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The temperature dependence of the piezoresistance was studied for p-type germanium with resistivities
D305 = 40, 16, and 0.0Z £7 - cm in the temperature range 77-300 K. The measurements were carried out for
the current / and uniaxial compression ¥ parallel 1o the (100> and (111> axes of the crystal. The anisotropy
of the dispersion of light and heavy holes was taker 1nto account in the interpretation of the experimental data
and in the calculation of the deformaiion potential constant 4. The resulting values of the deformation
poiential constant are ¢ = 3.6—4.1, whereas the isotropic approximation based on the same experimental
results would yield  =6.0 V. The anisotropy of the dispersion law not only affects the value of 4 but it also
explains. the observed difference in the signs of the piezoresistance corresponding to { | X |} <111> and
i | X || <100 in lightly doped samples where an increase in the pressure leads to a monotonic decrease of the
resistivity £ for 7 | X || (111>, For { || X || {100, and initial increase is followed by a decrease at greater
pressures. Such a nonmonotonic dependence p (X) for 7 || X' || (103} does not occur in heavily doped samples
and the piezoresistance has the same sign for both directions. It is also noted that a reliable value of the
deformation potential constant b cannot be obiained from the iemperature dependence of the piezoresistance.

PACS numbers: 71.25.Tn, 72.80.Cw

1. The deformation potential constants are important
parameters of the semiconductor band structure and, there-
fore, many attempts have been made to determine them
with increasing accuracy.! Since the piezoresistance coef-
ficients 7j; include the deformation potential constants as
factors, it should be possible fo determine these constants
by measuring the variation of the semiconductor resistance
under strain. It is usual to measure the temperature de-
pendence of the longitudinal piezoresistance for a uniaxial
compression or dilation X along the <100> and <111> axes
since the slope of such a dependence is proportional to 7y,
and 7,,, respectively (we shall further use the notation
Tesors and Teypps).

2. According to Refs. 2 and 3, the temperature-depen-

dent components of the piezoresistance of semiconductors
similar to p-type Ge are given by
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e = E/k,T is a dimensionless energy; K, is the Boltzmann
constant; T is the temperature; the indices 1 and 2 refer,
respectively, to light and heavy holes; &; cpij> are coeffi-
cients depending on the anisotropy of the dispersion law
and on the direction <hki >, B = [(2B?+D?)/5]Y2 (B and Dare
the band structure parameters); A=0,/0y; 0; is the con-
ductivity due to holes of type i; Ticygp> = 2Bb/(ey~ ey, -
Teitts = DA/3cy,, ¢iy are the elastic moduli; b and d arede-
formation poiential constants. Analytic expressions for the
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coeificients §i5<hkz>,whjch appear in Eq. {1} are very cum-
ber-ome gnd will be given in the Appendix. The anisotropy
of 1r cispersion law is negiected in many papers?:® and,

zs will be seen in the Appendix, this corresponds io theap-
proximation {; chkls=1. However, the values of &  hikis

cziculated with an allowance for the actual anisotropic dis-
persion law may differ significantly from unity [for ex-

am: ior p-type Si and X} <100>, by up to 70% {see Ref. 3} and
b srp-type GaAsand X}l<111> (see Ref. 6}]. There is
la; catter in the values of the band structure constants
A, . . «nd C for the same material guoted in literature’~12

and. therefore, we have calculated the parameiers £; ony i
for various seis of these constants; the results of suchcal-
culations are quoted in Table 1. For p-type Ge, all the pa-
rameters §; chiy> with the exception of &y <y > are al-
most identical for all the seis of values of the band struc-
ture constants considered. If the anisotropy of the disper-
sion law is taken into account, the contribution of heavy
holes to 7.y increases compared with the isotropic ap-
proximation, whereas the contribution to 7¢ 4> -

‘3. Figure 1 shows the results of our measurements of
the temperature dependences of 7. and Ty for sam-
ples of p-type germanium with resistivities pygopr = 490, 16,

‘and 0.02 0 .cm. It follows that {the piezoresistances oflighi-

1y doped semiconductors corresponding to i X <1060> and
ill Xl <111> have opposite signs. In fact, A<1 for all the
scatiering mechanisms and {,~ ¢ and, therefore, it follows
from Eq. (1) and Table 1 thai the contribution of heavy holes
to Tyy;> is dominant and the siopes of curves 2 and 4 are
positive. On the other hand, setting £, = £,, we find that
Teygos < 0 provided

> A (3}

Here, A¢ = 0.29 for the first choice of vaiues of the con-
stants in Table 1 and A, = 0.06 for the other three possibill-

© 1981 American Institute of Physics 371



I L,
Mawrial | Koo SO0y T 100y (;1! iy

i —i3.0 —8.¢ 10.2 7] +4.441034 0921 14.3

Ge 2 —13.4 —8.3 {4258 8 4.2 ;007 | 0851 1.4

i 3 —13.27 —8.63 [12.04 1]] 1 1.2 10.067] 0.82 | 1.4
i & —12.35 —8.26 14207 {391 1 4.2 [0.068] 0.8% | i.44

1 5 —4.1 —1.6 3.3 71 14.3 1653 10861 1.2

6 —4.0 —4.4 4.1 81 | 1.6 {048 1 0.9911.3

Si 7 —4.38 —1.0 4.80% [t 1 4.8 10.031] 0761 1.3

8 —4.28 —0.75 5.25] My 124 022 j072114.3

g —4.27 —0.83 5.037 B 122 (047 [ 0741 4.3
Gahs 10 —7.39 —4.93 5.08 {1 11.4 052 103841 1.26

ties. If is usually assumed that x = (.34 for pure p-type
germanium where the scatiering by acoustic lattice vibra-
tions is dominant. Canseguently, the condition (3) is satis-
fied for =ll the sets of values of the constanis included in
Table 1, which explains the fact thal curves 1 and 3 in Fig.
1 have negative slopes at high temperatures. In heavily
doped semiconductors (curve 5) and also at low tempera-
tures in pure p-type Ge (curves 1 and 3), the slopes of the
curves T<y,,> are positive, which should be related to a
change of sign in the inequality (3). It should be noted that,
if the scattering by ionized impurities predominates, then
=~ 0.1 and the inequality (3} could change sign only for the
first sef of values of the constants.

Using the experimental results in the range where the
temperature dependence of T¢;(> is linear (4< 10%/T< 9)
and setting A = 0.34, we canapply Eq. (1) to curve 2 for a
pure sample and deiermine the value of d; these valuesare
listed in Table 1. It should be noted that the slope of curve
4 in the interval 10%T = 4-6 is close to the slope of curve
2, which is due to the fact that the impurity scattering is
unimportant in both samples in this temperature range. For
a heavily doped semiconductor (curve 6), it is impossible
to deiermine a range of temperatures where one of the
scattering mechanisms predominates and, thereiore, we
have not used curve 6 to determine the value of d.

If the anisoiropy of the dispersion law is negiected

[ &
10%/7, x
F1G. 1. Temperature dependences of neyg,y. 8nd %y, 5 for p-type Ge. 1),
33, 5)<100>; 2), 4), 6) <A11>; pypep (-cm): 13 2) 40; 3), 4) 16: 5),
6y 0.02.
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({i,<hki>= 1), practically identical values of d are oblained
for all the sefs of band siructure constants inciudedin Table
1 (d=6.0eV). This value is rather different from the value
of d obtained with an allowance for the anisotropy of the dis-
persion law. Consequently, the anisotropy of the dispersion
law not only affecis the value of d but it has to be taken into
account to explain the complex dependences of the piezo-
resistance of p-ivpe Ge on the doping and temperature. The
first set of values of the constants A, B, and C is prefer-
able for p-type Ge since it explains the change of the sign
of the slope of 7 >(1/T). Moreover, the correspondi
value of d is in hetler agreement with other available data® .
than the values obiained for other seis of band structure
constants. However, it should be noted that the determina—
tror of the deformation potential constants from the tem-
ire dependence of 7 is pot sufficiently reliable since
nd structure constanis A, B, and C and also the values
Ji A and {i are not known with the required accuracy. The
contributions of light and heavy holes to 7. (> almosticom-
:nsate one another and, therefore, 7
sensitive to the values of A and {;.
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is particularly

Figure 2 cshows the dependence of the longitudinal
v esistance of weakly doped p-type Ge on the pressure
a K. For il Xil<100> and small sirain, the principal

ccr oribution fo the plezoresistance is due to light holes [I
(1) and curves 1 and 3 in Fig. 1] and, therefore, the resiz-
tance is initiallv an increasing function of pressure. When
the pressure is further increased, the density of iight holes
is reduced and the resistance decreases (see Ref. 2 for a
more detailed discussion indicating that the efieciive mass
of light holes in the direction of the strain increases as 3
funciion of the pressure whereas the effective mass of
heavy holes decreases). For the il Xll<111> direction, the
plezoresistance is governed by heavy holes and, thereifore.
the resistance decreases as & function of the pressure.

5. Figure 3 shows the temperature dependence of the
Hall mobility for different values of the load X. When X is
increased, the siopes of the curves p(T) for a pure sample
increase. The temperature at which the slope of u(T}
changes is equal fo the temperature corresponding to the
change of siope of 75 on curve 4 (Fig. 1), which is due
to the effect of an additional scattering mechanism (by
ionized impurities) as the temperature is lowered. For a
heavily doped su:mple, the slope of u(T) increasesas a func-
tion of X for temperatures higher than that corresponding
to the maximum of ¢(7T) and it decreases at lower temper
tures because of the different relative contribution of the
scattering by ionized impurities. We have noted in Ref. 1,
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! ¢ FI1G. 2. Longimdinal piczoresistance
of p-type Ge at 300°K. Here, pypk =
z 160 cm; 1) HMX1H<100% 2) BXIK111>.
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that it is impossible to determine the energy dependence of
the relaxation time from the slope of u(T) in strainedfilms
‘of p-tvpe Ge. This fact is illustrated by Fig. 3. The change
in the siope of the temperature dependence of the mobility
is greater for the drift mobility than for the Hall mobility.

APPENDIX

The parameters £j chk7> which appear in Eq. (1) are
given by

£ ooy = 1.200§7 /1450, 5 == DL I4, (A.1)

where

o 4 )
I == g Q02 RGBT M {“5 @ [(1 — 82%) Mt - 2] -+ (1 — 322) R(},

. (A.2)
i = | de (2R 07, (A.3)
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S a0 == S siny 648 S d3, z=cosesinf, y==sin¢sinf, z==cos¥, {(A.4)
o 0

M (B4 (PR @, ;= A + M, C*= D*— 387,

R,”’ N4+ R, Rg. D4+ R,

Neglecting the anisotropy of the dispersion law leads
to averaging with C =0 and B and D/v3 replaced by B. It
i §) — 4 ¥ [3 — 1 s
can then be easily seen that /{¥=—1=1{9, I{ )_E-I{) ), and
ItHh= %zgn where {12 =4r/(4 + Bys and Eq. (A.1)yields

&i,<hkl> = 1.
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FIG. 3. Temperature dependences of the Hill mobility in p-type Ge for dif-
ferent values of the Joad. Here, psgep (@-cm): 1)-3) 0.02; 4)-7)16. X
(kg/em®): 1), 4) 0; 23, 5)3-10% 3)10% 6)5-10% MT-10%.
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