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F1c. 6. Low stress piezoresistance coefficient 31044 as a function
of donor concentration. The dashed line indicates the theoretically
expected slope Ilyscc N=2/3, The letters behind the data symbols
stand for the investigators: K-+K =Koenig and Katz (Ref. 5 of
text), N4-S=Nakamura and Sasaki (Ref. 16 of text), C+F
=present authors (see also Ref. 6 of text).

The Hall coefficients obtained at 300 or 77°K were
used to determine N and the mobilities in this figure
because the Hall coefficients could not be measured at
large stresses with the present apparatus. Since the Hall
coefficient  becomes temperature-dependent  for
N<8X10 cm3, the plotted curves do not represent
the true Hall mobilities and the abscissa is not the Hall
concentration in this lower concentration range. The
curves shown in Fig. 7, therefore, fall off much more
rapidly with decreasing NV than those of Furukawa
The vertical arrows indicate the critical concentrations
N, at which the thermal activation energy es of im-
purity conduction vanishes.®:¢ The different values of
N, and the different behavior of the mobility curves
below N=28X10"7 cm~ for the 4 and 1 valley cases and
for Sb and As doping may be explained qualitatively
as being due to the different effects of the valley-orbit
splitting energies on the donor wave functions.

At the higher concentrations N>10'® cm=3 we ob-
serve the following :

1. The concentration dependence of the mobility
components is different for Sb and As doping. At zero
stress and 1.2°K, for example, one finds for Sh,
p(4) < N=019; and for As, u(4) = N—922, This concentra-
tion dependence is significantly less than the N—0.5
dependence obtained at 4.2°K from the free carrier
absorption at a wavelength of 2.4 . 17.18

"' T. 1. Pancove, in Progress in Semiconduciors, edited by A. T,
Gibson and R. E. Burgess (John Wiley & Sons, Inc., New York,
to be published), Vol. 9.

18 At 300°K the concentration dependence of the Hall mobility
is N=04 for As-doped germanium. Hence the discrepancy between
electrical and optical measurements is less at the higher tempera-
tures.
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2. The mobilities begin to decrease with increasing NV
and show a simple power law dependence on N at a
lower concentration for As than for Sb. This is sur-
prising since one would expect the onset of “metallic”
conduction to occur at higher concentrations for As
than for Sb for the same reason? which causes the dif-
ference in IV,.

3. The mobilities u(4) of unstressed Ge doped with
As are lower by a factor of about 1.4 than those of Ge
doped with Sb. The ratio of u (1) of Sb to uy (1) of As
(orientation F) is as large as 1.9 at large concentrations.
For the transverse direction (orientation G) the ratio
us(1) of Sb to u.(1) of As is about 1.3.

4. The low stress piezoresistance coefficient II,4 is the
same for Sb and As doping within the experimental
accuracy (see Fig. 6). For N> 108 cm~3, the concen-
tration dependence is close to ITy o N—24 ag expected
from theory.

5. In contrast to the case of Sb doping the piezo-
resistance of As-doped Ge decreases beyond the satura-
tion stress X, and approaches a constant value only at
higher stresses. This decrease is larger for the high mo-
bility orientations G and D than for the low mobility
orientations F and C.
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F1c. 7. Mobility components along the current direction in
arrangements C, D, F, and G at 1.2°K are plotted versus concen-
tration. These components were determined from the saturation
values of the piezoresistance in these arrangements and the Hall
coefficient as measured in the exhaustion region. The arrows indi-
cate the critical concentrations &, at which the activation energy
for impurity conduction vanishes. The dashed and full lines repre-
sent Sb- and As-doped germanium, respectively,
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III. DISCUSSION

Previous analyses®®8 of the transport properties of
degenerate germanium were based on the simple de-
generate model with the following assumptions.

1. The mobility components, i and pi, parallel and
perpendicular, respectively, to the valley axis, depend
explicitly on concentration N and Fermi energy Er, €.8.,

”mZ\TTEFay (1)

where the values of 7 and s may depend on the number
of lower valleys and hence on stress because of screening
effects and a changing contribution of intervalley and
electron-electron scattering.
2. The bands are parabolic so that the Fermi energy
Ep increases as
Epc« N5, (2)

With this the total N dependence of u becomes
poc Nrels, 3)

3. The total carrier concentration is independent of
stress in the degenerate concentration region.

Assumption (1) yields for the low stress piezoresist-
ance coefficient ITus

1 K—-1 EsSu
Myy=- §+s) ) “)
32K+1 Er

where the mobility anisotropy K = u/un and the value
of s refer to the 4 valley case. E3 is the shear deformation
potential' and Sus the elastic compliance constant.

If the values of K, r, and s were independent of the
distribution of the electrons over the valleys and hence
of stress, then it would be a simple matter to determine
these values from the low-stress and high-stress piezo-
resistance and from the NV dependence of p. This, how-
ever, is not the case as one can see immediately (Fig. 7)
from the fact that u(1), u(2), and p(4) depend dif-
ferently on N. In this case further assumptions are re-
quired in order to analyze the data with the simple
degenerate model.

Koenig and Katz? assume for the interpretation of
their results that r=— 1.0. With this one can obtain the
value s(4) for the 4 valley case from the N-dependence
of u(4) using Eq. (3), and subsequently one can obtain
the value K (4) from the low stress piezoresistance using
Eq. (4). Katz also determined K (4) from the stress de-
pendence of the Hall coefficient at 77°K. He found that
both methods yield a value of K (4) between 2.1 and
about 3.4 for an As concentration of N=5X 1018 em>.

The assumption r=—1.0 appears to be the weakest
link in the chain of this analysis. For germanium in this
concentration range Csavinszky’s theory”-® of scattering
at independent donor ions predicts for the 4 valley case
7(4)=—0.71 because of the concentration-dependent
screening effects. A failure of the individual scattering
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hypothesis is expected to result in even smaller magni-
tudes of 7.

If we analyze our values of ILs with Koenig’s method
but assume 7(4)=—0.72 according to the results on
Sb-doped Ge,® and if we use our value r(4)+2s(4)/3
=—0.22, then we obtain for As-doped germanium
5(4)=0.75 and K (4)=4.0£04.

The mobility anisotropy K (4) has also been deter-
mined from magnetoresistance measurements,” par-
ticularly from the saturation of the longitudinal mag-
netoresistance.? Different authors®® quote for As-
doped germanium values increasing from K= 7 to
K=9 between N =10 and 10® cm™® and from K=3.5
to K~6 between N=10'8 and 6.2)X10'® cm—*. These
data were taken near 77°K but at these high concen-
trations K should be nearly temperature-independent.
Tsidilkovski ef al?® quote an error of 109 for their
magnetoresistance values. This gives rise to a 15-20%,
error in their determination of K. Furthermore, the
value K ~6 at N=6.2X 10'8 cm was obtained from the
low field magnetoresistance and is therefore even less
certain. Our value K(4)=4.0£0.4 lies within these
limits of uncertainty. The rather large K values quoted
by Fistul et al.* were obtained from the low field mag-
netoresistance. They are again subject to the validity
of the assumptions made in interpreting the low field
results.

The values for K (1) and K (2) can in principle be ob-
tained from the high stress longitudinal and transverse
piezoresistance ratios without further assumptions.
Because of the experimental difficulties with the trans-
verse measurements, however, we have to assume in
our case that at very high stress values the (111) con-
duction band valleys are sufficiently pushed apart so
that effects of the stress inhomogeneities are un-
important. We then obtain for the mobility anisotropy
in As-doped germanium K (1)=6+0.5and K (2)=52:0.6
for the one and two valley cases, respectively. These
values are considerably higher than K (4) of Koenig and
Katz® but much lower than a value obtained earlier®
from an analysis of these data based on the simple de-
generate model with intervalley scattering and the as-
sumption that K is independent of the number of
valleys.

Because the resistivity remains a second-rank tensor
at all values of stress, one can obtain the principal axes
of the mobility tensor u;; and u, for the one and two
valley cases from the high stress longitudinal and trans-
verse measurements without further assumptions. These
values are shown in Fig. 8 as a function of donor con-
centration. The length of the vertical bars at the ends
of the curves represent the error which stems pre-
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