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Excitonic electroabsorption spectra and Franz-Keldysh effect of 1gs54Gag 47AS/INP
studied by small modulation of static fields
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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 paft80163-18208)04639-4

I. INTRODUCTION Modern epitaxy improved the experimental situation by
growing thin single crystals of high quality. If grown on a
The fundamental absorption edge of semiconductors igransparent substrate field-induced changes of the transmis-
significantly modified by the Coulomb interaction of elec- Sion can be studied which depends little on a surface field
trons and holes that gives rise to discrete states below th@hd employs the relatively homogeneous field inside a
band gafE, and to an enhanced continuum absorption abovéample. Electroabsorption spectra of 1pGaAs,P, . /InP
the gapt It dominates the distribution of excited states and€Pilayers have been used to determine the variation of the
their oscillator strength with respect to the ground states if€ld with applied voltage in laser structures, to measure the
materials with large exciton binding energy but is important€Xciton linewidth® and the mean free path of free carritts.
even in high-mobility semiconductors where a small reduce(ﬁlectroreflectance and the rela.ted photoreflectarae now
mass and large dielectric constant leads to very small excito equently applied to _characterlze lII-V heterostructures. We
binding. Static electric fields change also the absorption edg%resent a study of field-induced changes at the absorption

of a semiconductor and produce an exponential ab:sorptio%edge of a semiconductor over a wide range of fields that
tail, first described by FraAzand Keldysfi as field- and reveals distinctly different effects for low and high field. The

i . . _results are compared with theoretical models that are re-
photon-assisted tunneling from the valence to the conductiofjie\ye in the next section to summarize the relations needed
bands. Based on the wave function of an electron in a cong, the evaluation of the data. After a brief description of the

stant electric field the Franz-Keldysh effect was ge”eralize‘i\xperimental procedure we present and discuss the experi-
to states above the gapand electroreflectance became amental results.

valuable tool to study the band structure of semiconductors.

Mixing of band states by the field, however, leads not only to

broadening of the absorption edge but also to oscillatory Il. THEORETICAL MODELS

changes of the absorption above the gap. These Franz- ) i )

Keldysh oscillations are difficult to observe because high- 1N€ absorption at the direct gap of a semiconductor where
quality samples providing a long lifetime of carriers and suf-Weak Coulomb interaction leads to Wannier excitons is
ficiently homogeneous fields are necessary. Theory predictedVen by

quite early that the discrete exciton states should respond
even more sensitively to an electric field than the band
state§™® but the experiments, measuring usually field-
induced changes of the reflectivity could not separate the
response of excitons and band states. In high mobility semi-
conductors the exciton binding energy was too small to avoid

o

A 2R R
a(ﬁw)= EZW\/ﬁ nZ]_ ?5( ﬁw—Eg+ ﬁ

strong mixing of exciton and band states by the relatively H(hw—Eg)

large fields near the surface while in the case of larger bind- + R . 1)
ing energy only an excitonic response was observed and 1—exp< _277\/_)
Franz-Keldysh oscillations did not develdp!? hio—Ey
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The sum accounts for absorption into discrete states 1.0
which line up in a hydrogenlike series while the second ex-
pression with the Heaviside step functiét(nw—Eg) de-
scribes the absorption by the continuuR.and ag are the

C ) ) 0.5
binding energy and Bohr radius of the exciton
>
et Ame h? =
R=—— B = s ) g °
2(4meh)? & e M

andu is the reduced mass of electron and hole the Coulomb
interaction of which is reduced by the dielectric constant

The absorption strengtA is determined by the momentum . . T . . . -
matrix elementp., between the valence and conduction -20 -0, 0 10
band:

-0.5 4

FIG. 1. Wave function of an excited electron in a strong electric
field showing resonant enhancement in the Coulomb potential of
©) the hole, a residue of thesbound state.

The continuum absorption that in E() is expressed on an The coherent acceleration is limited by scattering which in
energy scale normalized ® approaches for high energy the the most simple approximation is described by the Lorentz-
same square-root dependence as obtained for vanishing Cdan broadening paramet&r. Such collisional broadening has
lomb interaction R=0): been included into the one-electron theory by supplementing
the argument of the Airy function with an imaginary part:

A
a(hw)= —H(hwo—Eg)Vhw—E,. (4)
nee _ho—Eg+il o
The acceleration of an electron by an electric field leads to B he ©

new eigenstates that within the one-electron theory are de-
scribed by replacing the plane-wave envelope for motioncoylomb interaction modifies the electroabsorption spectra

along the field~ by the Airy function: but no analytical solution has yet been found for the joint
1 JoF 5 E action of an external field. For small fields perturbation
w— ! ) : > :
—  exnliku)exnik Ai(D), = 9 theory yields the quadratic Stark shift of the discrete exciton
" on Rlik)explikyy) hO &, ¢ he states, whereas for larger field approximate wave

(5  functiond”® and numerical calculatioh€ were success-

The argument of the Airy function Al is the kinetic en- fullz_appliid. h th | functi fthe | ¢
ergy of the hole and electron normalized to an electro-optic lgure 2 Shows the envelopé tunction ot tn€ fowest ex-

energys ® that accounts for the interaction with the electric cited state in a Iargg external f|eld.. Bound and continuum
field alongz: states are strongly mixed to a new eigenstate. The small am-

plitude in the potential well of the hole indicates rapid tun-
2/3 neling through the Coulomb barrier and fast ionization of the

AE = erf (6)  exciton. Except for such resonance inside the Coulomb po-
V2u, tential the electron wave function agrees with the Airy func-

tion, the wave function of a free particle in a constant field.
Yifferent effects prevail depending on the relative size of the
exciton binding energR and the external potential over the
exciton radiusag that defines the ionization field:

The resulting absorption spectrum is described by the Air
function and its derivative with respect © (Ref. 4 and
oscillates around the spectrum for the field-free ci=se.

4)].

R

eag (10)

A ’
a(w,F)= n—mww 20-¢-ANAD. (D Fion=

Cw

The field-induced changAa of the interband absorption, . i ,
the electroabsorption spectrum, therefore consists of a seri&@r very small fields k<Fi,,) perturbation theory predicts
of peaks that shift with increasing field to higher energy.2 redshift of the exciton due to the quadratic Stark effect.

This shift is a consequence of the scaling of the kinetic enAlréady at rather small-field K/F;o,~0.3) - perturbation
ergy to#® and leads to a relation of peak positigy and theory becomes inadequate and mixing of bound :_;md con-
peak numberv that delivers the field in the sample from tinuum states leads to the turnover of the absorption peak

optical data once the reduced mass is kndfn. into a blueshift®!® as shown in Fig. 2. At high field the
discrete states are strongly broadened and merge with the

3ehE continuum. However, it cannot be excluded that Coulomb
(EV—Eg)3/2=— . (8) interaction still modifies the electroabsorption spectrum too
8V2u, much to be described by the Franz-Keldysh effect afone.
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FIG. 2. Transition energy of theslexciton in a normalized
electric field F/F;,,. Data points are from Ref. The quadratic 0.80 081 082 0.83 0.84
redshift resulting from perturbation theotgashed curjeapplies Energy (¢V)
only at small fields and changes at higher field to a blueshift.

FIG. 3. Variation with dc bias of the absorption edge. Light- and
Ill. EXPERIMENTAL DETAILS heavy-hole exciton peaks, split by residual strain, appear if a

.built-in field is reduced by forward bias. The spectrum on top is
The Samples_ were grown by Io_w-pressure metal OrganiGeqd to an excitonic absorption edge with Gaussian broadening
vapor phase epitaxy as 600-nm-thick crystals lattice matChe@lotted curve

to the n-doped InP substrate. All samples showed at room

. . _3 . _
temperature small tensile strain<10 “) derived from nar index. Although small-field modulation provides a smaller

row x-ray diffraction peaks. We found in this range of strain X .
L . S . response than the conventional electroabsorption spectros-
no indication that possible misfit dislocations affect the qual-

) o L .- _copy that switches from low, presumably zero field to high
ity of the spectra quite in contrast to variation of composmonf. Id it has further ad B : I ab :
or temperature of the samples. We present only results of the: It has further advantages. By summing up all absorption

' . S”uanges along the light path the change of transmittance in-
ternary alloy Ins{Ga) 4As but equivalent spectra are ob-

. . duced by a small voltagAU is not very sensitive to inho-
tained t.hroughout the quaternary systdnGa) (AsP). Thelr mogeneous fields resulting from residual space ch¥rife.
evaluation reveals larger inhomogeneous broadening of ex-

citons and smaller mean free path of free carrlard will be demonstrated in this report that by increasing the
P ; ' static field in small steps a small modulating ac field sepa-
The sample was mounted onto the tip of a He flow cry-

ostat. The light source was a tungsten halogen lamp fiItereEialtes clearly those effects which dominate in a particular

by a 1-m monochomator to a bandpass of 0.5 meV or lesd 2N9€ of fields.

Since the substrate was transparent below 1.4 eV all spectra

could be derived from the transmitted intensityand its IV. EXPERIMENTAL RESULTS
field-induced changdal, which was measured by a nitrogen- _
cooled Ge detector. The doped substrate served as grounded A. Absorption spectra

electrode. The field in the sample was changed by a dc bias The absorption spectrum at low temperature depends
applied to a transparent Pt contéittickness 6 nmon top of  strongly on the field in the sample as shown in Fig. 3. At
the sample. A small superimposed voltage (square wave, zero bias U=0 V) the absorption spectrum shows a long
f=1 kHz) increased the static field and caused a transmittail rising to a broad peak near 0.82 eV, which could be
tance change that was measured by a lock-in amplifier. Thiaterpreted as a strongly broadened exciton. However, if the
change of the absorption constant by switching from thefield is reduced by forward bias this peak shifts to lower
lower field F, to the higher fieldF, is derived from the energy and narrows. Simultaneously a weaker peak appears,
relative change of the transmitted intensity wherés the  with the peak below it attributed to the light-hole exciton.
thickness of the crystal: The splitting of heavy- and light-hole excitons by 5.7 meV is
due to residual tensile strain by a small lattice mismatch
(Aa, /ag=—1.21x 10 %) measured at the same spot by x-
ray diffraction. The large width of the exciton at zero bias
thus is due to an internal field set up as in a pin diode by
Small-field modulation thus is closely related to photomodu-carrier diffusion between the contact regions. Too large for-
lation spectroscopy where a built-in field is partially ward bias increased the linewidth of the excitons again prob-
screened by excited carriers. However, being independent @bly due to screening by free carriers that diffuse from the
the penetration depth of light and of the diffusion of carriersdoped substrate into the sample. Evaluation of the Franz-
small-field electroabsorption yields more homogeneous corKeldysh effect in the next section yields a built-in field of 5.3
ditions, which facilitates the quantitative analysis of thekV/cm, which is far above the ionization field of the exciton.
spectra. Electroabsorption spectroscopy avoids also the corfiable | summarizes the relevant parameters, the binding en-
plex analysis of electroreflectance spectra that near the alergy and Bohr radius of heavy- and light-hole excitons de-
sorption edge are dominated by changes of the refractiveved by scaling the hydrogen model with the reduced ffass

1Al
T (11

Aa=a(Fy)—a(Fy)=—3
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TABLE |. Reduced massu of heavy and light holes in

20 pyindi . . U, V) AU=40mV
Ing 53G& 47AS,~ binding energyR, and Bohr radiusg, derived *

T=15K
for a dielectric constant =13.9 (Ref. 21 and the ionization fields
Fion Of excitons.
Exciton ulmg R (meV) ag (nm)  Fiyn (kVicm) ng\
Q
Light hole  0.0277 16 32.4 0.49 g F(kViem)
Heavy hole 0.0377 2.65 19.5 1.36 3 28
4.1
53

and dielectric constafitof In, s{Ga, ,As. Experimental val-
ues of the binding energy are close to that of the heavy-hole

exciton?22 o / T\
If the field is sufficiently reduced the absorption edge N\

agrees very well with an excitonic absorption edge calcu- 05

lated from Eq.(1). The parameters of the fit are the gap, the '

valence-band splitting, the exciton binding enerdgiesand 080 os2 0'84 086

the transition strengt\, which for heavy holes is about
twice as large as for light holes. The calculated spectrum was
convoluted with a Gaussian to account for inhomogeneous FIG. 4. Variation with dc bias of electroabsorption spectra mea-
broadening in the alloy. Under reduced forward bias, whichsured with a small ac voltage. The spectra show the transition from
corresponds to larger internal field, the absorption spectruran excitonic response to Franz-Keldysh oscillations at higher field.
can still be matched to Eq1) but with larger line width and The dotted spectrum at the highest field is calculated from one-
a lineshape that is better modeled by a Lorentzian reflectinglectron theory neglecting excitonic effects completely.

increasing lifetime broadening.

The absorption spectra of discrete and continuum statefsirther into the region of band states. This absorption peak
connect smoothly with no particular feature indicating thethen cannot be attributed to a bound state but is one of the
onset of the gajk, . Because only thedlstate of the exciton Franz-Keldysh oscillations.
is resolved the binding energy must be determined from the
scaling of the continuum absorption to the binding endRgy
Such a fit, however, yields 0.8 and 1.4 meV for the light- and o i o
heavy-hole exciton, respectively, about half the energies cal- The modification of the absorption edge by electric fields
culated from the hydrogen model in Table I. Similar devia-IS much better resolved in the electroabsorption spectra dis-
tion has been observed on GaARef. 24 and on played in Fig. 4. Derived from transmittance changes due to
|n1—xGa<ASyP1—y-25 Such deviation could result from the & small ac_voltagﬁU these spectra represent the d_iffe_rence
difference between the absorption spectrsrand the imagi- of absorption spectra for two slightly different static fields.

nary part Img) of the dielectric constant to which E¢l) Most pronounceq changes of the spectral line shape occur
actually applies: under forward bias. At the smallest field at 0.4 V forward

bias we observe only a response from light- and heavy-hole

excitons. The sharp negative peaks at 0.8143 and 0.8199 eV
_ (12) agree better than 0.5 meV with the exciton transition ener-
n(w)c gies derived from the fit of the absorption spectrum and cor-

respond to a decreasing height of the exciton peak with in-
Although Eg.(1) includes the factow it does not account creasing field. Most of this loss shows up in a larger width of
for the energy dependence of the refractive index, whichhe exciton peak resulting in the positive peaks. The line
increases below and decreases above the sharp increasesbfipe of the spectrum thus is determined by lifetime broad-
the absorptioff consistent with the Kramers-Kronig rela- ening of the excitons. Despite its weaker oscillator strength
tions of real and imaginary part of the dielectric responsehe light-hole exciton responds more sensitively to an in-
functione(w). A decreasing refractive index beyond the ex-creasing field. Due to the larger radius and smaller binding
citon leads to a faster increase of the absorption spectrum @hnergy the same modulating voltagd) causes a larger
the continuum states pretending a smaller valu® of change of the effective fiel&/F,,,, for the light-hole exci-
Figure 3 confirms the extreme sensitivity of Wannier ex-ton.

citons to electric fields. Small reduction of the forward bias The electroabsorption spectrum at 0.4 V bias had to be
leads to rapid broadening and a shift of the heavy-hole pea&nlarged by a factor of 10 to fit into the scale of the other
to higher energy. This behavior indicates that even the sma#ipectra. This small response near flatband conditions is prob-
field at 0.3 V bias is still above the range where the quadrati@bly due to substantial screening of the modulation voltage
Stark effect of perturbation theory applies. The smallesby injected carriers obvious also from a strongly increasing
fields we achieved in any sample orloped substrates were current. The peak amplitude increases rapidly as forward
always near or above the ionization field of the excitons. Fobias is reduced. Down to 0.25 V the electron absorptioh)
larger field, i.e., at zero or reverse bias, a long absorption tagpectrum is dominated by field broadening of the excitons
develops as predicted by theory and the peak on top shiftesulting in two negative peaks which shift slowly to higher

Energy (eV)

B. Electroabsorption spectra at weak fields

wlIm(e)
= ——2
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U AU=100mV the beat of the peak amplitudes first observed at the gap of
~ v ﬂ *6 F(kv/em) Ge?’ Because of their smaller reduced mass light holes scale
- a /\annvnv W A 163 to a larger electro-optic energy and yield an independent set
= V U | of smaller amplitude and different period. At fields above 20
A [\AAMM tnnnon A\ 220 kV/cm the oscillations from the band gap reach the gap of
< V/VXVVV"" A VAL the split-off valence band where another set of oscillations is

NEA /\VAV/\V/\VAVAVAV\V Anadll, SN A A observed and above 35 kV/cm oscillations stretch over 0.5
2'5\//\\//\\/ M!\ 322 eV up to the gap of the InP substrate.
R VA PAARARA Uv"""»\/\w“wv The Franz-Keldysh oscillations result from coherent ac-
o Y A A s Anaas AI\A,\ A 36 c_eleratlon o_f free electrons and holes by the fleld_ that modl-
\VARVAVA S AAY vvwvvvvv v fies the excited states. Because coherent motion is terminated
34 TR by scattering, the range of oscillations is limited by the col-
A\ IAANNNA |VV"AVVA' L lision rate. A detailed study revealed théE the range of
T=15K observable oscillations increases linearly with field both for
08 09 10 11 12 13 the ternary and the quaternary alldysSuch linear increase
Energy (eV) is incompatible with a constant collision timecommonly

. o . invoked to explain the damping of Franz-Keldysh oscilla-
~ FIG. 5. Evolution of Franz-Keldysh oscillations with reverse tions. Because electron and hole acquire between collisions a
bias. Spectra to the right of the vertical bars are enlarged by a factgf,aximum momentunk(7) =eFr the corresponding energy

of 6. Two sets of oscillations from heavy- and light-hole transitionsrange should increase quadratically with field if the collision
cause the beat in the spectra. A third series develops at the gap ﬁf‘ne is constant:

the split-off valence band.

(eFr)?
energy. At 0.25 V the excitonic features merge to a single SBE=— —. (13
response while at higher energy additional peaks appear that -
indicate the onset of the Franz-Keldysh effect of the band\ linear increase with field follows from the quite general
states. At 0.2 V where in the absorption spectrum the exciassumption of a collision rate 4that is proportional to the
tons are still resolvedrig. 3) the electroabsorption spectrum carrier velocityv. This assumption results in a mean free
consists of a set of oscillations with the first negative peakgath L=yv r that is independent of the carrier energy and
coinciding with the excitonic absorption peaks. Except forleads to the observed linear relationship&# and field F

some enhancement of the leading peaks the spectrum attaifiat determines the gain of the energy carriers over the mean
already the line shape of the Franz-Keldysh effect. The peatee path:

positions line up according to E¢B) and yield a static field

of 2.8 kV/cm based on the reduced mass of the heavy-hole SE=eF-L. (14
transition. Above 4 kV/cm the light-hole exciton response

vanishes under the first positive peak and at 5 kV/cm only g he ternary sample presented here has a mean free path of
small distortion of the spectral line shape near the first zerd60 nm at low temperature which decreases to about half this
remains from the light-hole excitons while the response o¥@lué at room temperature. This value is confirmed for 400
the heavy-hole excitons is part of the first negative peak of &€V €xcess energy up to the gap of the split-off band. Qua-
series of oscillations. Excitons are no longer apparent in thé€rnary alloys show a smaller mean free path, varying with
absorption or in the electroabsorption spectrum, which €Omposition down to 60 nm at low temperature in good
dominated by an increasing number of Franz-Keldysh oscilagreement with the'varlat|on of the excitonic linewidth ob-
lations. For fields of 11.6 kV/cm at 0.5 V reverse bias thet@ined from absorption and electroabsorption spectra.
electroabsorption spectrum agrees almost perfectly with a [N view of such a large mean free path Franz-Keldysh
calculated spectrum based on the Franz-Keldysh effect witRScillations may be limited in thin samples by the external
energy dependent lifetime broadening. Coulomb interactiof?oundaries. In recent photomodulation spectra of GaAs an
seems negligible now since the deviation between experi'-mproved guality of Franz-Keldysh oscillations has been at-

ment and one-electron model remains very small even at thigibuted to ansenhanced lifetime of carriers by passivation of
onset of the spectrum. an interfacé® However, the thickness of the reference

samples was only 100 nm while the improved spectrum was
taken from a 150-nm-thick crystal. Because the mean free
path in the binary compound GaAs is probably larger than in
A large number of Franz-Keldysh oscillations developsthe ternary alloy lpsdGay 47AS it is likely that the Franz-
under reverse bias as shown in Fig. 5. The peak positionkeldysh oscillations were limited in either case by the thick-
shift with increasing field in perfect agreement to the scalingness of the sample.
of the excess energi—E, to the electro-optic energy® The validity of Eq.(8) for the peak positions enables the
of the heavy hole. At higher fields more than 40 peaks araneasurement of the field in the sample and its variation with
observed that obey strictly E¢B) as demonstrated befoté. bias voltage. The field at zero bias is 5.3 kV/cm which by
Closer inspection reveals two sets of oscillations related tenultiplication with the thickness of undoped layers yields
heavy- and light-hole transitions. The stronger heavy-hole diffusion potential of 0.3 V between the Pt contact and the
transitions dominate the general shape of the spectrum arslibstrate. For small bias the field increases linearly with the
the position of the peaks while light-hole transitions causeexternal voltage as shown in Fig. 6. The increade/AU

C. Spectra of the Franz-Keldysh effect
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FIG. 6. Variation with bias voltage of the field in the sample as

FIG. 7. Field-induced shifAE of light- and heavy-hole excitons
derived from the peak positions of Franz-Keldysh oscillations. g y

derived from the shift of the respective negative peaks in the elec-
) __ troabsorption spectra. The point at the highest field is the first nega-
~12 (kv/cm)/V, however, is only 70% of the value antici- tjve peak of the Franz-Keldysh oscillations. Lines are guides to the
pated if the applied voltage drops off over the undoped reeye.

gion. A substantial fraction of the applied voltage is lost by
Aty resistance gnd variation of the space ch_arge In th&ata exist for field effects on excitons of large radius and
doped region, which accounts for part of the built-in field.

For larger reverse bias the field increases sublinearly with th§mall binding energy. Field broadening of the dxciton
external voltage. A constant modulation voltae) there- tate is observed in case of highly purified Ge single crystals

o oo% at low temperature but no Stark shift is reportfd* A small
fore produces modulation fieldsF that vary with bias. For . v berature bu 1S rep

o - A nitial redshift of the exciton has been observed in low-
the excitonic spectra in Fig. 4 the modulation field was aboutemperature reflectance spectra of GaAs, which tumns into a
0.5 kV/cm which is sufficient to produce absorption change X

Dlueshift at larger field” These experiments were limited to
of the order 16 cm . Between 1 and 3.4 V reverse bias the small fields and Franz-Keldysh oscillations were not ob-

modulation voltage of 0.1 V corresponds to a modulation

) erved.
flelo! _that_ decreases from 1.2 to 0.7 "V/C”?- The fIat-bands We expect from Fig. 2 that a quadratic Stark shift of the
position is extrapolated to 0.45 V forward bias but no elec-

: weakly bound excitons of hrGa 4AS can be observed
troabsorption spectrum could be measured under such COBth for fields below 0.5 kV/cm, a range that was not acces-
dition. Carrier diffusion, probably electrons from the doped ’

. . _sible to our experiments. Consequently, the plot of the exci-
substrate, caused screening of the modulation voltage, whi P q y b

is already apparent from the small signal height of the spec: n transition energy, taken from the negative EA peaks,
trum obtained for 0.4 V bias. reveals only a blueshiffFig. 7). The negative peak coincides

at small field with the exciton transition energy and with
increasing field gradually into the first negative peak of the
V. DISCUSSION Franz-Keldysh effect, which dominates above 10 kV/cm. In
the transition range at fields a few times the ionization field
discrete and continuum states are strongly mixed and can no
The spectra show three distinct field regions where differlonger be distinguished. Residual strain in our samples
ent effects dominate the response to a small modulating fiel&causes splitting of the valence band resulting in two closely
a purely excitonic signal at very low field, a transition rangeneighbored excitons. Although strain alters the hole masses
where excitons are present and Franz-Keldysh oscillationgie expect little influence on the reduced mass and binding
evolve that finally determine the spectrum in the high-fieldenergy of the heavy-hole exciton, which is determined by the
region. Excitonic electroreflectance spectra are common ielectron mass. Due to the small splitting the excitons may be
the case of large exciton binding energy, such ag Rshere  coupled by the field but such coupling has apparently little
Franz-Keldysh oscillations are absent even for fields as largmfluence on the line shape of their electroabsorption re-
as 2x 10° V/icm ! In case of CdS where the exciton binding sponse. We find good agreement with spectra calculated by
energy is 30 me(Ref. 29 a weak redshift is observed at Blossey with a theory for a single exciton and nondegenerate
low field but field broadening dominates the electroabsorpbands®®
tion spectra, which again show no oscillations above the At very low field where the redshift of the exciton domi-
gap!® To our knowledge no Franz-Keldysh oscillations arenates the electroabsorption spectrum should resemble the de-
reported for samples with pronounced excitons. This is notivative of the absorption spectrum, i.e., a positive peak fol-
surprising because large exciton binding energy is related ttowed by a negative one. When lifetime broadening becomes
a larger reduced mass which is unfavorable for Franzsignificant the positive peak at low energy decreases in
Keldysh oscillations by two reasons) the field required for height, the negative peak shifts to the exciton transition en-
a certain value ofi® increases quadratically with the mass ergy, and a positive peak appears at higher energy. In this
and (i) the smaller mobility resulting from a larger mass case perturbation theory is no longer applicable because
reduces the mean free path for coherent acceleration. Felound and continuum states are too strongly mixed. The

A. Excitonic spectra
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relative size of the two positive peak changes with increasing F(kV/em)
field in favor of the high-energy peak. The EA spectrum of
the light-hole exciton for the smallest field in Fig. 4 shows a
slightly larger positive peak below the exciton as predicted
for a field close to half the ionization field. Such a small field
near 0.5 kV/cm is consistent with an extrapolation of the
field from Fig. 6. At slightly larger field, at 0.35 V forward
bias, the first positive peak becomes smaller than the second
one indicating a field above half the ionization field. This
trend has been observed by matching the excitonic spectra of
Pbl, measured at the large field of 80 and 285 kV/ftithese
strong fields are still below the ionization field because of the
much larger binding energy of 70 meV and no Franz-
Keldysh oscillations from continuum states are obsefved.
The scaling to the ionization field used in this theory thus is
applicable over a large range of binding energies and pro- 37.9
vides a consistent description of low-field electroabsorption

spectra, which are dominated by lifetime broadening of ex- o_ls I 0.|9 | 1.0 | 1f1
citons.
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FIG. 8. Comparison of a set of electroabsorption spectra with

B. Electroabsorption spectra above the ionization threshold spectra calculated by one-electron the@gtted lineg using for all

At 10 kV/cm, about an order of magnitude above theSPectra the same energy dependence for collisional broadening.
ionization field, the electroabsorption spectrum agrees with a .
calculated spectrum based solely on free carriers and ignor- e
ing electron hole interactiotFig. 4). This seems surprising I'= Ty E-Eg. (19
because the absorption spectrum measured under the corre-
sponding reverse bias of 0.5 V shows significant CoulomiBoth the static and the modulating fields are taken from Fig.
enhancement of the interband absorption. A crucial test fob. We made in each case small adjustments of the transition
the applicability of the one-electron theory is a quantitativestrengthA to match the calculated peak height near the gap
description not only of the field-induced shift of oscillations to the experimental spectrum. Another parameter is the gap
but also of the amplitudes which has not succeeded beforgy in the Franz-Keldysh theory that turns out to be slightly
for a significant number of oscillations. Part of this failure below the exciton transition energy and very close to the first
may arise from experimental conditions. In most cases eleczero crossing. This gap marks the onset of the density of
troreflectance spectra were analyzed but they are sensitive &xcited states with no distinction of bound and free states.
the inhomogeneous field near the surface. A more importarithe prefactory of the energy-dependent broadening thus is
reason is that by switching from low to high field in favor of the only parameter to describe the decay of oscillations for
a better signal-to-noise ratio some response of the excitoall spectra far beyond the fundamental gap.
states is involved. The fit of a whole set of experimental spectra in Fig. 8 to

Part of the failure lies in the treatment of collisional a model based on a single set of parameters yields over a
broadening. For data of Ge it has been noticed quite earlwide energy range almost perfect agreement and confirms
that Airy functions with constant broadening parameter yieldthe validity of the one-electron theory. The electro-optic en-
no satisfactory description of modulated spectra even over argy of the heavy-hole transition varied from 14 to 25 meV
rather limited rangé®%* An exponential decay of the ampli- for reverse bias between 1 and 3.4 V and is much larger than
tudes with increasing energy has been proposed to matchthe exciton binding energy. All spectra use the same broad-
relatively small number of oscillations in several materials,ening parametery=0.38/meV for heavy- and light-hole
including In, 54Ga, 47/AS but no justification for such depen- transitions. The collision rate corresponds to a broadening
dence is giverl® Classical scattering theory, on the other parameterl” which increases from 2.7 to 6.6 meV as the
hand, assuming scattering rates proportional to the carriegxcess energy increases from 50 to 300 meV. The broaden-
velocity, results in a mean free path between collisions that ing parameters thus are much smaller tia®, consistent
independent of the carrier velocity. The mean free pathwith the large number of observable oscillations. Such
which is incompatible with a constant collision time deter- broadening parameters correspond to scattering times be-
mines the energy that free carriers pick up between collitween 240 and 100 fs, which is in the range of coherent
sions. This view of a constant mean free path is confirmed bjifetimes observed in ultrafast spectroscopy of excitons.
the observation that the range of Franz-Keldysh oscillations The very small deviations of the calculated from the ex-
increases linearly with the electric field over 400 méWVe  perimental spectra even near the gap confirm that Coulomb
replace therefore the imaginary part in the argument of thénteraction is negligible in weak-field modulation spectra at
Airy functions[Eq. (9)] by a broadening parameter that in- fields above the ionization field of the exciton. This is quite
creases with the square root of the kinetic endigyEy to  different from spectra obtained by switching from low to
account for a collision rate tfhat increases with the carrier high field. Such spectra show on top of Franz-Keldysh oscil-
velocity: lations a very narrow negative peak due quenching of the
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discrete exciton state if low-field conditions are really field but has not been observed because of insufficient com-
achieved. Corresponding electroreflectance spectra haysnsation of the built-in field. In a small transition range
been published for GaA¥.If the static field has ionized the where fields are of the order of the ionization field the dis-
bound states as under reverse a small increase of the field hagte states become part of the continuum and their absorp-
no further effect on the bound states and little effect on thjon peaks disappear in a broad absorption tail. Simulta-

Coulomb enhancement of the exciton continuum. neously, Franz-Keldysh oscillations develop and overlap
The calculated spectrum is a superposition of two sets ofiith the excitonic features.

Franz-Keldysh oscillations for light and heavy holes. Their ¢ fields a few times the ionization field excitonic features

different mass rgsults'in slightly different periods causinghave vanished completely and the electroabsorption spec-
beat of the amplitude in perfect agreement with the experig,,, consists of a large number of Franz-Keldysh oscilla-
”.‘elgt- F?_unerf gTSfO:jml l%f 8trf1e tehxperlm?tntgla Osallt?]t'onstions. These oscillation stretch with increasing field with the
Z‘th?or-?)pl)?ii %ne.rg ﬁa(g for h.ea\?; an% ﬁirgﬁt' rl:olessanresp(;c- peculiarF2?”® power dependence related to the envelope func-
tively. These values are consistent with the reduced mass%ér)] 3 3;333??;?&5%’;};555'inTQSC?]S;'I;i[l'gncsa:]nilgcignzzl:nse

"%‘”d the theoretical .transmon probability. It is not possmlg todistinguished. The band gap derived from the oscillations is
fit the spectrum with a common mass of heavy and light

transitions>> which would eliminate the beat in the spectra. slightly below the exciton transition energy and marks the

. o . onset of the density of states rather than the gap of band-
Numerical noise limited the calculation of Franz-Keldysh 0S-_cture theory. Eor small fields the first neqative peak of
cillations to a range shorter than that actually observed. Nez% ese oscillatio)r/{s is verv close to the ener gof thepexciton
the end of the calculated spectra where, due to the beat g . y 9y ;

. . round state. In this range one-electron theory describes the
heavy- and light-hole response, the signal should decrea . o ;
electroabsorption spectrum quantitatively, which greatly fa-

again the experimental spectrum shows larger amp“tUdealitates the evaluation of the spectra. Excellent agreement

than calculated. We attribute this deviation to the vanishin%ver 2 large eneray ranae is achieved by assuming a collision
beat of the spectra for two possible reasons: a faster collision 9 gy rang y 9

rate of light holes that could scatter into the heavy-hole bantﬁate th"."t Increases W'm.E_Eg' S.UCh a collision rate is
and the increase of the light-hole mass for largevalues proportional to the carriers velocity and corresponds to a

leading to a similar reduced mass and a period of light- ang€an free path that is independent of the field and can be
heavy-hole oscillations. derived from the spectral range of Franz-Keldysh oscilla-

Based on data over a relatively small range it had beeﬁ'oni' For '@53630.476\5 C;yStEUS t%f f;lglagoquah:%/ \f[v(ej find at t
noticed that the period of the oscillations is quite insensitiveIOW emperature a mean free patn o nm that decreases a
to broadening and nonparabolicity of the bafti©ur data °°™ temperature by a factor of 2. We emphasize that satis-
confirm this finding, however, to keep the calculated peaiJactory agreement of calculated and experimental spectra is

positions in step with the experimental data over the whold™! ?]chlleved f?]r an energy—lndepen;jent cc|>II|S|on rﬁte.

energy range we had to increase the electron mass slowlé/ T € Key t(.)t € goqd .agrgemento one-€ eptront eory and
with energy to account for the nonparabolic conduction xperiment is the elimination of bound exciton states by a
band. This increase by about 20% over 0.4 eV leads to minapLac field, leaving only the Coulomb enhancement of the

corrections of the field strength derived from Ef) alone. mterband_ a.bsorption, WhiCh obviously is.not sensitive to
Details of this analysis, including the evaluation of the osc:iI-SmaII variation of the field. Weak modulation spectroscopy

lations of the split-off valence band, will be published in aprovide's access to quantita}tivg information on many sample
forthcoming paper. The reproduction of the spectra by Superpropernes. The narrow excitonic spectra at low-field resolve

position of two independent series of Franz-Keldysh Osci”a_straln-mduced splitting of the valence band and inhomoge-

. : . : : I neous broadening. The Franz-Keldysh oscillations at higher
tions points to negligible coupling of heavy- and light-hole fri]eld measure the internal field based only on the reduced

bands by the electric field. Such influence has recently bee ) . L . ) .

proposed but is certainly not confirmed by our data. How- mass W.h'le their v.ar|at_|on with dc bias gives access to the

ever, the reduced mass of the dominant heavy-hole transE—JSt”bUt'on of the field in the sampl_e. The beat of th_e ampli-

tions is determined by the small electron mass. Changes i de_s shows furthermore. that two mdep_endent Seres O.f 0s-

the valence-band structure therefore must be large to modif, llations of heavy- and light-hole transitions coexist point-
g to negligible coupling of the valence bands by the field.

the Franz-Keldysh oscillations. o :
Y The range of oscillations yields the mean free path and re-
veals an energy-dependent scattering rate. The mean free
VI. CONCLUSION path is quite large, 160 nm in a ternary alloy at low tempera-

. _ ture. Spectra obtained on thin samples therefore may be
Electroabsorption spectra measured by small modulatiopodified by the external boundaries.

of a static field resolve two limiting cases for the interaction
of field and electronic states in a semiconductor. At low field
below their ionization threshold narrow exciton transitions
dominate the spectrum. The weakly bound Wannier excitons
are extremely sensitive and the diffusion potential across a We gratefully acknowledge financial support by the
heterostructure may be sufficient to cause severe broadeningeutsche Forschungsgemeinschaft. We wish to thank P.
Field broadening thus determines the line shape of the excWiedemann, |. Gyuro, and E. Zielinski, from the research
tonic spectra. A quadratic Stark shift of the exciton as ex-center of Alcatel-SEL at Stuttgart, who provided the samples
pected from perturbation theory may occur at even lowefor this study.
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