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The effect of hydrostatic pressure on p-n junctions of germanium has been investigated with a view to
determining the energy of the h~ conduction-band minimum relative to that of the L1 minimum. The
pressure-induced shift in the forward bias voltage at a constant current level, which is a measure of the
energy-gap change with pressure, passes through a maximum near the pressure at which the lowest conduc-
tion band shifts from the L1 to the h~ minimum. Because of the two-band conduction in Ge at pressures
above 15 kbar, the observed shift in the forward bias voltage not only represents an effective-energy-gap
change determined by the density-of-state average over the two bands and their pressure coefBcients, but
is also modi6ed by the change in carrier mobility with pressure. Since the junction current in the present case
was dominated by electrons, the observed shifts were corrected for the electronic-mobility change with
pressure, using the pressure variation of the resistivity of n-type Ge. From the effective-energy-gap change
with pressure given by AEgeff= a(Ez, —E„) kT in/—1+(Ps/Arz) exp( —AE/kT) j, and using dEo/d V=37
eV (dEG/dP=5. 0X10 ' eV/kbar), Es/Ez=2. 7, and d(AE)/dV= —4.6 eV Pd(AE)/dP= —6.2X10 ' eV/
kbar), the best Gt to the experimental data yields 0.18+0.01 eV for the zero-pressure energy separation AE
between the L1 and 61 minima. The observed shifts give initial pressure coeKcients of 5.0+0.1)&10 and
—1.3&0.3X10 ' eV/kbar for the 1.& and A~ minima, respectively.

' 'T is well known that at atmospheric pressure, the
~ ~ lowest conduction-band minimum of Ge lies in the
$111jdirections in )'r space' (I r minima). Both opticaP'
and resistivity measurements4 7 have shown that this
minimum shifts to higher energies with the application
of hydrostatic pressure and a set of higher-lying minima
associated with the L100j directions in k space (dr
minima) become progressively important with pressure.
The optical-absorption measurements of Slykhouse and
Drickamer' have indicated a changeover in the con-
duction-band edge near 35 kbar. In this investigation,
we have studied the current-voltage characteristics of
p-rt junctions of Ge as a function of hydrostatic pressure
and Qnd that the I ~ minimum crosses the ~~ minimum
near 33 kbar. The analysis of the data yields 0.18&0.01
eU for the energy separation between the two minima,
at zero pressure. From our measurements the pressure
coeKcient of I» minimum is determined as 5.0&0.1
X10 ' eV/kbar, in excellent agreement with the previ-
ously quoted values. ' Further, a pressure coefficient
of —1.3+0.3X10 ' eV/kbar for the hr minimum
seems consistent with our experimental endings.

Hydrostatic pressure was generated using the TeQon-
cell technique which has been described previously. '
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The Ge diodes had an epitaxial structure consisting of
a gallium-doped p-type substrate having a resistivity
of 0.002 0 cm and an epitaxially grown layer of boron-
doped Ge, 2p deep, having a resistivity of 0.5 0 cm.
The junction was formed by diBusing phosphorus
(I=10") to a depth of 0.3 p in the epitaxial p-type
layer. Capacitance measurements indicated that the
junctions are of the abrupt type.

Figure 1 shows a plot of the lnIf versus applied bias
voltage for different pressures at room temperature.
It is seen that these curves are quite linear over the
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FIG. 1. Current-voltage characteristics of a forward-biased
p-n junction of Ge at di6erent pressures.
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current range used in the present study. In Fig. 2, we
have plotted the shift in the applied bias voltage (as
taken from Fig. 1) at a constant current of 1 mA, as a
function of both the pressure and volume.

For the junctions used the forward current is domi-
nated by the diffusion current and hence can be
written as

Ig= I,(exp' V/JsT 1), —

where the saturation current I, is defined by the ex-
pression
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where p,„and v are the electronic mobility and lifetime
on the p side, I'„ is the concentration of holes on the

p side, with analogous definitions for the second term
in brackets. Since the intrinsic carrier concentration
m;s in Eq. (2) is proportional to e ~«sr, it is easily seen
from Kqs. (1) and (2) that the pressure-induced shift
in the applied bias voltage at a constant current level
is a direct measure of the change in the energy gap with
pressure, when the term in brackets in Kq. (2) can be
treated as pressure-independent. Such behavior was
reported previously e in p-I junctions of Si and in GaAs
junctions at pressures below 25 kbar. However, when
a higher-lying conduction-band minimum becomes im-

portant, as in the case of Ge, the above method yields
an effective-energy-gap variation determined by the
density-of-states average of the two bands and their
pressure coefficient, modified by the change in the
effective electronic mobility with pressure. In the case
of Ge, as electrons are transferred from the I.~ minima
to the 4& minima, the effective electronic mobility
decreases substantially because of the different mo-
bilities of the two minima, as well as the large interband
scattering near band crossing, ' causing the first term
in Eq. (2) to vary with pressure. LNote that since our
junction is heavily doped on the n side, the second term
in brackets in Eq. (2) is negligible. f Therefore, in order
to determine the change in the effective energy gap
with pressure, we have corrected our experimental
data, for the change in electronic mobility with pressure,
using our resistivity-versus-pressure measurements on
e-type Ge. We have assumed T„ to be pressure-inde-
pendent. The corrected pressure-dependent effective
energy gap is plotted in Fig. 2 (squares). The effective-
energy-gap change with pressure can be expressed as"

0.05 A

BILITY CHANGE

I

.95
0.0

.98.99 ~ 97
Vl Vo

.96

Fio. 2. Shift of the forward bias voltage (circles) at a constant
current of 1 mA (representing the change in an effective energy
gap) as a function of pressure and relative volume of Ge.

AEg, rr=A(EI, E„) kT ln 1+——
Sl„ AEq-
Xe~~ ~, (3)
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where EL,—E, is the gap between the valence band and
the Lj minimum, AE is the interband separation

Ea,—Ei,„and Xa, and NI, , are the effective-mass

density of states for the Ai and I,~ bands.
At low pressures, AE/kT in Eq. (3) is large and

positive, and hence BEG,ff will reQect the rate of motion
of the Lt conduction band only; from the corrected
curve in Fig. 2 we determine for the initial pressure
coefncient d(Ez„—E,)/dI'= 5.0+0.1X10 ' eV/kbar
equivalent to a volume coefficient of 3.7 eV. From Eq.
(3) it is al. o seen that at pressures well above the cross-

over pressure of the I-& and 6& minima, AEg ff will give
the rate of motion of the latter. The rate of motion of
h~ minimum observed in our experiment is complicated

by the presence of uniaxial stress above 38 kbar due

to the freezing of the e-pentane-isoamyl alcohol pressure
medium, but the observed magnitude of the shift to
nearly 50 kbar seems to correspond with the rate of
motion of the conduction-band minimum observed with

Si junctions under similar circumstances. (Slykhouse
and Drickamer' have reported that the pressure co-
eKcient of the shift in the absorption edge of Ge above
35 kbar became almost identical with that of Si at these
higher pressures. ) We therefore believe that the pressure
coe%cient of the d~ minimum in Ge is comparable to
that of Si and is not greater than —1.5X10 s eV/kbar
nor less than —1X10 ' eV/kbar. Using median values
for the pressure coefBcients, together with a value of
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tVa/1Vr, = 2.7,""which we have assumed to be pressure-
independent, we have calculated AEG ff as a function
of pressure for different values of hE in Eq. (3). In
Fig. 2, we show the curve which best 6ts the corrected
experimental data, calculated with DE=0.18 eV and
d(AE)//dv= —4.6 eV ttdhE/dI'= —6.2X10—' eV/kbarj
in Eq. (3). Using the limiting values of the initial pres-
sure coefficients Ld(Ez, ,—E„)/dP=5.0+0.1X10—' eV/
kbar and d(EAi E„)/dI—'= —1.3+0.3X10 ' eV/kbar,
as given above), we are led to fix the energy separation

"The value oi 2.7 for the density-of-states mass ratio tVe/tVz,
was from the e6ective masses calculated by Cardona and Pollak
(Ref. 13) for the 61 minimum of Ge and the experimental values
for the LI minimum of Ge. The above ratio is also consistent with
the ratio obtained by assuming the density-of-states mass of
Si for the h, I band.

's M. Cardona and F. H. Pollak, Phys. Rev. 142, 530 (1966).

between the L1 and A1 minima at zero pressure as
0.18&0.01 eV. (Earlier estimates of this quantity ranged
from 0.15 to 0.22 eV.s)

As mentioned above, we have carried out resistivity
measurements on e-type Ge as a function of pressure
to 50 kbar. A maximum observed in the resistivity near
35-kbar pressure, presumably caused by interband
scattering, ' is consistent with the results described
above. The details of these experiments will be published
elsewhere.

We wish to express our sincere thanks to M. M.
Bower of our laboratories a,t Reading, Pa. for supplying
the Ge junctions which made this study possible. We
also wish to acknowledge the assistance of R. G.
Maines and Mrs. M. S. Boyle in the pressure runs and
sample preparations.
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Values of the nonlinearity constant D, which involves third-order elastic constants, are obtained for
silicon from the phonon-conductivity data in the presence of point-defect scattering. The results are com-
pared with the theoretical values obtained on the basis of Keating s theory, which has been very successful
in explaining the third-order elastic constants of Si. The constant D is found to depend on temperature, and
the assumption by previous workers that it is independent of temperature is not correct. Keating's theory
overestimates the value of the nonlinearity constant. Its value calculated on the basis of the experimental
values of the third-order elastic constants at room temperature is in much better agreement with the value
obtained in the present work for the best Qt between the experimental and theoretical values of phonon
conductivity.

I. INTRODUCTION

1
~IUR earlier analysis' of the phonon-conductivity

data in Si in the framework of Callaway's forma-
lism' has given information regarding different phonon-
scattering processes. It was found that normal phonon
processes make a negligible contribution to phonon
conductivity, and point-defect scattering makes an
appreciable contribution towards thermal resistance
below 200'K. The phenomenological expression for
the phonon-phonon scattering relaxation time happ

= (Bi+Bs)ossTs, in combination with other phonon-
scattering processes, could explain very well the phonon
conductivity in the entire temperature range. The value
of the parameter Bi+Bswhich represents the scattering
strength could not be checked in the absence of any
exact theory of the phonon-phonon scattering. Recently
Bateman and Mason' have modified Akhiezer's theory4

i B. K. Agarwal and G. S. Uerma, Phys. Rev. 126, 24 (1962).' J. Callaway, Phys. Rev. 1D, 1046 (1959).
3 W. P. Mason and T. B. Bateman, J. Acoust. Soc. Am. 36,

644 (1964).' A. Akhiezer, J. Phys. (USSR) 1, 277 (1939).

and for ~r»(1 they have shown that 7pp
=cosDEs/3trpVs, where to=2sr times the frequency at
which acoustic attenuation o. is measured, p is the den-
sity, V is the phonon velocity, Eo is the total thermal
energy per unit volume, and D is a nonlinearity con-
stant which can be obtained from knowledge of the
second- a,nd third-order elastic constants. Thus
if phonon-phonon scattering is responsible for the
observed acoustic attenuation, one can identify
r»(acoustic) with r»(thermal). It is then possible to
obtain the values of the parameter D from the phonon-
conductivity data in the temperature range where the
relevant acoustic theory is valid.

The aim of the present paper is to obtain the values
of the nonlinearity constant D from the phonon-con-
ductivity data in the presence of point-defect scattering,
and to compare it with the theoretical value, obtained
on the basis of Keating's theory, which has been very
successful in explaining the third-order elastic constants
of Si. Mason and Bateman have carried out measure-
ments of acoustic attenuation and phonon conductivity


