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Experimental Observation of Wannier Levels in Semi-Insulating Gallium Arsenide
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Optical absorption in an electric field has been of increased interest in recent years since
Callaway predicted that the Wannier levels may be observable in direct-transition semiconduc-
tors such as GaAs. In this work, such levels have been observed for the first time and found
to be in substantial agreement with the Callaway theory.

INTRODUCTION

2e'
I g ~ p„„.i'
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x = i'aK'/P'", P =2vF/@',

and where A, (x) is the usual Airy function, ~ is
the photon frequency, E is the width of the Bril-

This paper reports on an experimental investiga-
tion of the effect of a uniform external electric
field on optical absorption in semi-insulating GaAs.
Experimental data were obtained from room tem-
perature to 24 'K for electric fields up to 1.6x 10~

V/cm. The existence of Wannier levels was
clearly evident at 24 'K and agreed well with the
Callaway theory.

The direct-transition absorption coefficient
predicted by Callaway' using Kane functions was
given as

478K/ P g 2 27Tg P

f=&p

where

K 5 K
qp = +E~ —k~ (2)

To increase the value of qp by 1, it is necessary
to decrease the photon energy by

b.h w= 2'/K .

Thus, when n is plotted as a function of increasing
photon energy for a given electric field, the re-
sult is a monotonically increasing staircase. The
width of each step is proportional to the electric
field as given by Eq. (3).

For small, uniform electric fields, theory pre-

louin zone along a principal lattice direction of the
applied field, I is the electric field force, p, is the
reduced effective mass, p „„.is the interband-mo-
mentum matrix element, $ is the photon pola. riza-
tion vector, and n is the index of refraction.

The lower limit of the summation is given by

jp, where jp is dependent upon the photon energy
A~, and is the next integer greater than qp, where

qp is given by
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diets an average change &n as

27rKp p
' ~ dA, (y)

(d
~ dp
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(4)

where a, and n2 are the two-band transitions be-
tween each valence band and the single conduction
band with the corresponding reduced masses p, ,
and p, o. Equation (5) is based essentially on two

where y is the argument of the Airy function in
Eq. (1) and yo is the value of this argument for

Equations (1) and (4) are directly applicable to
a two-band direct transition (i.e. , single valence
and conduction bands}. In applying these results
to real semiconductors with degenerate valence
bands of different effective masses, a weighted
average of both bands proportional to their density
of states must be used as

assumptions, both of which are valid for GaAs in
this experiment. First, we have assumed that the
independent-particle approximation holds; i. e. ,
the energy of the hole-electron pair in the electric
field is much larger than the maximum exciton
binding energy. For the exciton levels in GaAs
and for fields of 10 V/cm or greater, this condi-
tion is well satisfied. Second, we assumed that
the bands are independent; i.e. , one band is not
filled or depleted by transport processes in the
high electric field during optical absorption. Again
for low photon fluxes this condition is satisfied in
semi-insulating GaAs.

It should be noted in Eq. (1}that both the argu-
ment and phase shift of the Airy function are func-
tions of reduced mass. Thus one finds that the
"staircase" function for the light-hole-conduction-
band transition is shifted in energy and increased
in amplitude with respect to the heavy-hole-con-
duction-band transition. The result is a rather
complex staircase as shown in Fig. 1.

The effect of the averaging process of Fig. 1 is
significant, inasmuch as the resulting Wannier
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staircase has a sequence of intermediate steps.
Further, the widths of the resultant steps are
not linear in electric field as given in Eq. (3).

EXPERIMENTAL PROCEDURES

The experimental procedures used were essen-
tially the same as reported previously. The elec-
tric field effect for optical. absorption was mea-
sured at selected photon energies less than the gap
energy with an over-all energy resolution equal or
greater than 10 eV for all data points reported
here.

The samples were semi-insulating GaAs having
a resistivity in excess of 10 0 cm at room temper-
ature and oriented with the [ill] direction normal
to the surface. Silicon monoxide was used as the
insulator for blocking contacts.

A simple capacitance measurement at 150 kHz
was used to investigate the change in the sample
package with temperature and thus give the rela-
tionship between applied voltage and the electric
field in the GaAs. The result was confirmed by

comparison with known low-temperature Franz-
Keldysh effect data. However, because of the
complexity of the sample package, we estimate
that an error of no more than + 5% can exist in de-
termining the actual electric field in the GaAs.
This error, though small, is significant; there-
fore, we used the electric field as obtained from
the experimental Franz-Keldysh effect as the cor-
rect value for calculation of the Wannier staircase.

EXPERIMENTAL RESULTS

The existence of Wanvier levels between VV and
300'K was sought and found to be absent as they
should be because of thermal broadening of the
levels. Certain samples, however, exhibited os-
cillations in optical absorption throughout this whole
temperature range. Such oscillations appeared to
be temperature independent, but were sample de-
pendent (i. e. , larger in some samples than others).
Similar oscillations appear to have been observed
by French at 90'K in GaAs, ' and by Vavilov et al.
at VV 'K in CdS. ' Samples exhibiting this type of
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oscillation strongly were not used in this investiga-
tion.

Data were taken between liquid-helium and liquid-
nitrogentemperaturesforfieldsupto 1.6X 10' V/cm.

The usual procedure (4) of making a relative
measurement of absorption coefficient on an ex-
panded scale in order to achieve maximum accuracy
and then calculating the absolute absorption for
purposes of plotting these figures was used.

In Fig. 2, the field is sufficiently small so that
only the Franz-Keldysh effect is evident. The lin-
ear fit to the data points determined the relation-
ship between applied voltage and electric held in
the GaAs. The slight oscillations observed are
real and are typical of the sample-dependent type
cited earlier.

The onset of the VVannier levels becomes quite
evident at fields in excess of 10' V/cm as seen in
Fig. 3. The effect is small even at these fields
but the data were reproducible. The maximum
estimated error for each data point is as shown.
The instrument dispersion and slit width dictated

the energy error, which is admittedly large; how-
ever, the measured absorption error is small,
since a time average of each point was obtained to
reduce the noise. Both the phase and amplitude
of theory appear to be well confirmed by the experi-
mental data. ' Below 1. 45 eV in Fig. 3 for the
smallest field (curve 1) the long-period sample-de-
pendent oscillation is clearly evident.

These results do not agree with that of French'
and Vavilov et al. ' for several reasons. First, if
Eq. (3) is correct, it is clear that the Wannier lev-
els should not be observable above 40 K, which
these were not. The oscillations observed by
French and Vavilov et al. were much larger than
the calculated Wannier levels and appear to be sim-
ilar to the sample-dependent oscillations observed
by us, which were temperature independent. Sec-
ondly, the accuracy of measurement requires that
fields in excess of 10' V/cm be used to obtain re-
liable data. For the experimental arrangement
used by Vavilov et al. for CdS, an even larger peak
field would be necessary, since they were measuring
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rms absorption. There is also doubt that Wannier
levels can be observed in CdS, owing to the large
exciton binding energies. Finally, since a time
average of data must be taken at these small ~e
levels in order to eliminate noise, heating of the
sample can cause serious error unless the field is
turned off except during the actual measurement
time. Errors of this latter type increase the ver-
tical error bar dramatically through the tempera-
ture dependence of E, .

CONCLUSIONS

The results of these experiments clearly indicate

the existence of very small field- and temperature-
dependent oscillations. These oscillations agree
well with the Callaway theory for Wannier levels if
the light- and heavy-hole transitions are considered
to be independent and if the results are averaged
proportional to the effective masses (density of
states) of each band.

In addition to the small Wannier oscillations,
longer -period temperature-independent and sample-
dependent (for amplitude) oscillations were also ob-
served. It is believed that these oscillations are
those observed by French' and Vavilov et al. '
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Low-temperature electron-impurity scattering has been measured in n-type InSb using both
far-infrared Faraday rotation and ellipticity. The experimental results at 5'K using 337- and

119-pm radiation yielded scattering times of 3-5&&10 sec, which are in good agreement with
earlier measurements of scattering using cyclotron resonance linewidths. '%e results show
that dc theory cannot be used to describe this experimental regime, but must be replaced by
a more complete frequency-dependent theory of Coulomb interactions.

INTRODUCTION

The low-temperature dc conductivity of compound
semiconductors, such as InSb, is governed by pho-
non scattering down to about 60 K, while below this
temperature ionized impurity scattering dominates.
One might expect these me chanisms to oper ate at
infrared wavelengths, since measurements of scat-
tering times in some materials at high microwave
frequencies have yielded the same values as deduced
from dc measurements. '~ However, recent mea-
surements of low-temperature electron-impurity
scattering times in compound semiconductors

using millimeter and infrared cyclotron resonance
linewidths have yielded scattering times greatly in
excess of those determined by dc mobility mea-
surements. ' ' It would appear desirable to make
independent determinations of these scattering
times which are not necessarily related to a, reso-
nant process for comparison with the results of the
linewidth measurements. The free-carrier Faraday
effect provides an excellent method for measuring
low-temperature scattering over a wide range of
magnetic fields. The Faraday effect has been
widely used to measure the effective mass of free
carriers in many compound semiconductors. Use


