the room temperature calculations, are pre-
sented together with the experimental data in Fig. 5. Clearly,
the agreement is excellent providing clear evidence for the
validity of the linewidth broadening model.

VI. CONCLUSIONS

This paper has discussed several aspects of the theory and
behavior of coupled quantum-well materials in an applied
electric field. The comprehensive numerical program that
was developed to reproduce the low and high energy features
of such materials incorporates a cumulant expansion analysis
of the resonant excitonic linewidth broadening, the bound
and resonant valence and conduction subband structure in-
cluding the band nonparabolicity and the Coulomb coupling
among the various subbands. Our analysis demonstrated that

a new step appears in the absorption curve in the vicinity othe nonbound resonances that exist in the density of states

A=1300 nm. This signal, which is most pronounced &t 5

high above the ionization edge even in relatively shallow

bias, is associated with the transition from the first heavy-quantum wells produce large and predictable steplike exci-
hole to the third, highly resonant conduction subband. Theonic features in the measured electroabsorption that persist
strong broadening at higher applied electric fields obscureat room temperature. The enhanced electro-optic properties
the transitions, marked by arrows in Fig. 4, between the thircdissociated with such features can be clearly exploited in nu-

heavy hole 3HH level to the first conductiorCllevel and

merous optoelectronic device applications.
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