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The same difficulty also exists for alloys between II-
\'[ compounds. Only moderate success in doping both
- and p-type has been reported thus far for CdTe-
/nTe® and ZnTe-ZnSe® alloys. By contrast, nearly all
I11-V compounds and alloys between them can be
Jdoped degenerately both n- and p-type. Thus, by form-
ing alloys between the III-V compounds and the
I1 VI compounds, it may be possible to overcome the
Joping difficulty, while at the same time achieving the
hizh bandgap. This seems indeed to be the case, as
indicated by the present doping results of the (ITI-
\') —(II-VI) alloys.

IV. CONCLUSIONS

Of the 12 (ITI-V)—(II-VI) systems studied, three
alloy systems were found to form solid solutions
throughout the entire composition. These are GaAs-
/nSe, GaP-ZnSe, and GaP-ZnS. Preliminary analyses
of optical absorption data in all the three systems in-
dicated the existence of alloys having a direct gap in
exeess of 2 eV. The doping behavior, coupled with the
optical results, of these alloys shows promise that they
might provide an efficient electroluminescent source
well into the visible range of the spectrum.

L l) F. Morehead and G. Mandel, Appl. Phys. Lett. 5, 53
11964).
2 M. Aven and W. Garwacki, Appl. Phys. Lett. 5, 160 (1964).
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Note added in proof: While this article was in press, a
paper appeared on the preparation and energy gaps of
GaAs-ZnSe alloys: S. M. Ku and L. J. Bodi, J. Phys.
Chem. Solids 29, 2077 (1968). Although both papers are
generally in agreement as to the sublinear dependence

“of bandgap on composition, their report of Vegard’s law
for this alloy system is at variance with the present
results. Tt is possible that this discrepancy may be due
to nonstoichiometry, as discussed in the text.
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Effect of Pressure on Al-I-Bi Tunnel Junctions

J. R. Vaisnys,* D. B. McWhay, axp J. M. RoweLL
Bell Telephone Laboratories, Incor porated, Murray Hill, New Jersey 07974
(Received 25 November 1968; in final form 20 January 1969)

Measurements of resistance (dV/dI) versus bias (17) have been made for Al-I-Bi junctions at 77°K up to
pressures of 30 kbar. The junctions were prepared by evaporation upon freshly cleaved mica and the pres-
sures generated in a girdle die using AgCl as the pressure transmitting medium. The results are reversible
with pressure cycling. A conduction maximum occurs at ~0.13 V and a kink at =~ —0.15 V. The maximum
changes with pressure at a rate d1/dP=—1.7X107° V/bar. A change in the tunneling curve is observed

at the semimetal to semiconductor transition.

INTRODUCTION

Bismuth changes gradually and continuously from a
semimetal to a semiconductor with increasing pressure.
If tunneling characteristics, obtained for Bi-insulator-
rormal metal (Al) junctions, reflect the band structure
of Bi, then these characteristics should change markedly
il the junction is put under pressure and the Bi is
converted from a semimetal to a semiconductor. Such
i experiment would also give the pressure dependence
of some features of the band structure of Bi. Finally, if
wich tunneling experiments can be performed with
conventional high-pressure equipment, then some
"Wpes of infrared spectroscopy become possible without
he complication of optical windows in the pressure cell,

* Yale University, New Haven, Connecticut 06520.

The effects of pressure on the electrical properties
of bismuth may be summarized as follows: The elec-
trical resistivity of Bi increases by about 5077 in
25.4 kbar at room temperature before a crystallographic
transition to the Bi II phase occurs. At 77 K Bi I
transforms directly to Bi TII at 37.5 kbar. Measure-
ment of the pressure dependence of the Hall coefficient
and the magnetoresistance at room temperature shows
that the number of carriers decreases rapidly with
increasing pressure and that the hole mobility increases
sharply while the electron mobility increases only
slightly.! Three studies of the temperature dependence
of the electrical resistivity have shown that the temper-
ature coefficient of resistivity changes sign with in-

1]. R, Vaisnys and R. S. Kirk, J. Appl. Phys. 38, 4335 (1967).
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indium solder joint are extremely fragile and great care
had to be taken not to pull them off during the loading
operation. The high pressure die is a conventional
sirdle die with a 1.43 cm diam by 3.2 mm high cavity
as shown in Fig. 1. The girdle was placed in a cryostat
which has been described previously.*

It is known that AgCl is quite plastic at room
temperature but that it becomes much more brittle
with decreasing temperature.”® One has the choice of
cither cooling to 77 K and increasing the pressure at the
low temperature or of only increasing the pressure at
room temperature and making a temperature cycle at
cach pressure. In the former, one relies on the extreme
thinness of the junction so that the pressure over the
sample will approach hydrostatic conditions even
though the AgCl is quite brittle. Although the latter
sequence minimizes the effects of the brittle AgCl, it
exposes the junction to the differential thermal ex-
pansion between the mica, the junction, and the AgClL
Although we were able to temperature cycle a junction
at two different pressures, advancing the pressure at
77 K proved to be more reliable. If the junction was
going to fail it seemed to do so during the initial com-
paction of the AgCl around the junction as the pressure
was increased to one or two kilobars. Consequently,

S~ AL-1-8i
~ (77°K)

RELATIVE CONUUCTANGE (GL/DVE (ZERO OFFSET PROPORTIONAL TO PRESSURE)
O (P=4 5kBAR) ARBITRARY UNITS
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't 2. ‘The relative conductance vs bias for Al-I-Bi junctions
177 K. The curves have been displaced so that the conductance
! zero bias is proportional to the pressure.

,#DUNL Lyon, D. B, McWhan, and A, L. Stevens, Rev. Sci.
instr, 38, 1234 (1967).
% L. C. Towle, J. Appl. Phys. 37, 4475 (1966).
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F16. 3. Smoothed curves of the derivative of conductance vs.
bias at 77 K. The bias of the conduction maximum and minimum
were determined by the zeroes in the derivatives (see arrows).

the pressure was raised at room temperature to about
5 kbar and, if the junction was still intact, the system
was cooled to 77 K. Out of about 15 junctions we made
two successful runs, but it has since been found that
there was a nonparallelity in the cryostat and this may
have contributed substantially to the high rate of
failure.

The resistance (dV/dI) of the junction was measured
by modulating the dc bias voltage with a small con-
stant ac current and measuring the generated ac
voltage with a lock-in amplifier. The resistance vs
bias curve was traced on an x-y recorder and converted
to relative conductance at 10 mV intervals. The
resulting derivative curves are shown in Fig. 2. The
pressure calibration is based on previous measurements
of the applied load needed to reach the transition in Bi
at 25.4 kbar, at room temperature, and a linear calibra-
tion was assumed. This assumption has been found to
be quite good, and the observed calibration is almost the
same as that calculated on the basis of the applied
load divided by the area of the girdle cylinder. Tunnel-
ing characteristics were recorded at 4.5, 8.5, 12.§, 15,
and 19 kbar. To test the reversibility of the measure-
ments, curves were taken at 13.8 and 10 kbar with
decreasing  pressure. Tunneling characteristics  were

then recorded at 12.5, 19, 25, and 30 kbar during the
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F1G. 4. Variation of the bias of the conduction maximum and
minimum with pressure from experiment in which pressure ad-
vanced at 77 K. Open and closed points are for the two junction
on the same mica sheet. + from experiment in which pressure
increased at room temperature. (Bottom) variation of oo, o4150/00
and ¢_ys0/00 with pressure. Data normalized to curve at 4.5 kbar.

second pressure cycle. The pressure was then increased
and the resistance of the Bi strip monitored. The
transition from the Bi I phase to the Bi III phase in
the film occurred at 37.5 kbar at 77 K, in reasonable
agreement with the work of Souers and Jura. The
junction was still intact after the Bi had gone through
the crystallographic transition; however, the gasket of
the high-pressure cell blew out before a tunneling char-
acteristic could be obtained. It is not unusual for the
gasket to fail on compression at liquid-nitrogen temper-
ature around 30 kbar.

In order to define the maxima and minima of the
dI/dV curves, the second derivative was calculated by
taking the slope of a straight line fit over 40 mV
intervals. The computer generated curves for three
different pressures are shown in Fig. 3. The extrema are
defined by a zero in the derivative of the conductance
as shown by the arrows. In Iig. 4 the positions of the
extrema are plotted as a function of pressure. The open
and closed points are for the two junctions on the same
mica plate. Also included are the two points obtained

on a junction in which the pressure was increased at
room temperature and temperature cycles made at
each pressure. Also plotted are the relative change in
the conductance at zero bias (gy), and the ratios of
the conductances at +430 mV and —450 mV to o.
All the measurements are normalized to the values at
4.5 kbar. These curves include the points obtained both
on compression and release.

DISCUSSION

The analysis of the data obtained at high pressures
must be somewhat speculative because there are a
number of serious questions about the interpretation of
atmospheric pressure tunneling phenomena. The first
of these questions is: What structure in the tunneling
characteristic does one take to locate the energy of a
band edge? The second is: Why, in all the tunneling
work to date on polverystalline films, and in Giaever’s
results on single crystals,” does one not observe the
low-energy band edges which are the only ones known
with some certainty from other work? We will discuss
these questions briefly, not because we have any
answers, but in the hope of stimulating further thought
on the subject.

Tunneling between normal metals (as opposed to
semiconductors) has to date proved remarkedly un-
productive. As shown by Harrison, as long as the
tunneling takes place into one band, the tunneling
conductance is independent of the density of electron
states in that band."* In fact from the bismuth results
we can say that the over-all conductance is independent
of the total density of electrons; this is inferred because
Al-I-Bi and Al-I-Pb junctions prepared in the same
way have similar conductances although the electron
densities differ by 10°. Thus in the case of normal metal
tunneling we expect anyv bias dependence of the con-
ductance to be dominated by changes in the shape of
the tunneling barrier. This distortion of the barrier
gives rise to a conductance approximately described by

G=a+BV+yV2+---. (1)

where a is the constant conductance commonly associ-
ated with tunneling at low voltages.® The terms
BV-+yV3*-+- appear as a roughly parabolic con-
ductance dependence with a minimum which is offsct
from zero bias by —g/2y.

In general, the voltage dependence of the conductance
for our junctions resembles that reported by Hauser and
Testardi at one atmosphere pressure, although some
structures are smeared in our case. They found that the
conductance could be described by an offset parabola
on which were superimposed a number of peaks in
conductance.’ By measuring the optical absorption of
the films, they concluded that the band edges in Bi
are resolved in tunneling as maxima in conductance.

1 I, M. Rowell, in Tunneling Phenomena tn Solids, F.. Burstem
and S. Lundqvist, Eds. (Plenum Press, Inc., New York, 19091

1.c..
grov
bet
for
€Xile
the
bar
duct
T
atm
The
ener
edue
edie
Hin
Test
serv
sSuni
woltl
bot:
We
scur
duct
(it
effoe
the
is tf
Al
a cor
(“]r
abs
teris
l)('x.t
Con.
intle
With
ent
l.nl“ i
are
tuns
)
int
proc
Teot
baia
Wil
tol
into
esp
”lv H
el
nei ¢

hera
i
L |

amd ¢




5 increased at
cles made at
ive change in
}thc ratios of
50 mV to o).
‘the values at

obtained both

aigh pressures
: there are a
_erpretation of
ena. The first
the tunneling
ie energy of a
the tunneling
d in Giaever's
t observe the
'y ones known
ve will discuss
we have any
arther thought

1s opposed to
:markedly un-
5 long as the
‘the tunneling
ity of electron
sismuth results
is independent
ferred becausc
d in the same
h the electron
f normal metal
ce of the con-
n the shape of
of the barricr

;l‘y described by

(1

nmonly ass0ci-
,14 The termis
parabolic con-
‘which is offst!

he conductance
by Hauser and
although sonie
| found that the
offset par;dmﬂ
or of peaks
1 absorption ¢
hd edges in DY
h conductan
i

Solids, E. Bur-tt
New York, (BI

i ———— . S—-— - —— 2 T_———————.

N . o T -

-

EFFECT OF PRESSURE ON Al-I-Bi TUNNEL JUNCTIONS 2627

i.c., the point of maximum deviation from the back-
sround parabola. This is a somewhat surprising result
because a model calculation by Ben Daniel and Duke
for tunneling at a band edge shows that, although the
exact conductance-voltage dependence changes with
the approximations used to describe the barrier, the
band edge itself is marked by an inflexion in con-
ductance or discontinuity in dG/dV.»

The second question regarding the significance of our
atmospheric pressure data may well be more serious.
The band structure of bismuth is well known for
energies near the Fermi level; there are four band
cdges within 40 mV of the Fermi level.’® These band
«lges are not observed in the conductance plot of
Hauser and Testardi or in our data. Hauser and
Testardi reported® that reproducible structure was ob-
served in @I/dV? vs V oat 430 and —22 mV. Pre-
sumably the top of a hole band above the Fermi level
would show a different shape in @*I/d1* from the
bottom of an electron band above the Fermi level.
We considered the possibility that these edges are ob-
<cured in our data by the rather strong dip in con-
ductance that occurs from about —100 to +100 mV
(it is also hard to explain this dip as a density of states
effect). To examine our data more critically we plotted
the odd conductance [GH(V)—G~(V)]/2 vs V[GH(V)
is the conductance for the Bi positive bias, G~(V) for
Al positive bias at the same voltage]. This plot is
a convenient way to eliminate the roughly symmetrical
dip in conductance about V=0 from the data. (In the
absence of any other effects, this plot should give the
term BV from equation (1) directly). Band edges, we
helieve, should be observed as inflexions in this odd
conductance. Our data does show some very weak
inflexions but their sign does not agree satisfactorily
with the known band structure of bismuth nor are they
entirely reproducible from junction to junction. We are
forced to conclude that the low energy bands in bismuth
are not observed in our polycrystalline films using
tunneling.

Despite the difficulties outlined above, in order to
interpret our data obtained at high pressure, we will
proceed to follow the assignment used by Hauser and
Testardi, namely, that peaks in conductance locate the
band edges. We hope that the questions raised above
will encourage further theoretical consideration of what
conductance structure might be expected for tunneling
into band edges in Bi and further experimental work,
especially on single crystal Bi of various orientations.
Hopefully the atmospheric pressure result will be
understood more completely in time and it may then be
i\ccessary to reexamine the effects of pressure reported
here,

“ 1), J. Ben Daniel and C. B. Duke, Phys. Rev. 152, 683 (1966).
% (3. A. Antcliffe and R. T. Bate, Phys. Letters 23, 622 (1966)
ind references therein,

The derivative curves of Figs. 2 and 3 show several
notable features. The most obvious in Fig. 2 is the
distinct change in the over-all shape of the conductance
between 19 and 25 kbar. This corresponds to the
pressure at which the semimetal to semiconductor
transition is expected. At this transition we would

expect an energy gap to appear at ¥"=0 which would

have a width of <10 mV at 30 kbar. As £7 smearing
of the characteristic at 77 K is ~20 mV it is reasonable
that this energy gap is not resolved. We would not
expect any dramatic changes in the higher energy
bands at this transition and the modification of the
conductance at high voltages between 19 and 25 kbar
is surprising. It is possible, of course, that this is due to
changes in the aluminum oxide barrier. As the pressure
dependence of conductance in aluminum oxide junctions
using an electrode other than bismuth has not been
investicated this question cannot be resolved at
present,

At 25 and 30 kbar the conductance maximum, which
we do associate with the bismuth film, has broadened
and gives the appearance of splitting into two peaks.
Fig. 3 shows that the pressure dependence of the
maximum below 25 kbar would extrapolate linearly
with one of the peaks, if the maximum is assumed to
split into two peaks at 235 kbar.

The over-all background tunneling conductance
ceases to be parabolic at the higher pressures. As in-
dicated previously, the background of the tunneling
characteristic should be a parabola, usually displaced
from zero bias, if it is controlled principally by the
insulating layer. It is possible to fit our data at 4.5
kbar with a reasonable parabola, but at higher pressures
(=10 kbar) any fit becomes physically unreasonable.
Again this may result from changes in the aluminum
oxide layer rather than in the bismuth.

The pressure coefticient of the position of the con-
ductance maximum is —1.7X107¢ eV/bar. The
overlap in energy of the conduction and valence bands
of Bi at 1 atm is about 0.03 eV. If the critical pressure
for the uncrossing of the bands is 25 kbar, then the
pressure coefficient for the shift of one band relative
to the other would be —1.2X 10~% ¢V /bar, similar to the
coclficient for the conduction maximum above.

In conclusion, we have made successful measurements
of the tunneling characteristics of Al-I-Bi tunnel
junctions to 30 kbar at 77 K. A change in the char-
acteristic curve is observed at the semimetal to semi-
conductor transition. A feature which is tentatively
associated with a band edge in Bi is found to move with
pressure at a rate of —1.7X107° V/bar.
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