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Piezo-Urbach rule for acoustoelectric domains in GaAs
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The acoustoelectric-domain-induced changes of the absorption coefficient of GaAs at the fundamental
absorption edge have been found to be an exponential function of energy. Such data are analyzed here
in terms of the electric microfield model of Urbach’s rule. The fit between theory and experiment
demonstrates the relevance and importance of the electric microfield model with the electron-hole
interaction included and yields values for the piezoelectric microfields in mature domains of = 4 X 10*

V/cm.

I. INTRODUCTION

Propagating regions of intense acoustic flux,
called domains, can be produced in piezoelectric
semiconductors by acoustoelectric amplification.
The modulation of the optical transmission near
the intrinsic absorption edge by domains has been
observed in GaSb,! GaAs, ? and CdS,** and has
provoked much theoretical interest. The princi-
pal purpose of this paper is to show that the excess
optical absorption induced by acoustoelectric do-
mains can be accurately described by the electric
microfield theory of Urbach’s rule.® The only ad-
justable parameter is an effective electric field
characterizing the intensely amplified piezoelec-
tric photons in the domain., The electric fields
thus obtained agree with values extracted from in-
dependent experiments.

II. DOMAIN-INDUCED ABSORPTION

Acoustoelectric domains are spontaneously gen-
erated by the application of sufficiently large elec-
tric fields to the semiconductor samples. If the
average electron drift velocity exceeds the speed
of the appropriate phonons, then stimulated emis-
sion of phonons is dominant over phonon absorp-
tion, and a portion of the thermal equilibrium
phonon population in the crystal is exponentially
amplified. The amplified flux generally forms
propagating domains. ®

Evidence accumulated from various experiments
indicates that the domain-induced absorption be-
low the band gap is attributable to the large longi-
tudinal piezoelectric fields associated with the
amplified piezoelectrically active phonons, *"
These fields are believed to become large enough
to perturb the energy bands as shown in Fig. 1
and permit Franz-Keldysh-type optical transi-

tions induced by photons with energies hw less
than the band gap, E,,. Various estimates®®°

of the root-mean-square (rms) piezoelectric fields
in mature domains in GaAs yield values F~3x10*
V/cm, Such large fields compress the conduc-
tion electrons into potential valleys where they ex-
perience little or no electric fields. Thus the
bunched charges involved in current flow experi-
ence weak electric fields, whereas the electron-
hole pairs that absorb light in the Urbach absorp-
tion tail (Hw < E,,,) initially reside in the highest-
field regions.

Mature domains are relatively thick, ~2x107 A
in GaAs,?!and 2x10° A in CdS.!! Although the
piezoelectric fields in the high-flux domains are
quite nonuniform, the characteristic lengths of
nonuniformity are of the order of an acoustic wave-
length. Amplified phonons in a domain are typi-
cally in the gigahertz frequency range!? with wave-
lengths A~ 10%* A. This is a factor of ~100 larger
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FIG. 1. Band-edge energies as a function of position

x in a domain (solid line). The dashed line represents
the uniform-field approximation. The electron and hole
wave functions (short-dashed lines) are exaggerated in
size to demonstrate that a Franz-Keldysh—type optical
transition for Zw < E, can occur between band tail wave
functions. The shaded area of the conduction band mini-
mum indicates that electrons tend to bunch in low-poten-
tial regions of the domain.
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than either the Bohr radius of an exciton created
in the Franz- Keldysh transition (a~118 A for
GaAs, a~23 A for CdS), or the electron-hole
pairs corresponding electro-optic length I = (h2/
2m*| e| F)Y/ =268 and 98 A for GaAs and CdS, re-
spectively. Thus, for the optical absorption pro-
cess, the piezoelectric field can be approximated
as uniform (dashed potential in Fig. 1).

The theory of optical absorption in a uniform
electric field has been worked out® and forms the
basis of the electric microfield theory of Urbach’s
Rule. ¥~ In the Urbach-rule theory, the field-
perturbed absorption spectrum is averaged over
a distribution of electric microfields. A mature
acoustoelectric domain also contains a distribu-
tion of microfields, which is, however, very dif-
ficult to characterize. Therefore we shall sim-
plify the problem by representing the domain fields
by a single field F~ n¢g,,/\, where ¢, is the
maximum value of the acoustoelectric potential
and X is a typical wavelength.

The essence of the microfield theory is that the
optical absorption tail is associated with transi-
tions from the ground state to electron-hole pairs
in the high-field region of the solid. The relative
motion of an electron-hole pair is governed by the
reduced-effective-mass Schridinger equation®

(— 12v2/2m™ - e%/eqr - e F- IT) U,=E,U,.

The optical-absorption coefficient &, (w) is pro-
portional both to the probability | U,(0)|2 that the
electron and the hole are created at the same
point in space and to the transition density of
states®

K4(w)=C 2,1 U,(0)12 6(hw - Eq,, - E,),

where the constant C is
C = (me? a?/€g)K3(wgay)-

Here e is the electrons’s charge, a=1’¢y/me? is
the exciton Bohr radius, ¢ is the static dielectric
constant, and K3 (w,,,) is the absorption coefficient
of the unperturbed solid at the band gap E,,,=hwg,,.
We have executed the calculations of K, (w) in a
manner similar to the computations of Ref. 5; the
present calculations are for much higher fields,
however. The results are presented in Fig. 2.
The various parameters that enter into the calcu-
lations, including the band gap, the exciton Ryd-
berg, and the zero-field absorption coefficient at
the band gap are taken from other data.!® The cur-
vature of the theoretical lines in Fig. 2 is an arti-
fact of the representation of the distribution of do-
main fields by a single field. Extensive computa-
tions!” using more complicated field distributions
reveal that the primary effect of more realistic
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FIG. 2, Absorption by excitions Evl U,(0) | %6(E —E,)
vs E =(hw —E,)/R. Units R=1=a, where a =h’2€0/me2,
R=¢%/2€pa. The fields are specified by = | ¢ | Fa/R
=3.89x10° €3(sno/m)*F, with F in V/ecm. The solid
lines are theoretical curves, identical (except for values
of f) to those of Ref. 5, Fig. 2a. Dashed line and alter-
nating dashes and dots represent the data of Fig. 4 labeled
0=8.5 and 5.4 meV, respectively.

field averaging is to greatly reduce the curvature,
with the amount of the reduction depending on the
detailed field distribution. Physically, this hap-
pens because deep tail absorption is associated
with the largest and least probable microfields.

Figure 3 contains corresponding curves for the
one-electron Franz-Keldysh limit e?/¢,—~ 0, which
neglects the electron-hole interaction. This limit
would be appropriate if the conduction electrons
efficiently screened the electric field of the hole.

Note that the theory with final-state electron-
hole (exciton) interactions included (Fig. 2) is dif-
ferent in two ways from the one-electron theory
(Fig. 3) which omits such effects: (i) the exciton
absorption for the same field and energy is larger
(by order of magnitude); and (ii) the exciton lines
curve less.!®

Experimental data of the domain-induced change
of the absorption coefficient AK, (w) are presented
in Fig. 4. The method of measurement has been
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FIG. 3. Absorption vs E in the one-electron Franz-
Keldysh limit, neglecting excitons (e?/€,—0). Note the
failure of the theory (solid lines) to fit the data.

described before.? The previously published data®
for GaAs, on a sample 200 p thick, showed an ex-
ponential tail for AK in the range 1 cm™!< AK, (w)
<300 cm~!, The present data shown in Fig. 4 are
for a sample of similar material, but only 25 p
thick, This sample provides data in the range

3 cm™< AK, (w)< 2000 cm™!, The three sets of
data, for acoustoelectric domains of different
strength, all show an exponential tail over almost
three decades in AK,. The various sets of data
have a common intercept at an energy ¢;=1.512 eV,
which is very close to the band gap E.,,=1.513 eV
determined by Sturge.!® The inverse slopes are
characterized by the parameter o in the relation
for the domain-modulated absorption edge

AK, (w) < exp[(iw — Eg,p)/0 ]

Data for the unmodulated edge [K3(w)] are also
shown in the figure. Note that we have K% > AK,
very near the energy gap. However, deep in the
absorption tail we have AK, > K3 for the most in-
tense acoustic domains; and therefore &, (w), the
absorption in the domain, can be specified by
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K (w)~ 0K, (0)  for Hw < Eqq.

III. COMPARISON OF THEORY AND EXPERIMENT

The comparison of the data with the theory is
only valid for the most intense domains, in the re-
gion where we have

Ky (w)~ aK, (w).

Note that the data are represented by the dashed
and alternating dashed-dotted lines in Figs. 2 and
3. In Fig. 2 the data fit fairly well to theoretical
lines corresponding to electric fields F~ 5x10*
and 2x10* V/cm for 0=8.5 and 5.4 meV, respec-
tively. The data do not, however, agree with the
one-electron theory presented in Fig. 3. We con-
clude, therefore, the conduction electrons do not
efficiently screen the electron-hole interaction and
that exciton effects do play an important role in
shaping the domain-induced absorption tail. The
importance of the electron-hole interaction has
been previously demonstrated for optical absorp-
tion in a uniform electric field. 2°

Although we have treated the acoustoelectric
fields as fitting parameters, it is gratifying to re-
alize that the fields of the order 4x10* V/cm ex-
tracted from our fitting procedure are in agree-
ment with independent estimates of the acoustoelec-
tric potential derived from microwave and Bril-
louin scattering measurements. The microwave
absorption by acoustoelectric domains has been
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FIG. 4. Experimental data of the domain-induced
change of absorption coefficient AK,(w) (A B @) and the
unmodulated coefficient KJ(w) (0), for a thin (25 um)
sample of GaAs at 77°K, at different acoustic-domain in-
tensities.
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measured by Bruun? and by others,?? and is de-
scribed elsewhere; evaluation of these measure-
ments in terms of the models of Tien® and of Con-
well® has been given, # treating the microwaves in
a small-signal approximation. For mature domains
in GaAs, the resulting maximum value of the acous-
toelectric potential ¢, ,, is 0.42 V+30%. For an
acoustic wavelength® of A=4500 A = 60%, we find
F=3x10* V/cm+90%. A Brillouin scattering es-
timate?!2 of the excess acoustic energy density in
a mature domain yields values of the order 1 J/
cms, which corresponds to an rms piezoelectric
field of ~4x10* V/cm.

In conclusion, we have shown that the large pi-
ezoelectric fields in acoustoelectric domains in-
duce broadening of the fundamental absorption edge

of GaAs by what can be termed a piezo-Urbach ef-
fect, and which can be quantitatively described by

DOW, BOWEN, BRAY,

SPEARS, AND HESS 1C

the electric microfield model. Thus, we have a
piezo-Urbach rule which states that domains of
high acoustic flux in piezoelectric semiconductors
generate large electric microfields and cause the
fundamental absorption edges to be approximately
exponential functions of photon energy—much as
the electric microfields of optical phonons and im-
purities cause Urbach’s rule in III-V, II-VI, and
alkali-halide compounds. !® Any theory of paramet-
ric mixing and acoustoelectric amplification in ma-
ture domains must contend with the fact that the
piezoelectric fields in the domain are exceedingly
large.
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