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We have observed a large enhancement of the electric-field-induced optical absorption arising from

hot~lectron effects in n-type GaAs at 77 K. The magnitude and field dependence of the enhancement

can be approximately accounted for by a theory attributing the effect to broadening of the final states
of the optical transitions by interaction with the nonequilibrium optical phonons produced by the hot
electrons.

The effect of an electric field on the absorption
edge of semiconductors (Franz-Keldysh effect) has
been studied rather thoroughly in recent years. '
Experimentally this phenomenon is normally stud-
ied either in insulating crystals or in conducting
crystals with blocking contacts so that no current
flows, and there are no hot-carrier effects on the
absorption edge. In GaAs the influence of hot elec-
trons on the photoluminescence s has been studied,
and modulation of the absorption edge by travelling
high-field Gunn domains ~ and by acoustoelectric
domains ' have also been reported.

In this paper we present some experimental re-
sults on hot-electron-enhanced optical absorption
in n-GaAs at 7V K under conditions where neither
the Gunn effect nor acoustoelectric domains are
present, so that the results are more amenable to
analysis. Experimental results were obtained for
photon energies 1.45 & Ko & 1.49 eV and electric
fields E (2 kV/cm in samples with electron con-
centrations n in the ru~e (1-2)x10' cm ~. The
field-induced absorption in these samples is found
to be much larger than that due to the Franz-
Keldysh effect.

%e discuss the experimental results in terms of
two mechanisms by which hot-electron effects can
broaden the absorption edge-first directly, by
modifying the exciton lifetime via electron-exciton
collisions, and second, indirectly, by increasing
the collision broadening of both exciton and free-
electron states because of interaction with a per-
turbed ("hot") optical-phonon distribution.

The experimental results are in reasonable
agreement with the calculated results for the hot-
phonon mechanism with an assumed lifetime of
10 ' sec for long-wavelength longitudinal-optical
(10) phonons.

EXPERIMENTAL
The samples used for the study of the electric-

field-induced absorption were cut from single crys-
tals, and had electrically active regions with di-
mensions 2& 1&0.5 mm, the latter being the opti-
cal-path length. The contacts were formed by al-

loying with Au-Ni-Ge alloy, and the contact area
was always larger than the sample cross-sectional
area. The experiments were performed with the

samples immersed in boiling liquid Nz, and the

carrier concentration at 7V K was in the range
(1-2)x10 cm ~. The low-field mobility at 77 K

was typically 20000. The applied voltage was al-
ways kept well below the Gunn threshold, and the

I-V characteristics of the samples used showed no

anomalies indicative of grossly inhomogeneous

field distributions. 40-nsec pulses from a 10-~-
source-impedance pulse generator were applied

at the rate of approximately 100 pulses/sec. The

pulses were short enough to avoid any acousto-
electric effects, and the sample temperature rise
during an individual pulse was less than 1 K. The

light source was a 50-% sungun, and the trans-
mitted light was analyzed with a single-pass-prism
monochromator and photomultiplier. The signa'

was amplified and detected with a boxcar integra-
tor. An integration time of -100 sec at each dis-
crete wavelength was necessary to achieve ade-
quate signal-to-noise ratio.

RESULTS

Figure 1 shows the spectral variation of the ex-
cess absorption coefficient in the presence of a
field of 1.75 kv/cm for a sample with n = 2 x10"
cm 3 at VV K, and equivalent data for a sample
which is insulating at 7V K. The zero-field ab-
sorption for the conducting crystal is also shown.

The insulating crystal has a nearly identical zero-
field absorption coefficient.

Both the zero-field absorption and the field-in-
duced absorption in the conducting sample in this
spectral region fit reasonably we)1 to an experi-
mental dependence of the form e"" ', where cr has
the value -8 meV. The relative change in the ab-
sorption coefficient for the conducting sample in
Fig. 1 is b a/no= 0.09. Experimentally at 77 K
it is found that as a function of electric field E in
conducting samples Lle varies as E ' for fixed
photon energy, and is proportional to the electron
concentration n over the limited range studied. At

5592



MODIFICATION OF THE ABSORPTION EDGE OF GaAs. . . 5593

room temperatures the field-induced absorption in
the conducting sample is at least an order of mag-
nitude smaller than at?? K. By varying the gating
of the boxcar integrator relative to the applied pulse
it was possible to show that the increased absorp-
tion occurs essentially simultaneously (within 7
nsec) with the applied pulse, and does not persist
after the pulse is turned off. No dependence of the
effect on the direction of polarization of the light
relative to the direction of the electric field could
be detected.

QISCUSSIQN

As can be seen from Fig. 1 the observed field-
induced absorption in the conducting crystals is
much larger than in an insulating sample with es-
sentially the same absorption-edge structure.
Comparison of our experimental data with the re-
ductions of the theory of the Franz-Keldysh effect
shows an even bigger discrepancy-i. e. , the mag-
nitude of the calculated &o from the theory is
smaller than that observed experimentally in the
insulating crystal. From the above, and the fact
that the effect is proportional to electron concen-
tration in the limited range studied, we conclude
that the observed excess &~ is due to the presence
of free carriers.

THEORY

General

In order to make a comparison with real crys-
tals, in which the "ideal" optical absorption, in-
cluding excitonic effects, is inhomogeneously
broadened by microfields due to crystalline imper-
fections, we have taken a simplistic view of the
effect of additional lifetime broadening due to scat-
tering from the final states of the optical transi-
tions near the absorption edge. Suppose that for a
photon energy S(d the final state involved in the op-
tical transition suffers lifetime broadening with
lifetime 7(krd }because of an additional perturba-
tion-e. g. , hot-electron effects. Calling hI'(I'm}
= }I/2r(ffur), we assume that the absorption in the
presence of the perturbation is given by a Lorentz-
ian broadening of the unperturbed absorption, in-
cluding any inhomogeneous broadening, i.e. , from
the exPerimental unperturbed absorption coeffi-
cient ao(1&v), as

1
~

ao(S(o )&I'(ff(o ) d(lf(o )
w „', ()f(o —h(o')'+[&F(k(u')]'

Thus the problem of calculating the absorption in-
duced by an external perturbation, ha(S&o) = a(F&o)
—ao(if~), is reduced to two separate problems.

(i) For all the final states of the optical transi-
tions contributing to a(h&o), the broadening &I'(Iv)
due to the external perturbation must be calculated.

(ii) ao(5~) must be separated into components
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due to different types of final states, and (1) ap-
plied to ao with the correct n F(Se) for e'ach type
of final state.

In our case (i} essentially means calculating (a)
the broadening of the n = 1 exciton due to elastic
and inelastic collisions with electrons and (b} the
broadening of both exciton and free-particle states
due to inelastic collisions with the LQ-phonon dis-
tribution function, perturbed by hot-electron-emit-
ted phonons.

Calculatiort of l ffu)

In our approximate calculations of I'(Ka&) for both
types of broadening, we have assumed a drifted
Maxwell-Boltzmann distribution function for the hot
electrons

f(k) + (k kn) lk

k = 2m*KT*/5

here hkz, /m~ is the mean electron drift velocity
determined from the experimental values of mobil-
ity under high-field conditions, N is the electron
density. T* is the effective temperature of the hot
electrons and was adjusted at each value of the
electric field so that the energy-loss rate to emis-
sion of LO phonons was equal to the experimental
power input.

The two types of broadening considered were:

o n~ 2 x IO'ecm3 E~ I.75 kV/cm, exp
& INSULATING, E *2.0 kV/cm, exp
o HOT PHONON THEORY, E~I7S kV/cm

I I i I i I

I.46 l.47 I.4S I.49
PHOTON ENERGY (eV)

FIG. 1. Field-induced change in absorption constant
in conducting (circles) and insulating (triangles) samples
and the theoretical result for the perturbed LO-phonon
distribution (squares). The upmost curve shows the un-
modulated absorption constant, with the background ab-
sorption of 14 cm ~ subtracted.
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(i) elastic collisions and inelastic (both ionizing Is-
continuum and ls-2p) collisions between electrons
and excitons, and (ii) inelastic collisions between
LO phonons (produced by the hot electrons) and
electrons, both free and in exciton states. For
each mechanism, the result of the calculation is
an electric field dependent &I'(k~), which can be
used in (1) to determine 4e.

Electron-Exciton Collisions
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Collisions between hot electrons and excitons are
of two types-elastic and inelastic. %'hile the de-
tailed variation of the cross section for the various
types of collisions is not known, one can scale
from the cross section for collisions between elec-
trons and the hydrogen atom. For both types of
collisions, the resulting broadening is

F=—d k ) vk) 0&k

where V is the crystal volume, f(k) is the hot-elec-
tron distribution function, v(k) is the velocity of an
electron with wave number k, and a(&) is the ener-
gy-dependent cross section for collisions. 4F is
then given as the difference between F calculated
with the distribution function f(k) appropriate to a
particular electric field value minus F calculated
for an equilibrium f(k).

(i) Elastic collisions. Scaling from the hydro-
gen atom gives the approximate values ~

20ao/k, kao&0. 5
Oei =

45ra e L2aap kap &0 5

where ap is the exciton Bohr radius, taken to be
10 m, and k is the electron wave number. Since
cr„ is a decreasing function of k, heating the elec-
tron distribution has the effect at 77 K of reducing
F„, the broadening due to elastic collisions, below
its thermal equilibrium value.

(ii) Inelastic collisions. The important pro-
cesses for inelastic collisions are transitions from
the exciton ground state to the 2p state and to the
continuum states. The cross section for both of
these processes for energies not too far above
threshold can be approximated by

6~fp
1smmt =

rap, &&&p,
(5)

0 6& ~Ep
3

0'gS PP
=

map, & & g&p
2

where ~ is the electron energy and &p is the exci-
ton rydberg, taken to be 4 meV. At 77 K these in-
elastic processes give a contribution F„„which
increases when an electric field is applied, which
tends to cancel the effects of elastic collisions.
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FIG. 2. Field-induced broadening as a function of ap-
plied field. The upper curve is the result for the per-
turbed LO-phonon distribution with v'~ =10 sec, calcu-
lated for an electron 50 meV above the band minimum.
The lower curve is the sum of elastic and inelastic con-
tributions to the broadening of the exciton ground state
by collisions with electrons.

Figure 2 shows the total broadening due to elec-
tron-exciton collisions (circles, lower curve) as
a function of applied field. To a first approxima-
tion there is a cancellation between the elastic and
inelastic contributions, although for fields up to
about 2 kV/cm the net result for our model is a
reduction in the total broadening. As we see later,
the contribution from inelastic collisions of optical
phonons with excitions is considerably larger for
reasonable long-wavelength-optical-phonon lif e-
times.

Optical Phonon Effects

Under hot-electron conditions the distribution
function of the LO phonons is perturbed. That this
perturbation can lead to a field enhanced optical
absorption below the edge was pointed out by
Dumke. ' Figure 3 shows some typical spherically
averaged LO-phonon distribution functions, calcu-
lated using the drifted Maxwellian distribution
function for the electrons and the usual matrix ele-
ment for electron-LO-phonon coupling and a life-
time of 10 "sec for the LO phonons. ' The per-
turbation 5Ã(q) to the distribution function calcu-
lated in this way is
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FIG. 3. Spherically averaged perturbation of the LO-
phonon distribution function due to hot-electron effects,
for two field values. The LO-phonon lifetime T~ was
taken to be 10 sec. The dashed curve shows the equi-
librium population of these modes which should be added
to RV'|q) to obtain the total N(q) at a given field value.

(w) 8 (dpTLpm+N, t 1 1
&NI'q& =

28 g kpkg6p

(k+k )/kp e2kkg/kp k g)/k

km)It

(8)
where &op is the I 0 frequency, 7'L is the LO life-
time, &p is the permittivity of free space, and K„
and ~p are the high- and low-frequency dielectric
constants, respectively, and

far from h(d when the absorption coefficient is in-
creasing so rapidly with absorption coefficient as
in our case. Since we do not have absorption data
on our crystals over a sufficiently wide energy
range, we have used the data of Sturge' in per-
forming the convolutions. The two main contribu-
tions to a(k&o) came from the region around &o = to

and the region of peak absorption. Above the peak,
the integrand in Eq. (1) decreases rapidly due both
to the denominator and to the energy dependence of

The result for the calculated Aa(S+) using Eq.
(7) and the calculated AI'(K~) over the region
studied experimentally is shown as the square
points in Fig. 1 for an optical-phonon lifetime Tz,o
of 10 "sec. Although the dependence of ~a on
photon energy is less steep than observed experi-
mentally, the magnitude of Llaf is in reasonable
agreement with experiment at the higher photon en-
ergies. In Fig. 4 we show the calculated depen-
dence of &0' on electric field for a photon energy
of 1.490 eV, where theory and experiment agree
reasonably well in Fig. 1. The predicted depen-
dence of ~0' on applied field is rather good.

CONCLUSIONS

In the temperature region around 77 K, the en-
hanced electroabsorption under hot-electron con-
ditions is dominated by the selectively increased

20
k „=m*&oo/Sq+ pq. (7)

The broadening of an electron state k is then ob-
tained by calculating the additional scattering in-
duced by 8Ã(q).

It has the form

IO—

t.490eV
0

const "'~~ ~N(q) ~
'min

(8)

INDUCED ABSORPTION

The AI' values for electron-exciton collisions are
far smaller than those due to the perturbation of the
phonon distribution. In fact, for our particular
model, the calculations indicate that for most of
the field range studied experimentally the effect of
heating the electron distribution in our model is to
reduce the broadening parameter F below its ther-
mal equilibrium value, owing to the inverse depen-
dence of the elastic cross section on electron en-
ergy used in Eq. (4).

On the other hand, the &F values for the hot-
phonon effect are much larger. Using the values
of 4F calculated numerically from Eq. (8) in Eq.
(1), we can calculate the change in absorption due
to this mechanism. In such a convolution one ob-
tains contributions from energies Sv reasonably

I
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FIG. 4. Field dependence of the induced absorption at
a photon energy of l. 490 eV. The circles give the ex-
perimental result and the squares give the results cal-
culated from the perturbed LO-phonon distribution. Car-
rier concentration = 2 x 10~~ cm+.
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population of the LO-phonon modes. The effects of
elastic and inelastic collisions between electrons
and excitons have opposite contributions as a func-
tion of electric field, and tend to cancel one anoth-
er. It would be of considerable interest to study
such effects on purer materials at lower tempera-
tures, where exciton peaks are completely re-

solved, in order to understand the scattering of
electrons and phonons with excitons in more detail.
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