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An investigation of electrical transport through In and Sn contacts to high-purity InP is reported.
At 4.2 K, the I-V characteristics show a gap at small V, within which no current flows through the
contacts, and oscillations at higher V in the reverse bias, corresponding to electron injection into
InP. Large-amplitude oscillations, ~50% the background differential conductance, and as many as
32 periods have been observed; their T and B dependences have been measured. The conductance
gap, observable to ~ 10 K, is due to electron freeze-out and the oscillations, observable to above 78
K in dI/dV, are due to emission of LO phonons in InP. At present, there is no theoretical under-
standing of these experimental observations. Only a qualitative discussion of the data is given using
a point-contact model. The LO-phonon oscillations in this model result from a modulation in the
current injection via a voltage feedback mechanism, which is consistent with measurements also

made on n*-i-n* structures.

I. INTRODUCTION

Recently,! we reported the observation of an oscillatory
conductance in electrical transport through In,Ga,_, As
contacts, which corresponded to a series of dips in the I-V
characteristics in both bias polarities. Similar conduc-
tance oscillations in the reverse bias, corresponding to
electron injection into the semiconductor, were first re-
ported in Au-InSb tunnel junctions by Katayama and by
Komatsubura and Cavenett,’ and more recently in tunnel-
ing into GaAs through a Al,Ga,_,As barrier by Hick-
mott et al.* and by Eaves er al.® All these experiments
had two features in common: (1) the host semiconductors
were high-purity materials, and (2) the period was approx-
imately equal to the longitudinal-optical (LO) phonon en-
ergy, fiwy, of the high-purity semiconductor. Although it
was recognized very early that the oscillatory
phenomenon had to result from emission of LO phonons
by the hot electrons injected through the junction, how
such emission processes could cause the observed oscilla-
tions were never understood. Only very recently, after the
experiment of Hickmott et al., have appreciable theoreti-
cal efforts been made towards a fundamental understand-
ing of this unexpected electronic phenomenon.®~1°

In this paper, we want to report a systematic study of
electrical transport through In and Sn metal contacts to
high-purity InP crystals. These contacts show rectifying
1-V characteristics, which cannot be associated with ei-
ther a diffusion barrier, or tunneling through a planar
Schottky barrier. Two striking features are observed in
the I-V characteristics. First, for T'<10 K, a gap exists
around zero bias, within which there is virtually no
current flow through the contact. This conductance gap
is due to electron freeze-out in InP and it increases, as ex-
pected, in the presence of a strong magnetic field B.
Second, strong LO-phonon oscillations are observed in
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I-V in the reverse bias, corresponding to electron injection
into InP. The oscillations are observable at 78 K in the
dl /dV versus V data and their amplitude, at 4.2 K,
amounts to an ~50% change in the average dI/dV.
These results are unique in that the LO-phonon oscilla-
tions and the electron freeze-out are observable and stud-
ied in the same experiment. The fact that the oscillations
persist to at least 78 K, far above the temperature ( ~ 10
K) at which the conductance gap vanishes, is evidence
that electron freeze-out is not essential to the observation
of the conductance oscillations.

At the present, there is no theoretical understanding of
these striking experimental observations. Only a qualita-
tive discussion of the results is given using a model!! for
the point contact between a metal and a semiconductor.
Within this model, the oscillations are attributed to modu-
lation of the bias across the contact by relaxation of the
injected hot electrons via LO-phonon emission. It is a
voltage feedback mechanism inherent to injection of hot
carriers into an electrode made of a low-carrier-density
material. This explanation is substantiated by data from
samples with a n *-i-n* structure [i.e., a high-purity InP
layer sandwiched by two heavily doped InP layers]. Their
I-V characteristics show the conductance gap due to elec-
tron freeze-out, but not the conductance oscillations.

This paper is organized as follows. In Sec. II, we
describe the experiment and present the data. The results
are discussed in Sec. III using the model of Vengurlekar

and Inkson.!! Some concluding remarks are given in Sec.
Iv.

II. EXPERIMENTS

Our samples are high-purity n-type epitaxial InP layers,
~4 pm thick, grown by trichloride-vapor levitation epi-
taxy'? on the (100) surface of heavily doped InP sub-
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strates. The epilayers are unintentionally doped, with a
residual carrier density ranging from 6x10' to 2x 10"
cm~3. The crystals are first slightly etched to
remove the surface layer, then metal dots, ~0.25 X0.25
mm,? are made by thermal evaporation of a thick (In,Sn)
film in a vacuum of ~1Xx10~° Torr. Ohmic contacts to
the high-purity InP are made through the n*-type InP
substrate by soldering with In. Finally, the samples are
heated in H, atmosphere at 350°C for 90 sec to facilitate
the observation of the LO-phonon oscillations. This point
will be clarified later on when we examine the data. The
measurements are two-terminal I-¥ measurements and
standard modulation techniques are used to obtain the
derivatives dI /dV and d*I/dV?. Some of the data are
also obtained using a computer-aided data-acquisition sys-
tem and the derivatives from digital differentiation. The
temperature variation is achieved with a Heli-tran system,
and a closed-cycle refrigerator.

Figures 1 and 2 are examples of the I-V characteristic
of typical Sn and In contacts from room temperature
(RT) to 4.2 K. The bias voltage is that of the metal elec-
trode with respect to the n *-type InP substrate. We see
that the contacts are slightly non-Ohmic at RT, and are
rectifying at T'<78 K. Since these two metal contacts
show similar behavior in all our measurements, we will
concentrate on the data of Sn-InP contact from now on.
Figure 3 is an enlarged version of Fig. 1 at 4.2 K for
—0.5< V¥V <0.05, which shows two striking features.
First, there is a flat region around zero bias, within which
there is virtually no current flow. Second, for V <0, cor-
responding to electron injection into the InP, a series of
oscillations are superimposed on the rather linear back-
ground. These two features are more clearly seen in the
dI /dV-V data shown in Fig. 4, where the flat region is
manifested as a “gap.” The oscillations, with a period
(~43.7 mV) approximating the LO-phonon energy of
InP,'® 43 meV, are identified as a series of dips in the
dI/dV at e |V | ~nfiwy, where n=1,2,3,.... They are
already observable at 77 K, and at 4.2 K, the amplitude
amounts to as high as a 50% change of the mean dI /dV
at low biases. The oscillations persist to the highest bias
applied across the structure. This fact is illustrated in
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FIG. 2. I-V characteristics of an In-InP contact at 300, 78,
and 4.2 K.
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FIG. 3. [I-V characteristics of a Sn-InP contact for
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FIG. 4. dI/dV-V of the Sn-InP contact of Fig. 4 at 78 and at
42 K.
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FIG. 1 I-V characteristics of a Sn-InP contact at 300, 78,
and 4.2 K.
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FIG. 5. dI/dV-V of an In-InP contact for ¥V up to 1.4 V in
the reverse bias, corresponding to electron injection into the InP.
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FIG. 6. dI/dV-V of a Sn-InP contact for —0.5<¥V <0.5 V
at 4.2 K.

Fig. 5, where 32 periods can be seen for —1.4<¥V <0V,
with only a slight decrease in amplitude at high biases (the
sample is the same In-InP contact whose I- ¥V characteris-
tic is shown in Fig. 2).

In Fig. 6 we show the dI/dV-V at 42 K for
—0.5< ¥V <0.5 V. The asymmetry in the two bias polari-
ties is obvious, and we see that, at | ¥ | ~0.4 V, the ratio
of dI/dV in the two bias polarities is about 100. We
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FIG. 7. I-V and dI /dV-V characteristics of an In-InP con-
tact (a) before annealing (in H, atmosphere at 350°C for 90 sec),
and (b) after annealing.
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FIG. 8. T dependence of dI /dV-V of a Sn-InP contact. In-
set shows the dependence of the LO-phonon oscillation ampli-
tudeon Tat ¥=—0.1V.

should note that, within our experimental resolution, the
oscillations are not seen in the forward bias even when the
second derivative is taken. This is in contrast to the re-
sults for the In-In,Ga,_,As contacts reported.earlier,!
where oscillations are seen in both polarities.

These data are taken from contacts heated in H, atmo-
sphere at 350°C for 90 sec. Before this annealing, the I-V
characteristic is also rectifying, but the resistance in the
reverse bias is too high to allow dI/dV measurements.
Thus, the annealing step is necessary for the observation
of the oscillations in these samples. In some other sam-
ples, the contact resistance prior to annealing is sufficient-
ly low for derivative measurements, yet annealing is still
needed to enhance the oscillatory structures. Figure 7
shows an example of this. We see that before annealing

4
Sn-InP
4.2K

- 8 BLT
o 3_
=
'?E OTeslq,
= I
S 2 2
2 3
° 4q
s 5 \\\_\’\
6
2 \\’\\x\x\\\_\\\_\
8
o 1 1 L 1
-0.3 -0.2 -0.1 (0]
V (volt)

FIG. 9. dI/dV-V of a Sn-InP contact as a function of a per-
pendicular magnetic field (BLI) at 4.2 K.



9662

[Fig. 7(a)], there are unidentified spikes in the dI/dV,
which make it difficult to identify the oscillations. These
spikes are reproducible from measurement to measure-
ment for the same contact, and are not spurious noise.
After annealing, the spikes disappear and clean periodic
structures are apparent; meanwhile, the current level in-
creases approximately ten times. Although these observa-
tions are generally true for all the samples we have stud-
ied, annealing is not always necessary and its use is deter-
mined on a sample-to-sample basis.

We studied the temperature dependences and found
that the oscillation amplitude decreases with increasing 7’
for T above ~10 K (Fig. 8), but it remains virtually con-
stant when T is lowered from 4.2 K to 1.5 K. At the
same time, the dips in dI /dV shift toward higher energies
with the period remaining unchanged. This shift was also
observed by Cavenett® on InSb samples, and its origin is
not identified yet. We have not observed sharpening of
the line shape, when T is lowered from 4.2 to 1.5 K, as re-
ported by other workers.> It is worth noting that in Fig.
8 the voltage gap disappears at ~ 12 K, while the oscilla-
tory structures persist to much higher temperatures.

When a parallel magnetic field B||1, is applied, there is
no observable effect on either the period or the amplitude
of the oscillations. On the other hand, in the presence of
a BLI, the oscillations decrease in amplitude as shown in
Fig. 9, but they remain discernible at B=280 kG. These
results are consistent with earlier observations on the
In,Ga,_,As contacts.! Also, the voltage gap increases in
a strong B (Fig. 10). A faster increase is seen for B1I
than for B||1.
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FIG. 10. I-V characteristics of a Sn-InP contact at 4.2 K in
the presence of perpendicular magnetic field (BLI) and parallel
magnetic fields (B||I).
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III. DISCUSSIONS

A. Rectifying I-V

The rectifying characteristics of Sn and In contacts on
InP cannot be associated with a diffusion barrier, as evi-
dent from the top panel of Fig. 11, which shows a semilog
plot for the forward I- ¥ in Fig. 2. According to the ideal
thermionic emission model, the logl versus V, for
V > 3kT /e, should be a straight line with a slope equal to
e/mkT, where 7 is the ideality factor; the intercept at
V=0 can be used to derive the barrier height ¢, if the
Richardson constant is known.!* Here, logl has a non-
linear dependence on V, suggesting that the data cannot
be associated with a diffusion barrier. We also measured
the current at fixed bias voltage as a function of T from
T=8 to 300 K. The bottom panel of Fig. 11 shows the
data for V=20 mV, where log,o(I /T?) is plotted against
1/T. While the thermionic emission model predicts a
straight line with a slope equal to —ed,, /k, our data show
positive slopes everywhere, except for a small region
around 7~ 50 K. Moreover, for ¥ >200 mV, the current
at 300 K is less than that at 77 and 4.2 K. These results
indicate that the transport cannot be due to thermal dif-
fusion over a surface barrier.

Next, we recall that there has recently been considerable
interest in the metallurgical interaction at the InP-metal
interface. Both In and Sn are known to form low electron
potential barriers,'>!® or even Ohmic contacts'® to n-type
InP(110). Brillson and Brucker!” have pointed out that
interface reaction can cause metals to diffuse into the
semiconductors and form electrically active sites. These
sites may change the local work function of the materials
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FIG. 11. Top panel: log! vs V of a Sn-InP contact at 300,
78, and 4.2 K. Bottom panel: log(I/T?) vs 1/T of the same
Sn-InP contact at V=20 mV.
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and the local doping density at the interface. Consequent-
ly, the resulting metal-semiconductor ( M-S) contacts may
fall into the category of point contacts. Williams et al.'®
have shown, by the photoemission measurement, that the
etched InP surface has a large band-gap oxide, which is
consistent with In,O;. They also found that Sn films
deposited at room temperature formed islands or clus-
ters.!® The point contact can be envisaged as follows.
The actual M-S contact is through a large number of tiny
spots or channels, which may result from the porous na-
tive oxide (i.e., there are small areas of free InP surface
not covered by the oxide where direct contacts with the
metal take place). Otherwise, the clustering of the de-
posited metal can also make the contact pointlike rather
than planar. The atomic interdiffusion can drastically
change the properties of the semiconductor surface in the
vicinity of the contact. Two possibilities arise. (1) The in-
crease in surface doping concentration makes electron tun-
neling!® possible. These “point” tunnel junctions differ
from the planar tunnel junctions in that they do not have
the translational symmetry parallel to the planar surface,
therefore the transverse momentum is not a conserved
quantity in the tunneling process. (2) The local work
function of the semiconductor surface changes in such a
way that an accumulation layer of electrons exists at the
M-S interface, which forms low-resistance current paths.
In either case, the current flow is through these tiny spots
or channels.

Point-contact spectroscopy?’ has long been used in met-
als to study the electron-phonon interaction. Its applica-
tion to M-S contacts was first reported by Pepper?! on the
Al—n *-Si contacts. They observed various structures in
the d2I/dV?*-V characteristic due to electron-phonon in-
teractions. Subsequently, Vengurlekar and Inkson!? pro-
posed a theoretical model which we adopt to discuss our
data.

Their model is illustrated in Fig. 12. They assumed, for
convenience, a semispherical metal tip with a radius »=b.
The contact region extends to »=d and the semiconduc-
tor electrode is from r=d to r=R. In the absence of in-
elastic collisions, the applied V drops entirely in the con-
tact and there is no depletion region in the semiconductor.
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FIG. 12. The geometry and the energy diagrams illustrating
the point-contact model of Vengurlekar and Inkson (Ref. 12).

The electrons, injected through the contact into the bulk
semiconductor, are hot with an excess energy above Ef.
They will subsequently relax the excess energy by phonon
emissions. The total current at any position r is con-
sidered to consist of two components: the current due to
the hot electrons which have not relaxed their excess ener-
gy, and the current due to the bulk electrons. At r=d,
the current has its contribution only from the injected hot
electrons. As these injected electrons move into the bulk,
they lose their kinetic energy and thus are slowed down by
phonon emissions. In order to satisfy current continuity,
the loss in the current contribution by these injected hot
electrons, due to phonon emissions, is compensated by the
bulk electrons in the semiconductor. This bulk current
contribution results from the fact that, due to phonon
emission by the injected electrons, the equilibrium distri-
bution function is disturbed and an electric field builds up
in the bulk semiconductor. Vengurlekar and Inkson'' de-
rived an expression for the I-V characteristic and showed
that if A/d >>1, where A is the average inelastic scattering
length, I ~Gy(V)V in the zeroth order, and Gy(V) is usu-
ally a slowly varying function. We have seen in Fig. 4
that our experimental I-V characteristic in the negative
bias, i.e., when the electrons are injected into the semicon-
ductor, is fairly linear (except for the gap near zero bias),
consistent with their model.

B. LO-phonon oscilations

Here, we give a qualitative discussion of the LO-
phonon oscillations using the same model. We assume,
for simplicity, that the LO-phonon emissions are the only
scattering events in the semiconductor. In the case of a
negative bias, electrons are injected into the semiconduc-
tor electrode, as illustrated in Fig. 12. When eV < fiw,,
phonon emission is not allowed and all the injected elec-
trons can reach the back contact at » =R without losing
any kinetic energy. There is no current contribution from
bulk electrons in the semiconductor and, consequently, no
voltage drop in the electrode. The bias ¥V, across the
point contact, which controls the injection, is the entire
applied voltage [i.e., V=V, as in the top illustration of
Fig. 12(b)]. As V increases, the current increases propor-
tionally. When eV reaches the LO-phonon emission
threshold, #w,, the injected electrons, with an excess ki-
netic energy equal to #wg, will rapidly relax their energy
by emitting LO phonons. This energy loss by these inject-
ed electrons causes a decrease in the current carried by
them. However, as mentioned above, the relaxation pro-
cess perturbs the bulk electron distribution and causes a
current contribution, J, from the bulk electrons to main-
tain current continuity. The electric field due to this
current at r is E(r)=J,(r)/o, where o is the electrical
conductivity of the semiconductor and the voltage drop
across the semiconductor electrode is V,= f & E(rdr.
As a result, V; is no longer equal to V, but V,=V—-V,,
as illustrated in Fig. 12(b). In other words, as V ap-
proaches the phonon emission threshold, only part of the
bias increment, 8V, applied to the sample will appear as
the bias increment across the contact, 8V, which controls
the current increment 8/ injected into the semiconductor.
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Therefore, there will be a dip in dI/dV versus V at
eV~ﬁa)0.

It should be emphasized that the total current is the in-
tegrated contribution from all the electrons that can be in-
jected into the semiconductor electrode. When eV ~#iw,
only those electrons in the metal electrode at Ep; can emit
LO phonons in the semiconductor. All other electrons
will traverse the semiconductor and reach the back con-
tact without any energy loss. As V keeps increasing above
the phonon emission threshold, more and more electrons
will be injected into the semiconductor with kinetic ener-
gies larger than #w,. Each of these electrons will rapidly
emit an LO phonon and subsequently reach the back con-
tact without further loss of energy. In other words, the
current will again increase proportionally until eV ~ 2#w,,
when the electrons injected from Ep, in the metal can re-
lax their excess energy by sequentially emitting two pho-
nons. The loss of these high-energy electrons again causes
a sharp decrease in the bias increment 8V, across the
point contact and, consequently, another dip in dI /dV at
eV ~2%iw,. The same process recurs whenever eV is ap-
proximately equal to multiples of the LO-phonon energy,
#iw, and it leads to a series of dips with a period of ~ #iw,.
In a real sample, scattering by impurities and acoustic
phonons will smooth these dips into oscillations with a
period AV ~#iwg/e.

In this model, the LO-phonon oscillations result from a
modulation of the bias across the contact, which controls
the current injected into the semiconductor. The bias
modulation is a consequence of the increase in the current
component carried by the bulk electrons in the semicon-
ductors. It is a voltage feedback mechanism inherent to
hot-carrier injection into a low-carrier-density electrode.
Therefore, the oscillations are to be observed only in
high-purity materials in the reverse bias, corresponding to
injection into the semiconductor.

The oscillation amplitude is expected to decrease at
high temperatures due to the increasing acoustic phonon
scattering, as was experimentally observed. In addition,
electron-electron scattering can also relax the excess ener-
gy of the injected electrons and compete with the LO-
phonon emission process. This competing energy relaxa-
tion mechanism also makes the LO-phonon oscillations
more difficult to observe in high-electron-density samples.
The magnetic field effects, as shown in Fig. 9, can be
qualitatively understood as follows. The injected electrons
are accelerated by a large electric field as they pass
through the contact. This huge energy pickup will make
the electronic motion highly directional along the current
direction as they enter the bulk semiconductor. There-
fore, a B parallel to I will not have any effect, whereas a
perpendicular B is expected to smear out the oscillations
due to the bending of the electron motion by the Lorentz
force.

C. Conductance gap

We attribute the conductance gap (in Figs. 3 and 4) to
electron freeze-out in the high-purity InP. At low T, all
the electrons are frozen onto their parent donors and the
InP, is, in effect, an insulator. For small V, virtually no
current can flow through the structure. However, the
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FIG. 13. [-V characteristics and dI/dV-V of an n*-i-n*+
InP structure.

electric field in the InP increases with increasing V. At
sufficiently high V, the donors in InP can be ionized to
give rise to the observed onset of current flow as shown in
Fig. 3 and the well-defined conductance gap in Fig. 4.
The gap is wider in V in the forward bias than in the re-
verse bias, reflecting the asymmetry of the device struc-
ture. Similar observation has been reported on InSb by
Mansfield and Ahmasd.?? Fenton and Haering?® showed
that there exists a critical carrier density ng, beyond
which the screening will prevent freeze-out at B=0. For
InP, we estimate n, to be ~ 3 10'® cm? using Eq. (18) of
Ref. 23, and we observe no gap for samples with n > 10'7
cm?. In the presence of a strong B, Yafet et al.>* showed
that the contraction of the electronic charge distribution
in the plane perpendicular to B causes an increase in the
ionization energy. This increase is seen as the gradual in-
crease of the gap in Fig. 10. The gap is wider when BLI,
as was observed earlier in InSb samples by Mansfield and
Ahmasd.?

We also measured the I-V characteristics of several
samples with n*-i-n* structure, where an n *-type InP
layer (~2 pum, n>10" cm™3) is grown on top of the
high-purity epilayer. In this case the Ohmic contacts to
the high-purity InP are through the n*-type InP from
both sides. Figure 13 shows the I-V and the dI/dV-V
characteristics of a typical sample at 4.2 K. We find no
oscillations in the I-V characteristics and its derivatives.
The conductance gap, on the other hand, is well defined
and symmetric as expected. This result demonstrates that
direct metal contact to the high-purity InP is crucial for
the observation of oscillatory structures. Without the
n*-type InP top layer, the voltage drop occurs mostly in
the metal-semiconductor contact region and a large elec-
tric field is created at the contact. Only a small portion of
the voltage drop is in the bulk to maintain current con-
tinuity. On the other hand, in the n *-i-n ¥ structure, all
the voltage drop occurs in the high-purity InP layer. The
voltage feedback mechanism that we have discussed is
inoperative and, consequently, no LO-phonon oscillations
can be expected.

IV. CONCLUSIONS

In summary, an investigation of the electrical properties
of In and Sn contacts to high-purity InP is reported. Two
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striking features are observed in the I- V' characteristics: a
gap at small V, within which no current flows through
the contacts; and oscillations, due to LO-phonon emission,
at higher biases in the reverse polarity, corresponding to
electron injection into InP. A qualitative discussion of the
results is given in terms of a model, due to Vengurlekar
and Inkson'! for metal-semiconductor point contacts.
The conductance gap, observable to ~10 K, is due to
electron freeze-out in InP. The oscillations are explained
as coming from the emission of LO phonons in the high-
purity InP by the injected “hot” electrons. They result
from a modulation of the bias across the contact, which
controls the current injection. The modulation arises
from a voltage feedback mechanism inherent to hot-
carrier injection into an electrode of a low carrier density.
This model is consistent with 7 and B dependences of our
data and also with our measurements made on n*-i-n+
InP structures.

Finally, it should be mentioned that several recent
theoretical models explaining the oscillations observed in
the experiments on Al,Ga;_, As tunnel junctions utilize a
similar barrier-modulation mechanism. In these models,
the barrier modulation, due to changes in the voltage drop
in the high-purity GaAs, is caused by the changes in the
space charge in GaAs. In Leburton’s model,® the changes
are created by the ionization of neutral donors by acoustic
phonons, which in turn are created by the LO phonons

emitted by the injected electrons. In the model by Taylor
et al. !0 they are due to impact ionization of the neutral
donors by the injected hot electrons themselves as they ap-
proach the n*-GaAs contact to the high-purity GaAs.
Both models require the presence of neutral donors, i.e.,
electron freeze-out, in the GaAs electrode. The model of
Hanna et al.” however, does not rely on electron freeze-
out in GaAs. The changes in the space-charge result from
a mechanism involving one-dimensional polarons.
Ihm,>?° on the other hand, explains the oscillations in
Hickmott’s experiment as due to self-energy corrections
from electron—LO-phonon interactions to the density of
final states at an energy ~#w, above Ef in the n T-GaAs
substrate. In the discussion of our data, we have neglect-
ed both the space-charge effect and the density-of-states
effect. We concentrated only on the feedback mechanism
of Vengurlekar and Inkson.!!
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