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This paper describes an electron-tunneling experiment to study the nonpolar interaction of charged
carriers with optical phonons in GaAs and GaSb. We have used GaAs-Pb and GaSb-Pb tunnel
junctions and made direct observation of the selection rule, predicted by the deformation-potential
theory, that only holes interact with TO phonons in these materials. The ratio of the strength of
hole-optical-phonon interaction through the polar coupling to that through the nonpolar coupling is
estimated to be approximately 7 for GaAs and 5 for GaSb, in samples having no free carriers to
screen the polar interaction. The interaction of holes with two optical phonons has been observed in
GaAs, Its strength is approximately 50 times less than that of the hole-optical-phonon interaction
involving a single optical phonon.

I. INTRODUCTION

In a cubic semiconductor, the deformation-po-
tential theory predicts selection rules for the non-
polar interaction of electrons or holes (carriers)
with long-wavelength (q = 0) optical phonons. '3 In
particular, this interaction vanishes for carriers
whose energy band is s-like and has either an
energy minimum at the center of the Brillouin
zone, k=0, or siliconlike energy minima on the
cubic axes. This symmetry requirement, which
is satisfied by the conduction band of Si, is also
satisfied by the conduction band of the direct-gap
III-V compounds, e.g. , GaAs, whose band mini-
mum is at k = 0. Although this theory of nonpolar
optical-phonon scattering has been essential to our
understanding of the temperature, as well as elec-
tric field, dependence of the mobility of carriers
in Si and Ge, a direct experimental verification of
this selection rule has not been possible from con-
ventional transport measurements. previously,
we observed this selection rule in electron-tunnel-
ing measurements on GaAs-Pb junctions. In this
case, since the GaAs crystal is partially ionic, its
optical phonons at q = 0 are split into a longitudinal-
optical (LO) branch and a. doubly degenerate trans-
verse-optical (TO) branch, with the LO branch at
the higher energy. The symmetry of the conduc-
tion band (s-like) and the valence band (p-like) of
GaAs forbids the electrons to interact with either
the LQ or the TQ phonons through nonpolar cou-
pling. Only the interaction of holes with LQ and
TQ phonons through nonpolar coupling is allowed.
Qn the other hand, this symmetry of the energy
bands imposes no selection rules fo~ the polar
coupling between both types of carriers and the LQ
phonons. Consequently, our observation of TQ
phonons in electron tunneling through P-type GaAs-
Pb junctions, and not in the n-type GaAS-Pb junc-
tions, constitutes a direct verification of the selec-
tion rule for nonpolar optical-phonon scattering
predicted by the deformation-potential theory.

More recently, the importance of nonpolar scat-
tering of carriers by optical phonons in III-V com-
pounds has been reassessed as a result of two de-
velopments. First, it was often claimed that po1ar
scattering by LQ phonons is the dominant carrier
scattering mechanism in determining the room-
temperature carrier mobility of DI-V compounds.
Wiley and DiDomenico5 have pointed out that, while
this is the case for electrons in direct-gap (at k = 0)
GI-V compounds, this claim is not justified for
electrons in indirect-gap materials and for holes.
They demonstrated that the temperature dependence
of the hole mobility of several III-V compounds
can be explained by a combination of acoustical
and nonpolar optical scattering alone, assuming
no polar scattering, and concluded that the defor-
mation-potential scattering by the acoustical and
the optical phonons is the dominant scattering
mechanism for holes in ID-V compounds. Second,
Kaplan, Ngai, and Henvis have observed inter-
actions of bound holes with TO as well as LQ pho-
nons in InSb in their magneto-optical measure-
ments. Their experiment has led to studies of the
deformation-potential theory of nonpolar optical-
phonon scattering of carriers in the presence of an
external magnetic field.

In this paper, we present a detailed account of
our electron-tunneling data on GaAs- Pb junctions,
which are pertinent to the nonpolar hole-optical-
phonon interaction in III-V compounds. %'e also
present similar results obtained from GaSb sam-
ples and include a brief discussion of an unsuc-
cessful attempt on InSb samples. The experimen-
tal details are described in Sec. II and the results
are discussed in Sec. III. Section IV gives a sum-
mary of this paper together with some concluding
remarks.

II. EXPERIMENTAL DETAILS

The tunnel junctions are metal-semiconductor
contacts made by evaporating Pb films on bulk sin-
gle-crystal GaAs or GaSb samples. The sample



488 D. C. TSUI

is usually a 8x5x1-mm platelet, with the flat sur-
faces parallel to a (111)or (100) crystallographic
plane. The surface of the sample is prepared by
first mechanically polishing it to an optical finish
and then chemically etching it to remove mechan-
ical damage. The etching removes approximately
100 p.m of material and leaves a brightly polished
surface, free of observable scratches. GaAs is
etched in a freshly prepared solution of 1 part wa-
ter, 1 part superoxol (30% hydrogen peroxide),
and 3 parts concentrated sulfuric acid; Gasb is
etched in a modified CP4 solution: 4 parts nitric
acid, 2 parts acetic acid, and 1 part hydrofluoric
acid. Immediately after etching, the sample is
insulated by collodion, except for a strip in the
center of the surface, and cross strips of Pb ap-
proximately 2000 A thick and varying from 25 p,m
to 1 mm wide are evaporated on the sample in a
vacuum of better than 2x10 Torr.

The measurements made on these junctions are
their current-voltage (I-V), dV/dI-V, and d I/dV
V curves. The measuring method and the circuits
used in this work have been described in detail by
McMillan and Howell and by Thomas and Howell. '
%e use the standard cross-strip configuration to
facilitate four-terminal measurements and take
special precautions to make sure that the contact
resistance between the electrical leads and the
electrodes of the junction is indeed negligible. A
convenient method for making an Ohmic contact to
a GaAs or GaSb sample, having carrier concentra-
tion n or P &10"/cm~, is to solder indium to it
with the aid of an ultrasonic vibrator. %e also use
indium to solder the electrical leads to the Pb
films and to the Ohmic contacts on the semicon-
ductor.

Ne utilize the well-known tunneling character-
istics of superconducting Pb to evaluate the quali-
ty of these junctions and adapt the following pro-
cedure for this purpose: Usually, we prepare five
junctions on one sample. After the I-V character-
istic of each junction is recorded at 300 and V& K,
the sample is cooled to 4. 2 'K and the junction
I- V characteristic is examined again. If the su-
perconducting energy gap of Pb is observed, the
sample is cooled further to 1 'K and the current,
at a bias much smaller than that corresponding to
the Pb energy gap, 6=1.38 meV, is measured.
This excess current, which does not arise from
electron tunneling, is compared to the current at
the same bias when the Pb electrode is normal.
Detailed measurements of dV/dI Vend d~I/dV V--
curves are made on those junctions whose excess
current is approximately 0.05 to 1%, of their nor-
mal-state current. All these junctions show the
phonon-induced structure in the tunneling density
of states of superconducting Pb, which agrees
with that obtained from Pb-oxide-Pb junctions.

Before discussing results pertinent to the non-
polar optical-phonon interaction in GaAs and Gasb,
we present in Fig. 2 the dV/dI Vcurves-of a
p-GaAs-Pb junction (at 4. 2 'K) and a p-GaSb-Pb
junction (at 1 'K) to show some gross features of
their tunneling characteristics. The I-V curves
of the same p-GaSb-Pb junction at 1 'K is given
in the insert to illustrate the superconducting en-
ergy gap of Pb and the excess current across the
junction, which is approximately 0. 5%. lt is ob-
vious that the dV/dI Vcurve of eit-her junction
reaches a broad maximum in the Pb(-) bias. The
carrier-concentration dependence of the bias posi-
tion, V, of this maximum has been studied for
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FIG. l. Schematic potential-energy diagram for a p-
type-semiconductor-Pb junction. In the Pb (-) (i.e. ,
forward) bias, the inelastic tunneling path is shorter than
the elastic tunneling path.

The data discussed in this paper are representa-
tive of these junctions. %'e note that all the GaAs-
Pb junctions, which we have prepared following
the procedure described above, show the super-
conducting Pb energy gap in their I-V curves and
approximately half of them show & 1% excess cur-
rent. In the case of Ga9b-Pb junctions, however,
only about 75% of all the junctions show the super-
conducting Pb energy gap at aQ, and approximately
20% of these junctions show ~1% excess current.
It should also be noted that we have no direct in-
formation on the nature of the tunnel barrier of
these junctions. From their fabrication procedure,
it is reasonable to assume the barrier to be a thin
layer of oxide and the surface-depletion layer of
the semiconductor (Fig. 1). This assumption ap-
pears consistent with our having been able to de-
tect reasonable resistance in junctions made on the
most heavily doped samples (P - 10 /cm ) and with
our observing only a weak temperature dependence
in the resistance of these junctions despite the
Schottky barriers being low for these p-type ma-
terials.

III. RESULTS AND DISCUSSION
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FIG. 2. dV/dI-V curves of a p-GaAs-Pb junction at
4. 2'K (dashed curve) and of a p-Ga81-Pb junction at
1 K (solid curve). The dotted curve shows the dV/dI-V
curve of the p-GaAs-Pb junction when the superconduc-
tivity of Pb is quenched by applying a magnetic field H
~ 2. 5 kG. The hole concentration of the sample is p
(GaAs) =2.5~10 /cm and p(Gasb) =1.4x10 9/cm . The
insert shows the I-V characteristic of the same GaSb-Pb
junction at 1 'K.

m~= 0.35mo and m~=0. 05mo for GaSb. ' The ef-
fective density-of-states mass, obtained from the
parabolic band model using these values for the
effective mass of the heavy and the light holes, is
m )=0.50mo for GaAs and mf =0.36m0 for GaSb,
which agree well with those deduced from the tun-
neling data. In p-GaAs, the p independence of V
for p82x10'9/cm3 has been attributed to the im-
purity band and the valence-band tailing. '0'"'6
~e will see that, for p&2x10' /cm~, there is also
an anomalous feature in the optical-phonon-induced
tunneling structure of p-GaAs- Pb junctions.

A. GaAs

Figure 3 shows in detail the d V/dI and the d~I/
dV curves of a p-GaAs-Pb junction (at 1 'K) in the
bias range covering the enrgy of the optical pho-
nons of GaAs. The hole concentration of the GaAs
electrode, as measured by the Hall effect at
4. 2'K, is p=6. 5x10 /cm. It is known from
previous studies that all the structure seen at V
& 30 mV reflect the phonon-induced structure in
the quasiparticle density of states of superconduct-
ing Pb. In particular, it vanishes when the Pb
electrode is driven into its normal state by the ap-
plication of an external magnetic field (K = 2. 5 kG).

p-GaAs-Pb junctions using samples with hole con-
centration varying from p=5x10~ /cm to p=1
x10 /cm . ' '" It is found that V is at about 35
mV and has no observable dependence on p for
p & 2 x10' /cmi. For samples having p & 2x 10'9/
cm, on the other hand, the relation V c(-P is
obeyed. In the case of p-Gasb, we have studied
samples with p= 1,.4x10' /cm~, 3x10' /cm~ and
6x10' /cm . For these samples, the carrier-
concentration dependence of V again satisfies thep'" relation.

The theoretical calculations of both the Schottky-
barrier tunnel conductance by Conley, Duke,
Mahan, and Tiemann'~ and the conductance of tunnel-
ing through a metal-insulator-semiconductor junc-
tion by Chang' and by Davis and Duke' predict a
dV/dI maximum at a bias corresponding to the
Fermi degeneracy p, of the semiconductor. This
maximum occurs in the metal (-) bias for a P-
type semiconductor. If we assume that, in this
case, V observed in junctions made on the more
heavily doped samples is equal to p., and using the
relation between p. and p from the parabolic band
model)

y, = (I'/2m&)(3')'", (1)
we obtain an effective density-of-states mass
m f = (0. 6+ 0. 1)ma for p-GaAs and m f = (0.35 + 0.05)
&ma for p-GaSb. On the other hand, the effective
mass of the heavy hole and the light hole is known
to be m~ =0.48mo and m~=0. 09mo for G~ and
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FIG. 3. The dV/dI-V (dashed curves) and d I/dV -V
(solid curves) of a p-GaAs-Pb junction at 1 'K (p= 6. 5
&10 /cm ). The insert shows the optical-phonon struc-
ture in the Pb (-) bias when the Pb electrode is super-
conducting (dashed curve) and when it is normal (solid
curve). V is measured from the superconducting energy
gap of Pb (Azb).
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FIG. 4. The dV/dI-V (dashed curves) and the d I/dV-
V (solid curves) of an n-GaAs-Pb junction at 1 'K (n
= 7. 5 & 10 jcm ). V is measured from Dpb.

Gur interest here is on the structure in the bias
range from 30 to 40 mV. The more distinct fea-
tures of this structure are the two d I/dV' peaks
at V = 33. 5 and 36. 3 mV in the Pb(- ) bias, and at
V=33.9 and 36.9 mV in the Pb(+) bias. These
peaks correspond to sudden increases in conduc-
tance in the Pb(-) bias and sudden decreases in
the Pb(+) bias. Such changes in conductance are
in fact observable in the d V/dI curves of Fig. 3.
%hen superconductivity of the Pb electrode is
quenched by an external magnetic field, this struc-
ture decreases its bias position by an amount cor-
responding to the superconducting energy gap of
Pb (b, = 1.36 meV) and reduces its sharpness.
These changes are seen in the insert of Fig. 3,
which shows this structure in the negative bias
when Pb is normal (the solid curve) as well as
superconducting (the dashed curve). The essential
features of the structure are not altered when the
Pb electrode becomes normal.

It is known from inelastic neutron scattering"
and from optical studies" that the energies of the
long-wavelength TQ and LQ phonons in GaAs are
~T o = 33.7 meV and 5(d Lo = 36. 5 meV, respective-
ly. A consideration of these energies makes it
obvious that the two d2I/dV peaks seen in Fig. 3

must arise from the interactions of holes with
these TQ and LQ phonons of GaAs. The selection
rule on nonpolar electron-optical-phonon inter-
action imposed by the symmetry of the electronic
states becomes evident when we compare this op-
tical-phonon structure with that shown in Fig. 4,

4

which is taken from an n-type-GaAs-Pb junction
at 1.2 'K. The GaAs electrode of this junction has
an electron concentration n = 7. 5 &. 10"/cm . The
structure at V=36 mV was first observed in the
dV/dI Vcu-rves of n-GaAs-Au junctions by Conley
and Mahan and was explained by them as being
due to the interaction of electrons with the LQ
phonons of GaAs through the polar coupling. The
d I/d V~ Vcur-ves make it clear that this LO-pho-
non structure begins at V= 33 mV and ends at
V=-38 mV. The distinct feature is the peak at
V=+ 36. 3 mV and at t/'= —37 mV, which is indeed
identical to the LQ phonon peak observed in the
P-type sample. The weaker feature preceding
this peak, which may be associated with the LO-
phonon dispersion when free-carrier screening is
taken into account, is also discernible in P-type
samples. The major difference in this optical-
phonon structure between the n- and p-type sam-
ples is the conspicuous absence of the TQ-phonon
peak in the data from n-type samples. As dis-
cussed in l, this difference constitutes a direct
confirmation of the selection rule on the nonpolar
electron-optical-phonon interaction predicted by
the deformation-potential theory. %e estimate
from the sensitivity of our measurement that the
TQ-phonon peak, if present in the data from n-
type samples, must be approximately two orders
of magnitude smaller than that in the p-type sam-
ples.

Figure 5 shows the d'I/dV data on this optical-
phonon structure from four p-type samples to
demonstrate the influence of hole concentration of
the sample. In the Pb(-) bia.s, the relative
strength of the TQ- and the LQ-phonon peaks
shows no observable dependence on the hole con-
centration of the sample. In the Pb(+) bias, two
effects have been observed. First, the TG-pho-
non peak, which is comparable to the LG-phonon
peak for p= 1 x10 /cm, appears to decrease in
strength with respect to the LO-phonon peak as P
decreases. Second, a broad structure, which
reaches a peak at V= 32 mV, becomes observable
for p ~ 2 x10' /cm . For the sample having P = 5. 4
&&10' /cm, this structure becomes dominant and
the TO-phonon peak is not discernible in this bias
polarity.

There have been numerous theoretical papers
on the electron-phonon interaction in tunneling be-
tween nonsuperconductors. 3' Here, we briefly
reiterate some results as given by Appelbaum and
Brinkman common to various recent formulations
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FIG. 5. d I/dV -V data on the optical-phonon struc-
ture from four p-GaAs-Pb junctions at 1 K (V is mea-
sured from dz b). The amphtude of the modulation sig-
nal used to obtain the data in the bvo bias polarities is
not the same.

of tunneling theory, to facilitate a qualitative un-
derstanding of our data. In recent literature, the
electron-phonon interaction is described by an
electron self-energy Z, which is a complex quan-
tity. Its imaginary part, ImZ, describes the pho-
non-emission lifetime of the electron; its real
part, ReZ, is the energy which the electron ac-
quires from the interaction. It has been shown
that, both ImZ and ReZ can alter the one-electron
tunnel conductance of the junction at a bias cor-
responding to the energy of the phonon. If the
bias dependence of the one-electron tunnel con-
ductance is negligible, the contribution to the tun-
nel conductance from ImZ is a step, even with
respect to bias polarity, and the contribution from
ReZ is a logarithmic singularity, odd with respect
to bias polarity. The magnitude and even the sign
of these contributions depend most sensitively on
the properties of the electron, the phonon, and
their interaction in the immediate vicinity of the
tunnel barrier. For example, if the interaction
is localized in an electrode (i. e. , in the electrode
side of the electron's classical turning point), the
contribution from ImZ is a step decrease in con-
ductance. On the other hand, if the interaction is
in the tunnel barrier, this contribution is a step

increase in conductance due to the opening up of
inelastic channels for tunneling. It is clear that
even if the bias dependence of the one-electron
tunnel conductance is negligible, the phonon-in-
duced changes in conductance, which is the sum of
contributions from ImZ and ReZ, can still assume
a variety of line shapes in each bias polarity. At

present, without any direct information on the in-
terface properties of the tunnel junction, it is not
possible to understand our data in any quantitative
detail.

Several qualitative aspects of our data can be
understood in terms of the general remarks made
in the last paragraph. For example, the TO- and
the LO-phonon peaks in the Pb(-) bias reflect step
increases in conductance at the biases correspond-
ing to the energy of the TO and LO phonons. This
result can be interpreted as indicating that these
peaks arise predominantly from inelastic tunneling
of electrons with the emission of TQ and LO pho-
nons in the GaAs surface-depLetion region imme-
diate to the electron's classical turning point.
Since free-carrier screening of the polar coupling
between electrons and LO phonons has no effect on
this emission process, we do not expect carrier-
concentration dependence of these peaks. This
expectation agrees with our observation that, in
this bias polarity, the relative intensity of the TO-
and the LO-phonon peaks are independent of the
GaAs hole concentration. Moreover, the energy
dependence of the width of the tunnel barrier,
which is illustrated in Fig. 1, enhances inelastic
tunneling of electrons from Pb into GaAs, for, in
this bias polarity, the effective barrier seen by
electrons tunneling inelastically through the barri-
er is narrower than that seen by the elastic tunnel-
ing electrons. On the other hand, this enhance-
ment for inelastic tunneling does not exist in the
Pb(+) bias, where the inelastic and the elastic
tunneling electrons see the same barrier width
(Fig. 1). The TO- and LO-phonon peaks in this
bias polarity reflect step decreases in conductance
at biases corresponding to energies slightly above
those of the TO and the LO phonons. It appears rea-
sonable to assume that the conductance contribu-
tions from ImZ and ReZ of holes interacting with
the TO and the QQ phonons in the GaAs electrode
dominate these peaks. The observed hole-concen-
tration dependence of their relative intensity may
be attributed to free-carrier screening of the polar
coupling, which must be operative in the electrode
side of the electron s classical turning point.

Figure 6 shows that d I/dV Vcurve of a P--
GaAs-Pb junction for V ranging from 30 to 80 mV
in the Pb(-) bias. The weak structure immediate-
ly following the LO-phonon peak, as pointed out
previously, '3~ results from the phonon-induced
structure in the quasiparticle density of states of



492 D. C. T8UI

TO+LO

2TO 2L0

30 40 50 60

vcmv)

80

I IG. 6. d I/dV -V data (V is measured fram 4pb) in
the Pb (-) bias of a p-GaAs-Pb junction at 1'K (p=3
&&&0 /cm ). (T2, L2) and (Tq, L~) indicate the biases
corresponding to the energy of the transverse and the
longitudinal Pb phonon peaks, measured from the GaAs
TO- and LO-phonon peaks. The arrows 1abeled 2TO,
TO+ LO, and 2LO indicate the biases corresponding to
the threshold energy for emission of two TO, one TO and
one LO, and 2LO phonons, respectively.

superconducting Pb, reflected from the emission
thresholds of the QaAs TO and LO phonons. The
arrows marked as (Tz, La) and (T» I.,) indicate
the biases corresponding to the energy of trans-
verse- and longitudinal-Pb-phonon peaks, mea-
sured from the GaAs TO- and LO-phonon peaks,
respectively.

The weak structure near V=70 mV is due to the
interaction of holes with multiple optical phonons
of QaAs. The arrows show the biases correspond-
ing to the threshold energy for the emission of
two TO phonons (2TO), one TO and one LO phonon
(TO+ LO), and two LO phonons (2LO). The 2LO
and the 2TQ peaks are approximately 50 times
weaker than the LQ- and TO-phonon peaks. This
result indicates that the interaction of holes with
two optical phonons is approximately 50 times
weaker than that involving a single optical phonon.

%e may also estimate the relative strength of
hole-optical-phonon interactions through the polar
coupling (P) and through the nonpolar coupling (N).
If we recall that the observed LQ-phonon peak re-
sults from both the polar and the nonpolar inter-
actions and that q = 0 TO phonons are doubly degen-
erate, the strength of the polar and nonpolar inter-
actions are related to the ratio (R) of the observed
intensity of the LQ-phonon peak to that of the TO-
phonon peak by P/N= 2Ft —I. We estimate 8= 4
from the LO- and TO-phonon peaks in the Pb(-)
bias (Fig. 2), and this result yields P/N=7 for
samples with no free carriers to screen the polar

interaction. In a degenerate material, free-car-
rier screening will reduce the polar interaction.
Qur results on the relative intensity of the LQ-
and the TO-phonon peaks in the Pb(+) bias indicate
that these two scattering mechanisms for holes in
QaAs become comparable in samples having p
& I020/cm'.

S. GaSb

We attempted similar experiments to observe
the hole-TQ-phonon interaction in two other di-
rect gap (at 0 =0) III-V compounds: GaSb and InSb.
In the case of p-In8b, the best tunnel junctions,
which we have fabricated using Pb as the counter-
electrode, have approximately Vgo excess current
at 1 'K. The phonon-induced structure in the tun-
neling density of states of superconducting Pb, ob-
served in these junctions, has approximately half
its strength in the GaAs-Pb junctions. In the
Pb(-) bias, the d2I/dV data show a broad peak
(- 2 mV half-width) at V = 24 mV, which must arise
from the hole-LO-phonon interaction (~„o= 24. 4
meV'8). We have not observed any d~I/dV~ struc-
ture which may be associated with the TQ phonons
(huTo = 22. 8 meV). We attribute our failure to ob-
serve the hole-TQ-phonon interaction in In8b to
the poor quality of our p-In8b-Pb junctions, as in-
dicated by the tunneling characteristics of super-
conducting Pb in these junctions.

In the case of P-Qa8b, we have fabricated
P-Qa8b-Pb junctions with less than 1% excess cur-
rent and have observed the hole-TQ-phonon inter-
action in these junctions. Figure 7 shows the d V/dI V-
and d I/dV Vcurves o-f a, p-GaSb-Pb junction at
1 'K. In addition to the structure characteristic of
superconducting Pb, these curves show a struc-
ture consisting of two peaks in the d~I/dV2 Vdata, -
at V = 28. 5 and 29. 5 mV in the Pb(-) bias and at
V = 29.0 and 80 mV in the Pb(+) bias. This struc-
ture must arise from the interaction of holes with
the TO and LO phonons of Qa8b, for it is known
from optical studies that the energies of the TO
and LQ phonons are ~Tp = 28 5 meV and ~gp
= 29. 8 meV. ' %e emphasize that while the LQ-
phonon peak has also been observed in n-Qa8b-Pb
junctions, ~'~3 the TO-phonon peak has been ob-
served only in junctions on p-type samples, con-
sistent with the selection rule for nonpolar elec-
tron-optical-phonon interaction.

Qur discussions on the optical-phonon structure
in the data from P-GaAs can also be repeated here.
For example, in the Pb(-) bias, the TO- and the
LQ-phonon peaks correspond to step increases in
conductance at the energy of the TQ and the LQ
phonons, and can be interpreted as being due to
inelastic tunneling with the emission of TQ and
LO phonons in the Ga8b surface-depletion region.
Ne estimate the intensity of the LQ-phonon peak
to be approximately three times that of the TO-
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phonon peak and obtain P/N= 5 for GaSb samples
with no free carriers to screen the polar inter-
action.

In the Pb(+) bias, the TO- and the LO-phonon

peaks correspond to step decreases in conductance
at energies slightly above those of the TQ and the
LQ phonons of GaSb. They may result from a
combination of the conductance contributions from
ImZ and ReZ of holes interacting with the TQ and

the LO phonons in the immediate vicinity of the
electron's classical turning point in the Qaab
electrode. We also examined the d I/dV data in
the bias range corresponding to the energy of two

optical phonons and have not observed any struc-
ture which may be attributed to the interaction of
holes with two optical phonons. We note that even

in the best of our p-QaSb-Pb junctions, the junc-
tion noise does not allow the detection of a signal
smaller than Q of the observed LO-phonon peak.
In view of the weakness of the two-optical-phonon
structure in P-GaAs, our failure to observe the
two-optical-phonon structure in p-Ga81 is to be
expected.

IV. SUMMARY

This paper discusses an electron-tunneling
experiment to study the nonpolar interaction of
charged carriers with optical phonons in two di-
rect-gap (at k=0) III-V compounds: GaAs and

GaSh. We used GaAs-Pb and GaSb-Pb tunnel junc-
tions and made direct observation of the selection
rule, predicted by the deformation-potential
theory, that only holes in these materials interact
with TQ-phonons.

In the d I/dV~-V data of p-GaAs-Pb and p-GaSb-
Pb junctions, the optical-phonon-induced structure
has peaks at biases corresponding to the energies
of the TO and the LO phonons in the Pb(-) polarity
and at slightly larger biases in the Pb(+) polarity.
The peaks in the Pb(-) polarity are attributed to
inelastic tunneling with the emission of TO and LO
phonons at the surface-depletion layer of the semi-
conductor. We estimate that the ratio of the
strength of hole-optical-phonon interaction through
the polar coupling to that through the nonpolar
coupling is approximately 7 for QaAs and approxi-
mately 5 for GaSb. The dmI/dV2 peaks in the Pb(-)
polarity are attributed to a combination of the con-
ductance contributions from ImZ and ReZ of holes
interacting with the TO and the LQ phonons in the
immediate vicinity of the electron's classical turn-
ing point in the semiconductor electrode. The in-
teraction of holes with two optical phonons has
been observed in P-GaAs. Its strength is approxi-
mately 50 times weaker than the hole-optical-
phonon interaction involving a single optical pho-
non.

Finally, we comment on two aspects of our re-
sults which need further investigation. First, the
data from GaAs samples having 5&10'8/cm'~P
5 2x 10'9/cm' show anomalous features. Namely,
(i) V„, the bias position of the junction resistance
maximum, is independent of p, and (ii) a, broad
structure centered at V= —32 mV is observed in
the d~f/dV2 Vdata, . Whil-e the P independence of
V has been attributed to the formation of an im-
purity band in these samples, the anomalous d I/
dV2 structure at V= —32 mV remains unexplained.
Second, we have not attempted any quantitative ac-
count of either the line shape or the carrier-con-
centration dependence of the observed optical-pho-
non structure, for the lack of any direct informa-
tion on the properties of the tunnel barrier of these
junctions. In view of recent theoretical predictions
that the phonon structure in nonsuperconducting
tunneling is most sensitive to the interface prop-
erties of the tunnel junction, it is imperative to
give future efforts to characterizing the tunnel
barrier. It is hoped that a quantitative account of
the observed phonon structure will also yield in-
formation on the lattice vibrational and the elec-
tronic properties in the immediate vicinity of the
junctions.
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