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Excitonic electroabsorption spectra and Franz-Keldysh effect of In0.53Ga0.47As/InP
studied by small modulation of static fields

A. Jaeger and G. Weiser
Department of Physics and Center of Material Sciences, University of Marburg, D-35032 Marburg, Germany

~Received 13 February 1998!

The influence of electric fields on excitons and band states of a bulk semiconductor grown lattice matched
to ann-InP substrate is studied by measuring absorption and differential electroabsorption spectra, i.e., by weak
modulation of static fields. At small fields, field broadening of light- and heavy-hole excitons, split by residual
strain, determines the shape of the electroabsorption spectrum. At slightly larger fields Franz-Keldysh oscilla-
tions of the band states develop, the discrete exciton lines disappear in the absorption spectrum and their
electroabsorption signal becomes part of the response of the continuum. The transition from excitonic electro-
absorption to the Franz-Keldysh effect is clearly resolved and both regimes are compared with theoretical
models. The observable range of Franz-Keldysh oscillations increases linearly with the field which corresponds
to a constant mean free path of free carriers of 160 nm and to a collision rate that increases with the square root
of energy. Different reduced mass of light- and heavy-hole transitions leads to beat in the spectrum. For static
fields above 10 kV/cm the electroabsorption spectra, in particular, the decay of the amplitude with increasing
energy, is quantitatively described by the one-electron theory if an energy-dependent scattering rate accounts
for a field-independent mean free path.@S0163-1829~98!04639-6#
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I. INTRODUCTION

The fundamental absorption edge of semiconductor
significantly modified by the Coulomb interaction of ele
trons and holes that gives rise to discrete states below
band gapEg and to an enhanced continuum absorption ab
the gap.1 It dominates the distribution of excited states a
their oscillator strength with respect to the ground states
materials with large exciton binding energy but is importa
even in high-mobility semiconductors where a small redu
mass and large dielectric constant leads to very small exc
binding. Static electric fields change also the absorption e
of a semiconductor and produce an exponential absorp
tail, first described by Franz2 and Keldysh3 as field- and
photon-assisted tunneling from the valence to the conduc
bands. Based on the wave function of an electron in a c
stant electric field the Franz-Keldysh effect was generali
to states above the gap4,5 and electroreflectance became
valuable tool to study the band structure of semiconduct
Mixing of band states by the field, however, leads not only
broadening of the absorption edge but also to oscillat
changes of the absorption above the gap. These Fr
Keldysh oscillations are difficult to observe because hi
quality samples providing a long lifetime of carriers and s
ficiently homogeneous fields are necessary. Theory predi
quite early that the discrete exciton states should resp
even more sensitively to an electric field than the ba
states6–9 but the experiments, measuring usually fie
induced changes of the reflectivity could not separate
response of excitons and band states. In high mobility se
conductors the exciton binding energy was too small to av
strong mixing of exciton and band states by the relativ
large fields near the surface while in the case of larger b
ing energy only an excitonic response was observed
Franz-Keldysh oscillations did not develop.10–12
PRB 580163-1829/98/58~16!/10674~9!/$15.00
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Modern epitaxy improved the experimental situation
growing thin single crystals of high quality. If grown on
transparent substrate field-induced changes of the trans
sion can be studied which depends little on a surface fi
and employs the relatively homogeneous field inside
sample. Electroabsorption spectra of In12xGaxAsyP12y /InP
epilayers have been used to determine the variation of
field with applied voltage in laser structures, to measure
exciton linewidth13 and the mean free path of free carriers14

Electroreflectance and the related photoreflectance15 are now
frequently applied to characterize III-V heterostructures. W
present a study of field-induced changes at the absorp
edge of a semiconductor over a wide range of fields t
reveals distinctly different effects for low and high field. Th
results are compared with theoretical models that are
viewed in the next section to summarize the relations nee
for the evaluation of the data. After a brief description of t
experimental procedure we present and discuss the ex
mental results.

II. THEORETICAL MODELS

The absorption at the direct gap of a semiconductor wh
weak Coulomb interaction leads to Wannier excitons
given by1

a~\v!5
A

ncv
2pARH (

n51

`
2R

n3
dS \v2Eg1

R

n2D
1

H~\v2Eg!

12expS 22pA R

\v2Eg
D J . ~1!
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The sum accounts for absorption into discrete sta
which line up in a hydrogenlike series while the second
pression with the Heaviside step functionH(\v2Eg) de-
scribes the absorption by the continuum.R and aB are the
binding energy and Bohr radius of the exciton

R5
me4

2~4p«o\!2

m

«2
, aB5

4p«o\2

e2

«

m
~2!

andm is the reduced mass of electron and hole the Coulo
interaction of which is reduced by the dielectric constant«.
The absorption strengthA is determined by the momentum
matrix elementpcv between the valence and conducti
band:

A5
e2

4p«omo
2

upcvu2S 2m

\2 D 3/2

. ~3!

The continuum absorption that in Eq.~1! is expressed on an
energy scale normalized toR approaches for high energy th
same square-root dependence as obtained for vanishing
lomb interaction (R50):

a~\v!5
A

ncv
H~\v2Eg!A\v2Eg. ~4!

The acceleration of an electron by an electric field leads
new eigenstates that within the one-electron theory are
scribed by replacing the plane-wave envelope for mot
along the fieldF by the Airy function:

w5
1

2p
exp~ ikxx!exp~ ikyy!

AeF

\Q
Ai ~z!, z5

\v2Eg

\Q
.

~5!

The argument of the Airy function Ai(z) is the kinetic en-
ergy of the hole and electron normalized to an electro-o
energy\Q that accounts for the interaction with the elect
field alongz:

\Q5S eF\

A2mz
D 2/3

. ~6!

The resulting absorption spectrum is described by the A
function and its derivative with respect toz ~Ref. 4! and
oscillates around the spectrum for the field-free case@Eq.
~4!#.

a~v,F !5
A

ncv
A\Q p@Ai 82~z!2z•Ai2~z!#. ~7!

The field-induced changeDa of the interband absorption
the electroabsorption spectrum, therefore consists of a s
of peaks that shift with increasing field to higher energ
This shift is a consequence of the scaling of the kinetic
ergy to\Q and leads to a relation of peak positionEn and
peak numbern that delivers the field in the sample from
optical data once the reduced mass is known.16

~En2Eg!3/25
3ehF

8A2mz

•n. ~8!
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The coherent acceleration is limited by scattering which
the most simple approximation is described by the Loren
ian broadening parameterG. Such collisional broadening ha
been included into the one-electron theory by supplemen
the argument of the Airy function with an imaginary part:5

z5
\v2Eg1 iG

\Q
. ~9!

Coulomb interaction modifies the electroabsorption spe
but no analytical solution has yet been found for the jo
action of an external field. For small fields perturbati
theory yields the quadratic Stark shift of the discrete exci
states, whereas for larger field approximate wa
functions17,18 and numerical calculations6–8 were success-
fully applied.

Figure 1 shows the envelope function of the lowest e
cited state in a large external field. Bound and continu
states are strongly mixed to a new eigenstate. The small
plitude in the potential well of the hole indicates rapid tu
neling through the Coulomb barrier and fast ionization of t
exciton. Except for such resonance inside the Coulomb
tential the electron wave function agrees with the Airy fun
tion, the wave function of a free particle in a constant fie
Different effects prevail depending on the relative size of
exciton binding energyR and the external potential over th
exciton radiusaB that defines the ionization field:

Fion5
R

e•aB
. ~10!

For very small fields (F!Fion) perturbation theory predicts
a redshift of the exciton due to the quadratic Stark effe
Already at rather small-field (F/F ion;0.3) perturbation
theory becomes inadequate and mixing of bound and c
tinuum states leads to the turnover of the absorption p
into a blueshift6,8,19 as shown in Fig. 2. At high field the
discrete states are strongly broadened and merge with
continuum. However, it cannot be excluded that Coulo
interaction still modifies the electroabsorption spectrum
much to be described by the Franz-Keldysh effect alone7

FIG. 1. Wave function of an excited electron in a strong elec
field showing resonant enhancement in the Coulomb potentia
the hole, a residue of the 1s bound state.
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III. EXPERIMENTAL DETAILS

The samples were grown by low-pressure metal orga
vapor phase epitaxy as 600-nm-thick crystals lattice matc
to the n-doped InP substrate. All samples showed at ro
temperature small tensile strain («,1023) derived from nar-
row x-ray diffraction peaks. We found in this range of stra
no indication that possible misfit dislocations affect the qu
ity of the spectra quite in contrast to variation of compositi
or temperature of the samples. We present only results o
ternary alloy In0.53Ga0.47As but equivalent spectra are ob
tained throughout the quaternary system~InGa! ~AsP!. Their
evaluation reveals larger inhomogeneous broadening of
citons and smaller mean free path of free carriers.13,14

The sample was mounted onto the tip of a He flow c
ostat. The light source was a tungsten halogen lamp filte
by a 1-m monochomator to a bandpass of 0.5 meV or l
Since the substrate was transparent below 1.4 eV all spe
could be derived from the transmitted intensityI and its
field-induced changeDI , which was measured by a nitroge
cooled Ge detector. The doped substrate served as grou
electrode. The field in the sample was changed by a dc
applied to a transparent Pt contact~thickness 6 nm! on top of
the sample. A small superimposed voltageDU ~square wave,
f 51 kHz! increased the static field and caused a transm
tance change that was measured by a lock-in amplifier.
change of the absorption constant by switching from
lower field F1 to the higher fieldF2 is derived from the
relative change of the transmitted intensity whered is the
thickness of the crystal:

Da5a~F2!2a~F1!52
1

d

DI

I
. ~11!

Small-field modulation thus is closely related to photomod
lation spectroscopy where a built-in field is partial
screened by excited carriers. However, being independen
the penetration depth of light and of the diffusion of carrie
small-field electroabsorption yields more homogeneous c
ditions, which facilitates the quantitative analysis of t
spectra. Electroabsorption spectroscopy avoids also the c
plex analysis of electroreflectance spectra that near the
sorption edge are dominated by changes of the refrac

FIG. 2. Transition energy of the 1s exciton in a normalized
electric field F/Fion . Data points are from Ref.6. The quadratic
redshift resulting from perturbation theory~dashed curve! applies
only at small fields and changes at higher field to a blueshift.
ic
d

l-

he

x-

-
d
s.
tra

ded
as

t-
e

e

-

of

n-

m-
b-

ve

index. Although small-field modulation provides a small
response than the conventional electroabsorption spec
copy that switches from low, presumably zero field to hi
field it has further advantages. By summing up all absorpt
changes along the light path the change of transmittance
duced by a small voltageDU is not very sensitive to inho-
mogeneous fields resulting from residual space charge.14 It
will be demonstrated in this report that by increasing t
static field in small steps a small modulating ac field se
rates clearly those effects which dominate in a particu
range of fields.

IV. EXPERIMENTAL RESULTS

A. Absorption spectra

The absorption spectrum at low temperature depe
strongly on the field in the sample as shown in Fig. 3.
zero bias (U50 V! the absorption spectrum shows a lon
tail rising to a broad peak near 0.82 eV, which could
interpreted as a strongly broadened exciton. However, if
field is reduced by forward bias this peak shifts to low
energy and narrows. Simultaneously a weaker peak app
with the peak below it attributed to the light-hole excito
The splitting of heavy- and light-hole excitons by 5.7 meV
due to residual tensile strain by a small lattice misma
(Da' /a0521.2131023) measured at the same spot by
ray diffraction. The large width of the exciton at zero bi
thus is due to an internal field set up as in a pin diode
carrier diffusion between the contact regions. Too large f
ward bias increased the linewidth of the excitons again pr
ably due to screening by free carriers that diffuse from
doped substrate into the sample. Evaluation of the Fra
Keldysh effect in the next section yields a built-in field of 5
kV/cm, which is far above the ionization field of the excito
Table I summarizes the relevant parameters, the binding
ergy and Bohr radius of heavy- and light-hole excitons d
rived by scaling the hydrogen model with the reduced mas20

FIG. 3. Variation with dc bias of the absorption edge. Light- a
heavy-hole exciton peaks, split by residual strain, appear i
built-in field is reduced by forward bias. The spectrum on top
fitted to an excitonic absorption edge with Gaussian broaden
~dotted curve!.
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and dielectric constant21 of In0.53Ga0.47As. Experimental val-
ues of the binding energy are close to that of the heavy-h
exciton.22,23

If the field is sufficiently reduced the absorption ed
agrees very well with an excitonic absorption edge cal
lated from Eq.~1!. The parameters of the fit are the gap, t
valence-band splitting, the exciton binding energiesR, and
the transition strengthA, which for heavy holes is abou
twice as large as for light holes. The calculated spectrum
convoluted with a Gaussian to account for inhomogene
broadening in the alloy. Under reduced forward bias, wh
corresponds to larger internal field, the absorption spect
can still be matched to Eq.~1! but with larger line width and
a lineshape that is better modeled by a Lorentzian reflec
increasing lifetime broadening.

The absorption spectra of discrete and continuum st
connect smoothly with no particular feature indicating t
onset of the gapEg . Because only the 1s state of the exciton
is resolved the binding energy must be determined from
scaling of the continuum absorption to the binding energyR.
Such a fit, however, yields 0.8 and 1.4 meV for the light- a
heavy-hole exciton, respectively, about half the energies
culated from the hydrogen model in Table I. Similar dev
tion has been observed on GaAs~Ref. 24! and on
In12xGaxAsyP12y .25 Such deviation could result from th
difference between the absorption spectruma and the imagi-
nary part Im(«) of the dielectric constant to which Eq.~1!
actually applies:

a5
v Im~«!

n~v!c
. ~12!

Although Eq.~1! includes the factorv it does not accoun
for the energy dependence of the refractive index, wh
increases below and decreases above the sharp increa
the absorption26 consistent with the Kramers-Kronig rela
tions of real and imaginary part of the dielectric respon
function«(v). A decreasing refractive index beyond the e
citon leads to a faster increase of the absorption spectrum
the continuum states pretending a smaller value ofR.

Figure 3 confirms the extreme sensitivity of Wannier e
citons to electric fields. Small reduction of the forward bi
leads to rapid broadening and a shift of the heavy-hole p
to higher energy. This behavior indicates that even the sm
field at 0.3 V bias is still above the range where the quadr
Stark effect of perturbation theory applies. The small
fields we achieved in any sample onn-doped substrates wer
always near or above the ionization field of the excitons.
larger field, i.e., at zero or reverse bias, a long absorption
develops as predicted by theory and the peak on top s

TABLE I. Reduced massm of heavy and light holes in
In0.53Ga0.47As,20 binding energyR, and Bohr radiusaB , derived
for a dielectric constant«513.9 ~Ref. 21! and the ionization fields
Fion of excitons.

Exciton m/m0 R ~meV! aB ~nm! Fion ~kV/cm!

Light hole 0.0277 1.6 32.4 0.49
Heavy hole 0.0377 2.65 19.5 1.36
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further into the region of band states. This absorption p
then cannot be attributed to a bound state but is one of
Franz-Keldysh oscillations.

B. Electroabsorption spectra at weak fields

The modification of the absorption edge by electric fie
is much better resolved in the electroabsorption spectra
played in Fig. 4. Derived from transmittance changes due
a small ac voltageDU these spectra represent the differen
of absorption spectra for two slightly different static field
Most pronounced changes of the spectral line shape o
under forward bias. At the smallest field at 0.4 V forwa
bias we observe only a response from light- and heavy-h
excitons. The sharp negative peaks at 0.8143 and 0.819
agree better than 0.5 meV with the exciton transition en
gies derived from the fit of the absorption spectrum and c
respond to a decreasing height of the exciton peak with
creasing field. Most of this loss shows up in a larger width
the exciton peak resulting in the positive peaks. The l
shape of the spectrum thus is determined by lifetime bro
ening of the excitons. Despite its weaker oscillator stren
the light-hole exciton responds more sensitively to an
creasing field. Due to the larger radius and smaller bind
energy the same modulating voltageDU causes a large
change of the effective fieldF/Fion for the light-hole exci-
ton.

The electroabsorption spectrum at 0.4 V bias had to
enlarged by a factor of 10 to fit into the scale of the oth
spectra. This small response near flatband conditions is p
ably due to substantial screening of the modulation volta
by injected carriers obvious also from a strongly increas
current. The peak amplitude increases rapidly as forw
bias is reduced. Down to 0.25 V the electron absorption~EA!
spectrum is dominated by field broadening of the excito
resulting in two negative peaks which shift slowly to high

FIG. 4. Variation with dc bias of electroabsorption spectra m
sured with a small ac voltage. The spectra show the transition f
an excitonic response to Franz-Keldysh oscillations at higher fi
The dotted spectrum at the highest field is calculated from o
electron theory neglecting excitonic effects completely.
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10 678 PRB 58A. JAEGER AND G. WEISER
energy. At 0.25 V the excitonic features merge to a sin
response while at higher energy additional peaks appear
indicate the onset of the Franz-Keldysh effect of the ba
states. At 0.2 V where in the absorption spectrum the e
tons are still resolved~Fig. 3! the electroabsorption spectru
consists of a set of oscillations with the first negative pe
coinciding with the excitonic absorption peaks. Except
some enhancement of the leading peaks the spectrum a
already the line shape of the Franz-Keldysh effect. The p
positions line up according to Eq.~8! and yield a static field
of 2.8 kV/cm based on the reduced mass of the heavy-h
transition. Above 4 kV/cm the light-hole exciton respon
vanishes under the first positive peak and at 5 kV/cm on
small distortion of the spectral line shape near the first z
remains from the light-hole excitons while the response
the heavy-hole excitons is part of the first negative peak
series of oscillations. Excitons are no longer apparent in
absorption or in the electroabsorption spectrum, which
dominated by an increasing number of Franz-Keldysh os
lations. For fields of 11.6 kV/cm at 0.5 V reverse bias t
electroabsorption spectrum agrees almost perfectly wit
calculated spectrum based on the Franz-Keldysh effect
energy dependent lifetime broadening. Coulomb interac
seems negligible now since the deviation between exp
ment and one-electron model remains very small even at
onset of the spectrum.

C. Spectra of the Franz-Keldysh effect

A large number of Franz-Keldysh oscillations develo
under reverse bias as shown in Fig. 5. The peak posit
shift with increasing field in perfect agreement to the scal
of the excess energyE2Eg to the electro-optic energy\Q
of the heavy hole. At higher fields more than 40 peaks
observed that obey strictly Eq.~8! as demonstrated before.14

Closer inspection reveals two sets of oscillations related
heavy- and light-hole transitions. The stronger heavy-h
transitions dominate the general shape of the spectrum
the position of the peaks while light-hole transitions cau

FIG. 5. Evolution of Franz-Keldysh oscillations with rever
bias. Spectra to the right of the vertical bars are enlarged by a fa
of 6. Two sets of oscillations from heavy- and light-hole transitio
cause the beat in the spectra. A third series develops at the g
the split-off valence band.
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the beat of the peak amplitudes first observed at the ga
Ge.27 Because of their smaller reduced mass light holes s
to a larger electro-optic energy and yield an independent
of smaller amplitude and different period. At fields above
kV/cm the oscillations from the band gap reach the gap
the split-off valence band where another set of oscillation
observed and above 35 kV/cm oscillations stretch over
eV up to the gap of the InP substrate.

The Franz-Keldysh oscillations result from coherent a
celeration of free electrons and holes by the field that mo
fies the excited states. Because coherent motion is termin
by scattering, the range of oscillations is limited by the c
lision rate. A detailed study revealed thatdE the range of
observable oscillations increases linearly with field both
the ternary and the quaternary alloys.14 Such linear increase
is incompatible with a constant collision timet commonly
invoked to explain the damping of Franz-Keldysh oscil
tions. Because electron and hole acquire between collisio
maximum momentumk(t)5eFt the corresponding energ
range should increase quadratically with field if the collisi
time is constant:

dE5
~eFt!2

2m
. ~13!

A linear increase with field follows from the quite gener
assumption of a collision rate 1/t that is proportional to the
carrier velocityv. This assumption results in a mean fre
path L5vt that is independent of the carrier energy a
leads to the observed linear relationship ofdE and fieldF
that determines the gain of the energy carriers over the m
free path:

dE5eF•L. ~14!

The ternary sample presented here has a mean free pa
160 nm at low temperature which decreases to about half
value at room temperature. This value is confirmed for 4
meV excess energy up to the gap of the split-off band. Q
ternary alloys show a smaller mean free path, varying w
composition down to 60 nm at low temperature in go
agreement with the variation of the excitonic linewidth o
tained from absorption and electroabsorption spectra.13

In view of such a large mean free path Franz-Keldy
oscillations may be limited in thin samples by the extern
boundaries. In recent photomodulation spectra of GaAs
improved quality of Franz-Keldysh oscillations has been
tributed to an enhanced lifetime of carriers by passivation
an interface.28 However, the thickness of the referenc
samples was only 100 nm while the improved spectrum w
taken from a 150-nm-thick crystal. Because the mean f
path in the binary compound GaAs is probably larger than
the ternary alloy In0.53Ga0.47As it is likely that the Franz-
Keldysh oscillations were limited in either case by the thic
ness of the sample.

The validity of Eq.~8! for the peak positions enables th
measurement of the field in the sample and its variation w
bias voltage. The field at zero bias is 5.3 kV/cm which
multiplication with the thicknessd of undoped layers yields
a diffusion potential of 0.3 V between the Pt contact and
substrate. For small bias the field increases linearly with
external voltage as shown in Fig. 6. The increaseDF/DU

tor
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'12 ~kV/cm!/V, however, is only 70% of the value antic
pated if the applied voltage drops off over the undoped
gion. A substantial fraction of the applied voltage is lost
serial resistance and variation of the space charge in
doped region, which accounts for part of the built-in fie
For larger reverse bias the field increases sublinearly with
external voltage. A constant modulation voltageDU there-
fore produces modulation fieldsDF that vary with bias. For
the excitonic spectra in Fig. 4 the modulation field was ab
0.5 kV/cm which is sufficient to produce absorption chang
of the order 102 cm21. Between 1 and 3.4 V reverse bias t
modulation voltage of 0.1 V corresponds to a modulat
field that decreases from 1.2 to 0.7 kV/cm. The flat-ba
position is extrapolated to 0.45 V forward bias but no ele
troabsorption spectrum could be measured under such
dition. Carrier diffusion, probably electrons from the dop
substrate, caused screening of the modulation voltage, w
is already apparent from the small signal height of the sp
trum obtained for 0.4 V bias.

V. DISCUSSION

A. Excitonic spectra

The spectra show three distinct field regions where diff
ent effects dominate the response to a small modulating fi
a purely excitonic signal at very low field, a transition ran
where excitons are present and Franz-Keldysh oscillat
evolve that finally determine the spectrum in the high-fie
region. Excitonic electroreflectance spectra are commo
the case of large exciton binding energy, such as PbI2 , where
Franz-Keldysh oscillations are absent even for fields as la
as 23105 V/cm.11 In case of CdS where the exciton bindin
energy is 30 meV~Ref. 29! a weak redshift is observed a
low field but field broadening dominates the electroabso
tion spectra, which again show no oscillations above
gap.10 To our knowledge no Franz-Keldysh oscillations a
reported for samples with pronounced excitons. This is
surprising because large exciton binding energy is relate
a larger reduced mass which is unfavorable for Fra
Keldysh oscillations by two reasons:~i! the field required for
a certain value of\Q increases quadratically with the ma
and ~ii ! the smaller mobility resulting from a larger ma
reduces the mean free path for coherent acceleration.

FIG. 6. Variation with bias voltage of the field in the sample
derived from the peak positions of Franz-Keldysh oscillations.
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data exist for field effects on excitons of large radius a
small binding energy. Field broadening of the 1s exciton
state is observed in case of highly purified Ge single crys
at low temperature but no Stark shift is reported.30,31A small
initial redshift of the exciton has been observed in lo
temperature reflectance spectra of GaAs, which turns in
blueshift at larger field.32 These experiments were limited t
small fields and Franz-Keldysh oscillations were not o
served.

We expect from Fig. 2 that a quadratic Stark shift of t
weakly bound excitons of In0.53Ga0.47As can be observed
only for fields below 0.5 kV/cm, a range that was not acc
sible to our experiments. Consequently, the plot of the ex
ton transition energy, taken from the negative EA pea
reveals only a blueshift~Fig. 7!. The negative peak coincide
at small field with the exciton transition energy and wi
increasing field gradually into the first negative peak of t
Franz-Keldysh effect, which dominates above 10 kV/cm.
the transition range at fields a few times the ionization fi
discrete and continuum states are strongly mixed and ca
longer be distinguished. Residual strain in our samp
causes splitting of the valence band resulting in two clos
neighbored excitons. Although strain alters the hole mas
we expect little influence on the reduced mass and bind
energy of the heavy-hole exciton, which is determined by
electron mass. Due to the small splitting the excitons may
coupled by the field but such coupling has apparently li
influence on the line shape of their electroabsorption
sponse. We find good agreement with spectra calculated
Blossey with a theory for a single exciton and nondegene
bands.8,9

At very low field where the redshift of the exciton dom
nates the electroabsorption spectrum should resemble th
rivative of the absorption spectrum, i.e., a positive peak f
lowed by a negative one. When lifetime broadening becom
significant the positive peak at low energy decreases
height, the negative peak shifts to the exciton transition
ergy, and a positive peak appears at higher energy. In
case perturbation theory is no longer applicable beca
bound and continuum states are too strongly mixed. T

FIG. 7. Field-induced shiftDE of light- and heavy-hole excitons
derived from the shift of the respective negative peaks in the e
troabsorption spectra. The point at the highest field is the first ne
tive peak of the Franz-Keldysh oscillations. Lines are guides to
eye.
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relative size of the two positive peak changes with increas
field in favor of the high-energy peak. The EA spectrum
the light-hole exciton for the smallest field in Fig. 4 shows
slightly larger positive peak below the exciton as predic
for a field close to half the ionization field. Such a small fie
near 0.5 kV/cm is consistent with an extrapolation of t
field from Fig. 6. At slightly larger field, at 0.35 V forward
bias, the first positive peak becomes smaller than the sec
one indicating a field above half the ionization field. Th
trend has been observed by matching the excitonic spect
PbI2 measured at the large field of 80 and 285 kV/cm.9 These
strong fields are still below the ionization field because of
much larger binding energy of 70 meV and no Fran
Keldysh oscillations from continuum states are observe11

The scaling to the ionization field used in this theory thus
applicable over a large range of binding energies and p
vides a consistent description of low-field electroabsorpt
spectra, which are dominated by lifetime broadening of
citons.

B. Electroabsorption spectra above the ionization threshold

At 10 kV/cm, about an order of magnitude above t
ionization field, the electroabsorption spectrum agrees wi
calculated spectrum based solely on free carriers and ig
ing electron hole interaction~Fig. 4!. This seems surprising
because the absorption spectrum measured under the c
sponding reverse bias of 0.5 V shows significant Coulo
enhancement of the interband absorption. A crucial test
the applicability of the one-electron theory is a quantitat
description not only of the field-induced shift of oscillation
but also of the amplitudes which has not succeeded be
for a significant number of oscillations. Part of this failu
may arise from experimental conditions. In most cases e
troreflectance spectra were analyzed but they are sensiti
the inhomogeneous field near the surface. A more impor
reason is that by switching from low to high field in favor
a better signal-to-noise ratio some response of the exc
states is involved.

Part of the failure lies in the treatment of collision
broadening. For data of Ge it has been noticed quite e
that Airy functions with constant broadening parameter yi
no satisfactory description of modulated spectra even ov
rather limited range.33,34 An exponential decay of the ampl
tudes with increasing energy has been proposed to mat
relatively small number of oscillations in several materia
including In0.53Ga0.47As but no justification for such depen
dence is given.35 Classical scattering theory, on the oth
hand, assuming scattering rates proportional to the ca
velocity, results in a mean free path between collisions tha
independent of the carrier velocity. The mean free pa
which is incompatible with a constant collision time dete
mines the energy that free carriers pick up between co
sions. This view of a constant mean free path is confirmed
the observation that the range of Franz-Keldysh oscillati
increases linearly with the electric field over 400 meV.14 We
replace therefore the imaginary part in the argument of
Airy functions @Eq. ~9!# by a broadening parameter that i
creases with the square root of the kinetic energyE2Eg to
account for a collision rate 1/t that increases with the carrie
velocity:
g
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5gAE2Eg. ~15!

Both the static and the modulating fields are taken from F
6. We made in each case small adjustments of the trans
strengthA to match the calculated peak height near the g
to the experimental spectrum. Another parameter is the
Eg in the Franz-Keldysh theory that turns out to be sligh
below the exciton transition energy and very close to the fi
zero crossing. This gap marks the onset of the density
excited states with no distinction of bound and free sta
The prefactorg of the energy-dependent broadening thus
the only parameter to describe the decay of oscillations
all spectra far beyond the fundamental gap.

The fit of a whole set of experimental spectra in Fig. 8
a model based on a single set of parameters yields ov
wide energy range almost perfect agreement and confi
the validity of the one-electron theory. The electro-optic e
ergy of the heavy-hole transition varied from 14 to 25 me
for reverse bias between 1 and 3.4 V and is much larger t
the exciton binding energy. All spectra use the same bro
ening parameterg50.38AmeV for heavy- and light-hole
transitions. The collision rate corresponds to a broaden
parameterG which increases from 2.7 to 6.6 meV as th
excess energy increases from 50 to 300 meV. The broa
ing parameters thus are much smaller than\Q, consistent
with the large number of observable oscillations. Su
broadening parameters correspond to scattering times
tween 240 and 100 fs, which is in the range of coher
lifetimes observed in ultrafast spectroscopy of excitons.

The very small deviations of the calculated from the e
perimental spectra even near the gap confirm that Coulo
interaction is negligible in weak-field modulation spectra
fields above the ionization field of the exciton. This is qu
different from spectra obtained by switching from low
high field. Such spectra show on top of Franz-Keldysh os
lations a very narrow negative peak due quenching of

FIG. 8. Comparison of a set of electroabsorption spectra w
spectra calculated by one-electron theory~dotted lines! using for all
spectra the same energy dependence for collisional broadenin
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discrete exciton state if low-field conditions are rea
achieved. Corresponding electroreflectance spectra h
been published for GaAs.36 If the static field has ionized the
bound states as under reverse a small increase of the fiel
no further effect on the bound states and little effect on
Coulomb enhancement of the exciton continuum.

The calculated spectrum is a superposition of two set
Franz-Keldysh oscillations for light and heavy holes. Th
different mass results in slightly different periods caus
beat of the amplitude in perfect agreement with the exp
ment. Fourier transform of the experimental oscillatio
yields ratios of 3:1 and 1:0.8 for the amplitudesA and the
electro-optic energy\Q for heavy and light holes, respec
tively. These values are consistent with the reduced ma
and the theoretical transition probability. It is not possible
fit the spectrum with a common mass of heavy and li
transitions,35 which would eliminate the beat in the spectr
Numerical noise limited the calculation of Franz-Keldysh o
cillations to a range shorter than that actually observed. N
the end of the calculated spectra where, due to the bea
heavy- and light-hole response, the signal should decre
again the experimental spectrum shows larger amplitu
than calculated. We attribute this deviation to the vanish
beat of the spectra for two possible reasons: a faster colli
rate of light holes that could scatter into the heavy-hole b
and the increase of the light-hole mass for largerk values
leading to a similar reduced mass and a period of light-
heavy-hole oscillations.

Based on data over a relatively small range it had b
noticed that the period of the oscillations is quite insensit
to broadening and nonparabolicity of the bands.37 Our data
confirm this finding, however, to keep the calculated pe
positions in step with the experimental data over the wh
energy range we had to increase the electron mass sl
with energy to account for the nonparabolic conduct
band. This increase by about 20% over 0.4 eV leads to m
corrections of the field strength derived from Eq.~8! alone.
Details of this analysis, including the evaluation of the osc
lations of the split-off valence band, will be published in
forthcoming paper. The reproduction of the spectra by sup
position of two independent series of Franz-Keldysh osci
tions points to negligible coupling of heavy- and light-ho
bands by the electric field. Such influence has recently b
proposed38 but is certainly not confirmed by our data. How
ever, the reduced mass of the dominant heavy-hole tra
tions is determined by the small electron mass. Change
the valence-band structure therefore must be large to mo
the Franz-Keldysh oscillations.

VI. CONCLUSION

Electroabsorption spectra measured by small modula
of a static field resolve two limiting cases for the interacti
of field and electronic states in a semiconductor. At low fie
below their ionization threshold narrow exciton transitio
dominate the spectrum. The weakly bound Wannier excit
are extremely sensitive and the diffusion potential acros
heterostructure may be sufficient to cause severe broade
Field broadening thus determines the line shape of the e
tonic spectra. A quadratic Stark shift of the exciton as
pected from perturbation theory may occur at even low
ve
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field but has not been observed because of insufficient c
pensation of the built-in field. In a small transition rang
where fields are of the order of the ionization field the d
crete states become part of the continuum and their abs
tion peaks disappear in a broad absorption tail. Simu
neously, Franz-Keldysh oscillations develop and over
with the excitonic features.

At fields a few times the ionization field excitonic featur
have vanished completely and the electroabsorption s
trum consists of a large number of Franz-Keldysh osci
tions. These oscillation stretch with increasing field with t
peculiarF2/3 power dependence related to the envelope fu
tion of accelerated particles. The oscillations include bou
and unbound states, which in such a field can no longe
distinguished. The band gap derived from the oscillations
slightly below the exciton transition energy and marks t
onset of the density of states rather than the gap of ba
structure theory. For small fields the first negative peak
these oscillations is very close to the energy of the exci
ground state. In this range one-electron theory describes
electroabsorption spectrum quantitatively, which greatly
cilitates the evaluation of the spectra. Excellent agreem
over a large energy range is achieved by assuming a colli
rate that increases withAE2Eg. Such a collision rate is
proportional to the carriers velocity and corresponds to
mean free path that is independent of the field and can
derived from the spectral range of Franz-Keldysh osci
tions. For In0.53Ga0.47As crystals of high quality we find a
low temperature a mean free path of 160 nm that decreas
room temperature by a factor of 2. We emphasize that sa
factory agreement of calculated and experimental spectr
not achieved for an energy-independent collision rate.

The key to the good agreement of one-electron theory
experiment is the elimination of bound exciton states by
static field, leaving only the Coulomb enhancement of
interband absorption, which obviously is not sensitive
small variation of the field. Weak modulation spectrosco
provides access to quantitative information on many sam
properties. The narrow excitonic spectra at low-field reso
strain-induced splitting of the valence band and inhomo
neous broadening. The Franz-Keldysh oscillations at hig
field measure the internal field based only on the redu
mass while their variation with dc bias gives access to
distribution of the field in the sample. The beat of the amp
tudes shows furthermore that two independent series of
cillations of heavy- and light-hole transitions coexist poin
ing to negligible coupling of the valence bands by the fie
The range of oscillations yields the mean free path and
veals an energy-dependent scattering rate. The mean
path is quite large, 160 nm in a ternary alloy at low tempe
ture. Spectra obtained on thin samples therefore may
modified by the external boundaries.
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