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We have performed surface-barrier tunneling measurements on P-type InAs and found

the energy dependence of the wave vector in the forbidden gap to be in agreement with

Franz's relationship based on a two-band model.

In 1965, Lewicki and co-workers' ' showed
that it was possible to determine energy depen-
dence of the imaginary part of the electron wave
vector in the forbidden gap of an insulator or
semiconductor by measurements of tunneling
current as a function of thickness and applied
voltage. Later in an elegant series of experi-
ments Padovani and Stratton' applied a similar
technique to Schottky barriers on GaAs, a mate-
rial which has subsequently been studied by oth-
er workers. '~' Since both the thickness of the de-
pletion layer and the energy of the final state de-
pend upon applied voltage, they were able to
characterize a considerable portion of the ener-
gy gap with a simple voltage-current measure-
ment on a single sample.

InAs is an ideal material for study by this tech-
nique' because the barrier energy on P-type ma-
terial is nearly equal to the band gap' and hence
the entire forbidden region is accessible. In ad-
dition, the conduction- and valence-band effec-
tive masses are nearly equal, and the energy
gap small; therefore, the two-band model' should
be an excellent approximation to the actual ener-
gy-wave-vector relationship in the forbidden
gap. " Our results indicate that this is indeed
the case.

Samples were prepared by two techniques:

(a) Crystals were cleaved in air quickly placed
on a metal mask in a Vac-Ion system. The cham-
ber was evacuated to approximately 10 ' Torr
and metal dots evaporated on the cleaved surface
through the mask. The typical sample was ex-
posed to air less than 30 sec prior to pumpdown.

(b) Crystals were cleaved in vacuum in an
evaporating stream of metal. After completion
of the evaporation, the samples were removed
from the vacuum, masked with either black wax
(for single dots) or photoresist (for guard-ring
structures) and the remaining metal etched away.

No systematic differences were found between
samples formed by the two techniques. A sum-
mary of the sample characteristics are given in

Table I. Typical forward current-voltage curves
taken with the samples immersed in liquid nitro-
gen are shown in Fig. 1.

Although in principle a semiconductor may be
characterized over a substantial energy range by
tunneling measurements on a single sample, in
practice the range of accurate data obtained is
limited at very low current levels by leakage
and at high forward bias by series resistance.
For this reason it is necessary to use material
of high carrier concentration (and hence large
tunneling current) for measurements at low bi-
ases. %'ith material of somewhat lower concen-

Table I. Characteristics of samples used in the E-k analysis. Sample numbers correspond to those in Figs. 1
and 2.

Sample Metal Preparation (eV)
Area
(cm2) (10 Ycm )

Cu

Al

Air
cleave

Air
cleave

Air
cleave

Vacuum
cleave

Vacuum
cleave

guard ring

0.51

0.38

0.38

0.38

0.38

7.5 x10

7.5 x10

7.5 x10

3.8 x 10

1.6 x10

1.6

1.6

1.6

1.6
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FIG. 2. Energy-wave-vector plot derived from cur-

rent-voltage data. The solid curve is the two-band ex-
pression for ~*= 0.02.

FIG. 1. Typical 77 K current-voltage plots for Schot-
tky barriers on p-type InAs.

trations, the tunneling current is reduced and
considerably higher forward bias may be applied
before the current level rises to the point where
resistive drop becomes important. Since the
InAs surface is highly n-type, ' the effects of sur-
face leakage at low current levels are more se-
vere than with GaAs. This effect and room-tem-
perature blackbody radiation made the data un-
usable below approximately 10 ' A even in the
better samples.

The dependence of the imaginary part of the
wave vector k on energy E was determined from
the measured current I at applied forward volt-
age V by the relationship'~"

—k'(E = y-q1') = (Nq /2e)(y qV)(d lnI/dV) -. (1)

Results of this procedure are shown in Fig. 2.
On samples 2-5, the barrier energy p and car-

rier concentration N were determined from 77 K
capacitance versus reverse bias voltage using a

4 2m*- 2' (2)

assuming an effective mass rn ~ of 0.02 times the
mass of the free election. The reported values
for the conduction and valence band are 0.02 and
0.02 5, respective ly. '

We wish to thank Franqois Padovani for point-
ing out the unique nature of InAs in connection
with these experiments.

dielectric constant & of 12.6.
On sample 1 the barrier energy was taken to

be the voltage at the current minimum plus the
band gap' (0.43 eV at 77'K)." Since the low impe-
dance of this sample precluded measurements of
capacitance versus voltage, the carrier concen-
tration was adjusted to bring the k values into
agreement with those of the other samples in the
region of overlap. This procedure gave a con-
centration of 6x 10", in good agreement with
Hall measurements supplied by the manufacturer
(given as 7 && 10' ).

The solid curve in Fig. 2 is Franz's symrnetri-
cal two-band expression'
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RAMAN SCATTERING BY OPTICAL MODES OF METALS*
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Raman scattering from the optical modes of the metals Be and AuAl2 has been ob-
served. The measurements were carried out using argon-ion laser excitation. One Ra-
man line was observed for each of these metals. A frequency of 455 cm ~ was obtained
for Be and 266 cm for AuA12. The result for Be is compared with neutron scattering
data.

We have observed Raman scattering from the
optical modes of the metals Be and AuAl, . Be-
ryllium is of hcp structure with two atoms per
unit cell. The space group for this lattice is

and there is one &2g Raman active optical
mode. Gold-aluminum has the CaF, structure
and has one T2g Raman active mode.

The Raman scattering was observed using ar-
gon-ion laser excitation. The sample was placed
within the laser cavity with its polished face act-
ing as a third cavity mirror. This type of sam-
ple configuration has been reported previously
in application to Si and Ge. The AuA12 sample
was a single crystal while the Be sample was a
polycrystalline ingot with grain size of the order
of several millimeters. The surface of both
samples were mechanically polished.

One Raman line was observed for each of these
materials. Figure I shows the Stokes line for
Be with 4880-A excitation. The Stokes compo-
nent has also been observed for Be with 5145-A
excitation. Figure 2 shows the Stokes component

0
for 4880-A excitation which was obtained with
the AuA12 sample. The anti-Stokes line for
4880 A and the Stokes line for 5145 A, respec-
tively, were also observed for AuAI . It is evi-
dent from Figs. 1 and 2 that the Raman lines are
superimposed on an appreciable background due
to strong scattering of the exciting light from the

metal surface. This background is appreciable
in comparison with the Raman lines because the
Raman scattering is weak on account of the
small scattering volume of the metals and be-
cause it is difficult to obtain a perfect polish on
the metal surfaces. » Fig. 2 the background
shown as a dashed line is subtracted from the re-
corder trace to give the Raman lines shown at
the bottom of the figure. Table I gives the ob-
served frequencies and linewidths at 300 K for
these samples. The Raman intensity of Be was
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FIG. 1. Observed Raman line for Be metal: Stokes
0

component for 4880-A excitation. The instrumental res-
olution was 8 cm ~, the time constant was 300 sec, and
the scan rate was 1 cm ~/min.
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