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Hi[111] and Hi[011]. Numerical values of the ratio
are also listed for some values of 7. For the E

LH, the table gives the ratio for the specific direc-
tions of E used in our measurements as well as the
ratio averaged over all possible directions of E.
Since the departure of a,/a; from unity is supposed
to be responsible for the variation of absorption,
Table III shows that observation (d) is to be expected,
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provided that »=a,/a, is not too large. In fact, it
may be expected that 7 is smaller than unity since
m, > m,. The table shows that, for »<1, a transfer
of carriers to the effective valleys reduces the ab-
sorption for E 1 H. This is consistent with the result
that the maxima of transmission appear to correlate
with passages of the Fermi level across the Landau
levels in effective valleys.
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The effect of hydrostatic pressure (up to 17 kbar) on the characteristics of n-type-GaAs—Pb

tunnel contacts has been investigated both experimentally and theoretically.

The shape of the

background resistance dV/dI is slightly modified and its magnitude changes exponentially with

pressure as a result of the barrier-height increase.
the theory is in good qualitative agreement with the experiments.

In spite of some absolute discrepancies,
The pressure coefficient of

the superconducting gap and phonon energies have been measured and compare well with other

reported values,

1. INTRODUCTION

Tunneling in solids under hydrostatic pressure
has been used previously in the investigation of the
tunneling process itself and of the properties of the
electrodes as well. Up to now, most of the work
has been devoted to p-n (Esaki) diodes and metal-
insulator -metal (MIM) junctions. Pressure ex-
periments on Esaki diodes have confirmed the ex-
pected exponential dependence of the tunnel current

No band-structure effect has been detected.

on the energy gap.l'a Moreover, direct tunneling
into the (000) valley of n-Ge has provided a mea-
surement of the energy separation between the (111)
and the (000) minima® of the conduction band. The
energy shift of zone-edge phonons has been deter-
mined* by this technique in a few indirect-gap
semiconductors which show noticeable phonon-as-
sisted tunneling. This type of tunnel structure is
well suited to pressure experiments because of its
high mechanical reliability. However, only a
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TABLE 1. Sample characteristics,
Sample Doping density Fabrication Metal
No. Crystal (cm™) technique electrode Experiment
c7 epitaxial 4.5%10% (300 °K) B? Au capacitance
GP 7 bulk 1. 0x 107 (300 °K) VP Pb capacitance
GP 26 bulk 5,45 %1018 (4,2°K) 1B Pb tunneling
CGP 2 bulk 5,45x 108 (4,2 °K) VG Pb tunneling

%Jon-bombarded interface.,

rather small number of materials have been used
successfully and the inherent lack of knowledge of
the tunnel region constitutes a major drawback.
MIM structures, on the other hand, have been
mainly used in the study of superconducting metals
under pressure. Measurements of the energy gap
of Pb,%"8 sn,® I, T1%% and of the phonon spectrum
of Pb®® 1% and T18 have been successful up to

15 kbar. On the other hand, attempts towards ob-
serving directly the semimetal-semiconductor
transition in bismuth under pressure have proved
inconclusive.'® If all metals or semimetals can be
studied in this manner in principle, it is now clear
that bringing an oxide layer about 30 A thick up to
15 kbar without breaking through it represents
more of a tour de force than an appealing experi-
mental technique.

As far as we have gone, Schottky barriers pre-
sent none of the above drawbacks in the sense that
they are most reliable and can be made in a very
clean and reproducible way with many kinds of
semiconductors and counter electrodes. Cleavage
in ultrahigh vacuum provides tunnel contacts which
show, at room pressure at least, characteristics
in close and reproducible quantitative agreement
with theory.!* Finally, it is worth mentioning that
the essential parameters of such barriers can be
conveniently determined by independent side ex-
periments.

In this paper, we wish to present extensive re-
sults related to the behavior of #-GaAs-Pb contacts
under hydrostatic pressure. Preliminary data
have been reported elsewhere.'® More emphasis
is given below to experimental methods and to the
comparison with theory.

II. EXPERIMENTAL METHODS

A. Junction Fabrication

All the junctions were made on n-type GaAs sin-
gle crystals doped with Te. We have recently
shown that junctions prepared by a slight ion bom-
bardment (IB) method compare well to the vacu-
um-cleaved ones.'®!” We have studied both types
of junctions. The IB technique has been fully de-
scribed elsewhere!”: The GaAs surface is bom-
barded by 50-eV argon ions and is not annealed
afterwards. Au or Pb counter electrodes are

bVacuum-cleaved junction.

evaporated and thin silver wires are bound to the
metal dots by a small droplet of silver paste.

Vacuum-cleaved (VC) junctions are prepared in
the following manner. Rectangular bars (3x10
% 20 mm?®) are cut and the Ohmic contact is ob-
tained by evaporating on one side a gold-tin alloy
and heating it up to 200 °C. The bar is positioned
between a tungsten carbide blade and an annealed
copper anvil. The bakable high-vacuum system is
pumped down to 5x 101 Torr and the evaporation
is started. The crystal is cleaved along a (110)
plane in the stream of the evaporating metal by
pressing the blade on the crystal. During the metal
deposition, the residual pressure is kept below
5x10° Torr. The cleaved surface is examined un-
der an optical microscope and several dots are
selected on the smoothest surface regions. A
scanning electron microscope (JEOL, JSM U3)
hardly resolves the cleavage steps.

The samples, from which data under pressure
are presented, are listed in Table I. Hall mea-
surements were carried out witha clover-leaf geom-
etry on slices adjacent to the tunnel or capaci-
tance samples. The doping levels indicated in
Table I refer to the temperature at which the pres-
sure experiments were done. All tunnel junctions
have been made with lead so that superconductivity
could be used as a test for tunneling behavior.

B. Sample Holders

The experiments under hydrostatic pressure
have been carried out at the Faculté des Sciences
d’Orsay. A complete description of the apparatus
can be found elsewhere.!® We use a high-pressure
bomb filled with isopentane as a transmitting fluid.
The samples are positioned onto an obturator
equipped with seven electrical feedthroughs. The
bomb is connected through a capillary tube to the
main press where the pressure is measured with
a manganin gauge. Before putting the bomb into
the cryostat, a full cycle between 0 and 17 kbar
is performed at room temperature in order to test
the behavior of the selected junctions. As the bomb
cools down, the isopentane freezes at a tempera-
ture which depends on pressure (approximately
145 °K at 3 kbar and 260 °K at 16 kbar). In order
to control the pressure P during this operation, the
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FIG,. 1. Variation of pressure during the freezing of
the transmitting fluid., Deviation from a sharp pressure
drop is due to the temperature gradient along the bomb.

cooling is started slowly from the bottom of the
bomb by a liquid-nitrogen circulation. At the same
time, the head of the bomb is heated with an elec-
trical coil. This procedure keeps the communica-
tion between the bomb and the press and allows a
continuous measure of P versus temperature (Fig.
1). A pressure drop of about 600 bar results from
the freezing of the fluid, and therefore creates a
slight gradient inside the bomb. The value of the
pressure on the sample is chosen as the value at
the middle of the drop +£300 bar. The slight pres-
sure variation which may occur when temperature
goes down from the freezing point to 4.2 °K is ne-
glected. No magnetic field was available in the
present experiments.

C. Measuring System

The barrier heights are measured by the dif-
ferential capacitance method with a 75-A-S8 Boon-
ton bridge. The ac tunneling resistances dV/dI and
d?1/dv? are plotted with a classical system.!® The
differential resistances of the junctions range from
20 to 1000 & according to the pressure. In order
to obtain an accurate determination of the phonon
energies, the X channel of the XY recorder is sys-
tematically calibrated with a digital voltmeter be-
fore each measurement. All the energies reported
in the text are corrected at all pressures for the
half-gap value A of the superconducting counter
electrode. Throughout this work, V>0 corresponds
to electron injection from the semiconductor into
the metal.
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D. Reproducibility

We have already reported™ that, generally speak-
ing, the reproducibility of vacuum-cleaved tunnel
contacts is excellent regarding the absolute resis-
tance, the background shape, and the position of
the resistance maximum. Since changing the pres-
sure actually requires warming up the transmit-
ting fluid, junctions are subjected to many pressure
and temperature cycles. They prove mechanically
very reliable in the sense that very few junctions
have shown signs of deterioration even at the highest
pressure (17 kbar). Tunneling characteristics at
P=0 are systematically measured before and after
the experiments: The background shape and lead
gap undergo only minor irreversible changes (typ-
ical variation of A is 2%). The position of the pho-
non structure does not vary appreciably (1%). How-
ever, the low-temperature value of the zero-bias
resistance tends to increase by a factor of 2-4,
This resistance increase may be due to a change
in the interface conditions. Indeed, it is not sur-
prising that the Pb-GaAs intimate contact is modi-
fied by the severe experimental conditions.

III. BARRIER HEIGHT

The barrier height V; of metallic contacts
cleaved and ion-bombarded GaAs has been deter-
mined by the capacitive method at 300 and 77 °K for
P=0"1" and at 300 °K for various pressures. Fig-
ure 2 shows a typical plot of 1/C? versus applied
voltage. The intercept V, of the curves with the
X axis shifts towards higher voltage when pressure
goes up, indicating an increase of V5. The curves
remain linear and a careful analysis leads to a

T 1
17
9 n- GaAs-Au
0 293°K
®
‘e
2
o
s
o~
(8]
>
0 1 1
-1 [ !
BIAS (V)
FIG. 2, Capacitance-voltage dependence of sample

C7ato0, 9, and 17 kbar.
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200} n-GaAs-Au -
293°K
FIG. 3. Variation of the barrier
3 height with applied pressure for two
g junctions of sample C 7.
~ 100} -
=
Q
N 1 1
(o} 5 10 1S5
P { kbar)
small variation of the slope 6s/s ~3% between 0 2nm*BT) 3/2 chp /BT
and 17 kbar. s depends on the carrier density N, N=2 e er ’ (2)

the area of the junction A, and the dielectric con-
stant €, which hardly vary under pressure. From
8s/s and the bulk modulus® we estimate that de/e
~ - 2% between 0 and 17 kbar. This result may be
compared to the variation of € in germanium:
(de/dP)/e=-1.2x10"% kbar ',

When the semiconductor is nondegenerate, Vj is
given by

Vg=Vo+pp+kT/e, (1)

where up is the Fermi level below the bottom of
the conduction band and T the temperature of the
junction. We can estimate the pressure dependence
of ur which is calculated from

where all symbols have their usual meaning. Thus,
for constant N,

Sup= 3 RT(mM*/m*) (3)

The variation of m* is approximately given by#

m*(P)/m*(0) = E4(P)/E(0) , 4)
where
E¢(P)=E,(0)+aP (5)

is the pressure-dependent energy gap. Equations
(3)-(5) lead to

dup=3kTaP/2E0) . (6)

n-GaAs-Pb

dV/dl (arb.units)

FIG. 4. Experimental and theoretical
variations of dV/dI versus bias voltage
for P=0 and 16.4 kbar (IB sample GP
26). The superconducting structures
around zero bias have been omitted for
clarity.

BIAS (mV).
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FIG. 5. Experimental and theoret-
ical variations of dV/dI versus bias
voltage for 0 and 16.4 kbar (VC sam~-
ple CGP 2). The superconducting
structures around zero bias have been
omitted for clarity.
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Using the parameters listed in Sec. III, we de-
duce that 6 p~5 meV at 17 kbar. The pressure
dependence of Vj is plotted in Fig. 3 for two diodes
of sample C 7. The slope 8V /8P is equal to
12+0. 5 meV/kbar, and with sample CGP '7 we mea-
sured 10, 9+0.7 meV/kbar. 8V,/0P appears to be
quite independent of the metal electrode and of the
doping density. These results are in good agree-
ment with the experimental determinations? of «
(between 10. 6 and 12 meV/kbar), which means that
the Fermi level at the interface remains pinned
with respect to the valence band when pressure
goes up. This is analogous to what happens when
the temperature is lowered® and confirms the role
played by “surface states” in determining the po-
tential barrier.

T T T

cleaved n-GaAs-Pb
40}- 4.2°K .

1 1 A
0 5 10 15
P (kbar)
FIG. 6. Pressure dependence of Vy,,. Dashed line:

experimental result; full line: theoretical calculation
(see Sec. IV B).

100 50

IV. BACKGROUND RESISTANCE

A. Experimental Results

Typical dV/dI data obtained from IB and VC junc-
tions are shown in Figs. 4 and 5. Included for
comparison are the corresponding theoretical
curves (see Sec. IV B). All resistances have been
normalized at V=0. It is clear that the over-all
shape of dV/dI does not experience a strong modi-
fication. On both types of junctions, the main ef-
fect can be pictured as an over-all shift of the
curve towards forward bias as a consequence of
the increase of the barrier height.* Although the
position of the resistance maximum V,,, is not

T T I
100 — —
r n-GaAs-Pb
» 42°K
.
—~ ///
a |0}-— - -1
a [ e 2 =
= “(a) A
- /A
I p A
/ —
| - _
. Pl — “$p) -
-~ [
— -
—_—
-
1 | 1
o 5 10 15
P(kbar)

FIG. 7. Pressure dependence of p(P) =Ry(P)/Ry(0).
Short-dashed line: VC sample; long-dashed line: IB
sample; full line: theory (see Sec. IV B).
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TABLE II. Parameters for GaAs used in the numer-
ical calculation.

€=12,5
m*=0,07m
Eg(0)=1.522 eV
a =12 meV/kbar
V5=0.83 eV (IB)
Vp=0.92 eV (VC)
8Vp/8P =12 meV/kbar
pp=150 meV

Relative static dielectric constant
Effective mass

Energy gap at 0°K and P =02
Pressure coefficient of Eg
Barrier heights for P=0°

Pressure coefficient of Vg
Fermi degeneracy at zero pressure

2M. D. Sturge, Phys. Rev. 127, 768 (1962),
PReferences 14 and 17.

identical for the IB and VC contacts, the shift AV, ,,
~8 mV between 0 and 16. 4 kbar is the same. Fig-
ure 6 shows that the pressure dependence of V,,,,
is linear with P, i.e., with V. Owing to the bar-
rier-height variation, one can expect an increase
of the absolute resistance of the junctions. This
can be illustrated by the zero-bias value R,(P) of
dv/dl. Typical values for a junction of 0.33 mm?
studied on sample CGP 2 are Ry(0)=12 @ and R,(P)
=180 © at P=16.4 kbar. In Fig. 7, a plot of p(P)

= Ro(P)/Ry(0) for both types of junctions shows that
p(P) for VC junctions increases nearly exponential -
ly with P. On the other hand, the pressure de-
pendence of p in the case of IB contacts is not as
fast and not exponential, '

B. Comparison with Theory and Discussion

We assume a homogeneous semiconductor and a
perfect interface with specular transmission be-
tween both materials. The differential resistance
is computed ina pure WKBJ approximation!* (no

, extra prefactor) with a parabolic barrier and the
Franz two-band model.?® The quadrature over the
momentum parallel to the interface is carried out
and the computation is done with the parameters
listed in Table II. We neglect the pressure depen-
dence of ¢, N, and A. Variations of m* and E,
with P are given by (4) and (5).- The Fermi degen-
eracy up has been calculated for a nonparabolic
conduction band and is given by

2 3/2
Hp+ IJ'F> .
@)

The theoretical curves of dV/dI plotted in Figs. 4
and 5 show the same kind of over-all shift towards
forward bias as the experimental curves do. Fig-
ure 6 shows that the experimental increase of V ,
agrees with theory, although a systematic discrep-
ancy exists in the absolute values. This kind of
disagreement has already been observed and dis-
cussed.” It is worth mentioning here that the semi-
conductor energy gap has a non-negligible influence

1 (Zm*>3/2' ((l—m*/m)2

N= 3t \i° Eg

SCHREDER 5

P. GUETIN AND G. 5

on the resistance characteristics. This is the con-
sequence of the coupling of conduction- and valence-
band states. The calculation predicts that the
change of Vg alone would increase V,, by 15 mV

at 16 kbar, Since it can be shown that the variation
of m* and the related decrease of up (about 20 meV)
at the same pressure tend also to increase V,,,,,

we conclude that the increase of E alone tends to
reduce V,,, and limits the net shift to 8 meV. In
previous experiments,™ the influence of V; and N
on the background shape was studied by varying

the metal electrode or the doping density of GaAs.
The present results show that pressure offers a
unique way to vary E. and to observe again the
fairly good agreement between theory and experi-
ment.

The theoretical variation of p(P) is shown in Fig.
7. As predicted from an approximate calculation,
Ry(0) (equal to 7 £ for 0.33 mm?) increases with
Vg following

Ry(0)~Be"B/ %o (8)
where
Ey=(e®Nin¥/am*e)t/? . 9)

The exponential factor contains all the parameters
which have a drastic effect on the magnitude of
Ry: N, m*, and Vy. The variation of E, with pres-
sure can be neglected, since E;=44 meV for P=0
and 41. 5 meV for 16.4 kbar. Let us assume that

‘B, which contains the influence of E; on Ry(0), is

constant with pressure; then
p(P)=e"VB/Eo | (10)

For 16.4 kbar, AVyz=197 meV. Taking a mean
value for E, (43 meV), we find p(P)=95 instead of
85 obtained by the full computation. Thus, expres-
sion (8) constitutes a good approximation and re-
veals that the essential cause of the resistance in-
crease with P is the variation of the barrier height.
It is interesting to note that the variation of E,,
which affects the dispersion relation inside the en-
ergy gap and is of some importance in the deter-
mination of V,,, has only a minor effect on R,.
Figure 7 clearly shows that the calculation over-
estimates the variation of Ry(P). Even though the
barrier-height increase with pressure has been
measured at 300 °K only, it is unlikely that 6V,/8P
would depend so much on T to allow a good fit of the
curves at low temperature. It is more likely that
some effect neglected in the simple model becomes
important at high pressure when the direct trans-
mission coefficient decreases. A comparison be-
tween the two experimental curves in Fig. 7 sug-
gests a strong influence of the interface. Whether
a breakdown of the % parallel conservation law ow-
ing to IB-induced defects or locally rough inter-
faces on VC junctions could explain this disagree-
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FIG. 8. Pressure dependence of the lead energy gap.

ment is unclear at present.
C. Band-Structure Effects

The onset of tunneling into a higher band has
been observed in #-Ge.?” The related decrease of
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the resistance is expected to be noticeable only if
the transmission coefficient for this new tunneling
path is comparable to the one which corresponds
to the lower band. In GaAs, the energy gap AE
between the (100) upper valleys and the (000) mini-
mum responsible of the main current is about 0. 37
eV at 4,2°K and P=0. The conductivity effective
mass has been estimated®® at m* (000) = 0. 41m.
Under application of pressure, AE decreases at
the rate of® —13.5x 10 eV/kbar and is reduced
to 140 meV at 17 kbar. For the same value of P,
Up is equal to 130 meV. We could expect that an
additional current, if any, might manifest itself
around - 10 mV at reverse bias. A careful analy-
sis of our experimental data has failed to show any
evidence of tunneling in the higher valleys and
therefore confirms the theoretical prediction that
the larger barrier height and effective mass result
in a much too low transmission probability.

V. LO PHONON OF GaAs

The spectroscopic aspect of the tunneling ex-
periments has been investigated to study the varia-
tion of the superconducting gap (Fig. 8) and of the
TA and LA phonon energies of lead (Fig. 9). 2A
is found to vary linearly from 2.7 meV at P=0 to
2.3 meV at 17 kbar. The logarithmic variations
of the two phonon energies are approximately the
same and numerical results have been summarized
in a table published elsewhere,'

An approximately antisymmetric structure in
the resistance dV/dI of metal-GaAs tunnel junc-
tions has been observed for biases eV =~zx/w,, the

TA PHONON ENERGY (meV)

4.5%

FIG. 9. Pressure dependence of
the TA and LA phonon energies of
lead.

L A PHONON ENERGY (meV)

0 5 10
P (kbar)

15
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n-GaAs-Pb
4.2°K

d21 7dv2

V(w)=0.7mV peak to peak

BIAS

FIG. 10, @%/dV? at forward bias showing the shift of
the LO(000) structure when P increases from 0 to 16. 8
kbar. Pb is in the superconducting state.

energy of the k~0 optical phonon in GaAs,!6:%:3.31

This structure has been interpreted in terms of
self-energy effects in the semiconductor elec-
trode.3 For direct bias, the line shape of the
d*1/dV?-vs-V curve, shown in Fig. 10, consists of
a dip and a peak located at 4.2 °K at 34.55+0.1
and 36.35+ 0.1 meV, respectively. Experimental
values of the LLO(000) phonon energy between 36,5
and 36.8 meV for pure bulk GaAs at the same tem-~
perature have been obtained from infrared reflec-
tion, % Raman spectroscopy,® and optical trans-
mission.®® Therefore, we may assume that the
position of the peak gives a direct measurement

of the pressure coefficient of the LO(000) phonon.
This method seems consistent, since the line shape
at V>0 is not modified by pressure. We have
plotted in Fig. 11(a) the peak energy corrected for
the lead gap. The GaAs LO phonon energy varies
linearly with pressure at (6.8+0.5)x107° meV/bar.
The structure at reverse bias is not as sharp and
has not been considered for this determination.
The individual Griineisen parameter v,(LO)=(B/w,)
X (8wg /8P)y is calculated with the bulk modulus
B=0.747x10% (in kbar). We find y,(L0O)=1.4+£0.1.
Previous determinations of y, have been reported
by Mitra et al.®® for some compounds belonging to
the zinc-blende structure family. These measure-
ments led to three conclusions: (i) The value of
75(LO) ~1 is approximately the same for all com-
pounds investigated, (ii) yo(TO)>+,4(LO), and (iii)
the ratio y4(TO)/v,(LO) increases with ionicity de-

fined as the effective charge per valence electron.
Our results do not follow closely conclusion (i).
The plot® of v4(TO) vs the effective charge e¢* pro-
vides an estimate of the Griineisen parameter for
the TO(000) phonon in GaAs: 7,(TO)~1. 32, which
is in much better agreement with our experimental
value. The TO phonon might be involved in the
tunnel structure, but in absence of a clear under-
standing of the line shape, we cannot draw any
firm conclusion.

The intensity of the LO phonon structure mea-
sured by RAi’’, where R is the resistance of the
junction and A{’’ the amplitude of the down and up
structure, increases under pressure. The relative
variation of its intensity Y is shown in Fig. 11. It
reaches about 20% at 15 kbar. This enhancement
may be due to a change of the electron-phonon cou-
pling or, more simply, to the barrier deformation
under pressure.

VI. CONCLUSION

These experiments have shown that metal-semi-
conductor tunnel contacts can be successfully stud-
ied under high hydrostatic pressure and that their
behavior is reasonably well accounted for in the
frame of the usual tunneling model. They consti-
tute a convenient and reliable tool, which has been
used in the particularly simple case of n-GaAs.

The relatively small and smooth changes of the
tunnel characteristics are due to the fact that, for
all applied pressures, the conduction band remained
centered at £=0 and isotropic. This result and the
absence of zero-bias anomaly in contacts made by
the VC technique show that n-GaAs is well suited

to the study of specific changes of the counter elec-
trode properties such as superconductivity and
semimetal-semiconductor transition. In the latter
example, the opening of a forbidden gap should
manifest itself as a zero-bias resistance peak which
could be extracted from the background resistance
without difficulty. The results obtained on the
superconductivity of lead compare well with the data
obtained with MIM junctions and the technique could
be easily extended to all superconducting metals.

In view of such a study it is worth pointing out that
the IB technique is appropriate since we have shown
that (i) a slight bombardment does not affect the
properties of the counter electrode, (ii) the experi-
mental setup is simpler than the VC technique ap-
paratus, and (iii) we can get rid of zero-bias anom-
alies.

On the semiconductor side, many materials other
than GaAs present interesting band-structure effects
in the range of pressure presently available. Along
this line, we have undertaken experirnents37 in
n-GasSb for which a band crossing occurs around
10 kbar which strongly affects the conductance
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FIG., 11, Pressure dependence of the
> zone~center optical phonon energy of
GaAs (a) and of its relative amplitude (b).
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background and correspondingly the many-body ef-
fects.
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An EPR study was made of the divacancy in silicon, produced by 1.5-MeV electron irradia-

tion at room temperature, under illumination with polarized light.

A light-induced alignment

of divacancies among the various Jahn-Teller distortion directions in the lattice is observed
for the singly positively charged state, as monitored directly in the corresponding EPR spec-
trum. Optical bands at 1.8 and 3.9 p, which have been previously correlated with the posi-

tive divacancy, are found to have no alignment effect.

Instead a band at ~ 2.15 pu, not previously

reported, is found to have the maximum alignment efficiency. The transition-dipole-moment
direction for this band is determined with respect to the defect axes.

I. DIVACANCY PROPERTIES

The divacancy V, in irradiated silicon has been
extensively investigated by electron paramagnetic
resonance, 1~* infrared absorption, °~1% and photo-
conductivity.!™!® From the EPR experiments it
was deduced that there are four equivalent atomic
orientations for the divacancy, corresponding to
the four (111) nearest-neighbor vacancy-vacancy
directions in the silicon lattice, Each of these
exists in one of three different electronic configura-
tions, which are linked with small Jahn-Teller
distortions of the lattice surrounding the divacancy.
The defect has the symmetry of the point group
2/m(Cy;). A model of the divacancy consistent with
the results of EPR studies is shown in Fig. 1. One-
electron molecular-orbital wave functions, obtained
by linear combination of atomic orbitals (LCAO),
and the corresponding energy levels are given in
Fig. 2. The divacancy is a paramagnetic center
for both the singly positively and the singly nega-
tively charged states. The former state occurs
for a Fermi level below E, +0.25 eV. In this charge
state there is only one electron in the b +b’

—2(@ +d +a’ +d’) bonding orbital. The correspond-
ing EPR spectrum is named® G6.

Three optical absorption bands in the infrared,
at 1.8, 3.3, and 3.9 u, respectively, have been
attributed to the divacancy.” This correlation is
mainly based on the explanation by the divacancy
model of the response of these bands to uniaxial
stress, and on the annealing properties. The ab-
sorption bands are only observable for restricted
ranges of the Fermi level within the gap, i. e., for
certain charge states of the divacancy. From these
arguments Cheng et al.” originally concluded that
the 3. 3-u band arises from V,2", the 3.9-u band
from V,', and the 1.8-u band from V,*, V,° and
Vs, . The allowed electric dipole transitions are
indicated in the LCAO energy-level scheme depicted
in Fig. 2. For all three bands the transition dipole
moments were deduced to lie in the XY plane. The
1. 8- band was tentatively identified as the tran-
sition labeled @. In subsequent work Cheng and
Vajda® used polarized light and observed a light-
induced dichroism of the 1. 8- and 3. 3-u bands.
The kinetics of the recovery were studied for each
band and it was found that neither could be directly
correlated with the Jahn-Teller reorientation
kinetics previously studied in uniaxial stress studies
for the EPR observable states V," and V,". Although
this remains consistent with the identification of



