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Piezocapacitance measurements on high-purity Si, P-doped Si (N, ~6.8X10'%/cm® to 1.9 X 10'*/cm®), and Sb-
doped Si (¥, ~6.3% 10'®/cm®) samples, with an uniaxial tensile stress applied along [110] and [100] axes and electric
field along the [001] axis, were made from T = 4.2 to 1.1 K with a low-frequency three-terminal capacitance bridge.
A value of €, = 11.40=£0.06 is obtained for the static dielectric of pure Si as T—0. €, ,, varies linearly with a [110]
axis stress o, for o, up to 610 kg/cm’ and yields (1/¢, ., )A€, ,,/A0, = —(3.37+0.07) X 1077 kg~' cm® The
temperature variation obtained was (1/¢,)de, /dt = (1.12+0.05)X 10~* K~'. The stress-dependent €,, (Ny,X o)
values always showed a minimum for a reduced valley strain x[3» in the range 0.4 to 0.6 for Si:P and x[jr =~0.9 for
Si:Sb. For a [110] stress there was no evidence of a minimum for x,,, up to 0.5. Values of a, (N, ,x) were obtained
from the Clausius-Mossotti relationship. The stress-dependent behavior of €(N, ,x) and @, (x) is very similar. The
initial slopes are donor dependent and such that [1/a,(0)lda, /dx ,,=2[1/a,(0)] da,/dx y, in agreement with
theory. For Si:P [1/a,(0)lda, /dx o = — 0.13%+0.01 while for Si:Sb [1/a,,(0)lda, /dx o, = — 0.07. For Si:P the
position of the minimum x[%r seems to decrease slightly with increasing donor density N,. The valley repopulation
model, including valley-dependent changes in the Bohr radius with strain, cannot explain the a,(x) results
quantitatively. However, the data can be explained quantitatively if a strain-dependent variation of the valley-valley
coupling matrix is also included. Reliable values of a,, (N, ,@,T = 0,x = 0) were obtained by extrapolating the finite-
T data to T =0. The dilute-limit values of a,(T = 0) approximating the isolated donor polarizabilities are
(1.2%0.2) X 10° A® and (1.9+0.6)X 10° A for P and Sb, respectively. a,(N,,T = 0) shows an enhancement with
increasing N, but the enhancement is less than inferred from previous work. The related stress-dependent ac
conductivity data have not been analyzed quantitatively, but agree qualitatively with the dielectric constant
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polarizability data.
I. INTRODUCTION

In the study of magnetic or liquid-gas phase
transitions, temperature is the independent vari-
able that can be employed to sweep through the
transition. On the other hand, for the insulator-
metal transition (Mott transition) of one-electron
impurity systems one would like to vary the density
of one-electron atoms or impurities with the
temperature at 0 K. For doped semiconductors
and other impurity-host systems, externally
applied variables such as magnetic fields,’™ hydro-
static pressure,® and uniaxial stress®™® can be
utilized to pass through the transition. These
experiments have focused on the magneto- or
piezo-resistance behavior of these doped sys-
tems. More recently there has been substantial
interest in the dielectric behavior'®*?® associated
with the transition (at an impurity concentration
N,) as the transition is approached from the in-
sulating side. These results for n-type silicon
have shown that the static low-temperature di-
electric constant ¢« (V) increases much more
rapidly than predicted by Clausius-Mossotti
behavior. The effective polarizability (V) in-
creases rapidly as N -N.. In the present work
we investigate how the dielectric constant &),
and thus a(V), vary with a tensile uniaxial stress
employing piezocapacitance measurements.

The uniaxial stress technique has frequently

been employed in the study of the electronic prop-
erties of doped semiconductors. Since the pioneer-
ing piezoresistance measurements of Smith,*
studies by many groups of the piezoresistance on
both n-type and p-type semiconductors have been
made. The early work, mostly in the higher tem-
perature region, where the donors and/or ac-
ceptors are ionized, has been reviewed by Keyes.'®
Some of the more recent work, particularly the
low-temperature work, has been discussed by
Fritzsche'® and Chroboczek.!” Of particular
relevance to the present work are the low-tem-
perature n-type Ge results of Fritzsche® showing
the nonmonotonic behavior of Ap/p with stress
that depends on the donor species. Combined
uniaxial stress-ESR experiments have yielded
information on the g-tensor components'® g, and
g., piezohyperfine coupling constants,'® and the
stress dependence of the electron spin-lattice
relaxation rate 1/7,(x).*® Hensel et al.?* investi-
gated the effects of uniaxial stress on the mass
tensor of the conduction-band minima in silicon.
Optical studies utilizing uniaxial stress have studied
the stress-induced shift of the indirect band gap
of silicon®? and the splitting of the infrared donor
transitions to the np excited states by stress.?®
Despite the many piezoresistance, piezo-ESR,
and piezo-optical studies, there appear to be few
piezocapacitance studies, although the index-of-
refraction » and the low-frequency dielectric con-
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stant €(N) have been measured as a function of
hydrostatic pressure.?* This work attempts to
provide a systematic study of the dependence of
the donor polarizability () on uniaxial stress.
This type of experiment yields results comple-
mentary to the piezoresistance results.?® The
Kramers-Kronig relationship implies the piezo-
capacitance effect ought to be related to the fre-
quency-dependent piezoresistance.

In the past the valley repopulation model (VRM),
as originally applied to the ground-state multi-
plet levels for n-type Ge by Price,?® has been
employed to calculate how the donor ground-state
wave function is altered by an applied uniaxial
stress. Wilson and Feher'® employed the VRM
to explain the stress dependence of [¢,(0, x)|2
(x the reduced valley strain) inferred from the
piezohyperfine measurements. They assumed
no change in the Bohr radius a; associated with
the jth valley with uniaxial stress. However,
Fritzsche® demonstrated from his piezoresistance
studies that one needs to take account of strain-
dependent valley Bohr radii 2,(x) in order to quan-
titatively explain the piezoresistance results.
Fritzsche’s approach was also employed in the
analysis of the piezohyperfine tensor constants
obtained from ENDOR measurements.® The evi-
dence for the changes in the g,(x), already sub-
stantial, is further supported by the present re-
sults on the stress-dependent donor polarizability,
but these new results show that an additional cor-
rection, discussed qualitatively by Fritzsche,® is
required to explain the ap(x) results. The new
correction is a logical consequence of changes
in the valley Bohr radii with stress. This new
correction is the change in the various valley-
valley coupling matrix elements with stress re-
sulting from stress-induced changes in the valley
envelope functions.

The present investigation has also yielded more
reliable values of the low-temperature asymptotic
effective polarizabilities ay N, T ~0) for Si: P
and Si: Sb than obtained in earlier work.?® The
value of a,(N—0,T —0) for P donors in Si is now
in good agreement with a value obtained by Capizzi
et al,'® Having a more reliable value of the iso-
lated donor polarizability, which is smaller than
previously thought, permits one to more accu-
rately assess the deviations from standard
Clausius-Mossotti behavior as N~N,.

In Sec. II we develop the background for the
stress-induced changes in the shallow donor po-
larizability and dielectric constant of n~type
silicon. The experimental techniques and sample
preparation and characterization are discussed
in Sec. III. Finally the experimental results are
presented, discussed, and compared with the
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traditional theoretical approach utilizing the VRM
and stress-induced changes in the valley Bohr
radii. A new theoretical model for ayx) is pres-
ented in the following paper.

II. BACKGROUND FOR STRAIN-DEPENDENT
POLARIZABILITIES AND DIELECTRIC CONSTANTS

The shallow donor 1S wave functions for Si are
described by

W(F)= Y € Fy(F)ug,, (F)e™F, 1)
i=1

whereuj, (%)e'®sT is the conduction-band Bloch
function at the jth minimum, F,(¥) is the hydro-
genlike envelope function solution of the Schro-
dinger equation for the jth valley, and C; is the
amplitude of the donor wave function associated
with the jth valley. Each valley is characterized
by a mass tensor with components m, and m,
[for Si (Ref. 21) m, =0.9163m and m, = 0.1905 m]
and this axial anisotropy leads to an envelope
function for a z-axis valley of the form

F (7)= m%wrexp[—(nggvz +—b~2)”fJ. (2)

This oblate spheroid wave function extends fur-
ther in the (x,y) plane than along z since a >b.
This single-valley envelope function (1S-state)
leads to a single-valley donor polarizability tensor
with components «, and «,. In the effective-mass
approximation (EMA) Dexter®” has calculated g,
and a, for Si and finds ozl/oz, =2.123 and o,
=3(a, +2@,)=4.328 X 10° A for an Si host static
dielectric constant €,=11.4.%°

It is sometimes useful to utilize an isotropic
envelope function F(r)= (1/ma*®)!/2 ¢/ 2% where
a* is the EMA isotropic Bohr radius given by
a*=age,(m/m*), where m* isan isotropic effective
mass (m*/m=0.299 for Si) chosen to yield the
correct value of the EMA 1S ground-state binding
energy E g gy, =Ry(m*/m)/€; (B, g pya=31.27
meV for Si). This isotropic envelope function
leads to a polarizability Qpy, = €, a**=4.21
X 10° A® or about 2.5% less than the EMA value
found by Dexter. The important strongly attractive
central -cell potential significantly increases the
donor binding energies, decreases the effective
donor Bohr radii a}, and decrease the donor
polarizabilities o, by a factor of between 2 and
5 relative to ag,, . Roughly speaking the o, scale
as a, < (1/Ep. 5. 41)

In tetrahedral (T,;) symmetry the 6 1S functions
split into a 1S-4, orbital singlet, a 1S-E doublet,
and a 1S-T, triplet. Since the 1S-4, state has a
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nonzero value of | $(0)] > while the others have
|9(0)] =0, it is the 1S-A, state that is substantially
lowered with respect to E__, by the strong, but
short-range attractive central-cell potential. The
energy splitting (E,s_, — E,s.g) =64 where A is
the valley-valley coupling matrix element between
adjacent valleys on different cubic axes. The
1S-T, states, lying slightly below the 1S-E states,
play an important role in the Orbach SLR pro-
cess,” but will play no role in uniaxial stress-
induced shifts of isolated donor polarizabilities.
The uniaxial stress only couples the 1S, — A, and
1S - E, states with valley admixture coefficients
C, =1/v6(1,1,1,1,1,1) and Cg =1/V1Z(-2,
-2,1,1,1,1) (x-axis stress).

Following the treatment of Wilson and Feher,'®
and using the six-component vectors® for the
stress 0, and the strain u; (; —uqp Where u,, is
the strain tensor) related by u; =S;,0; where the
S;; are the elastic compliance constants, the
stress-induced shift of the jth conduction-band
minimum is given by*

AEé:EB(Edéda*'Eukkag)uaBy (3)
a

where*kf, and %! are components of the unit vector
from k=0 to the minimum of the jth valley, and
=, and X, are the dilatational and shear defor-
mation potentials, respectively. The average
shift of the six conduction-band minima in Si for
either a [110] axis or [100] axis stress is given
by AE2 = (S,, +25,,)0,(%,+ =,/3). In either case
four valleys shift up (down) and two valleys shift
down (up). Next we utilize the VRM to obtain the
coefficients C;(x) as-a function of the reduced
valley strain v and thereby obtain the ground-state
donor polarizability a,(x).

A. Valley repopulation model (Refs. 18 and 26)

1. [110] stress-axis case

For this case the four (x, —x,y, —y) valleys shift
upward in energy an amount x,,,A and the two
(z, —2z) valleys shift downward an amount —2«x,,,A
where x,,,= (S, —S,,)%,0,/64 is the reduced valley
strain (0,>0 for a tensile stress). For this case
the ground state C,(x) takes the form C;
=(C 4 C,CpC,,Cr,Cpy) with 4C%+2C5=1. Solution
of the 6 X 6 valley-orbit coupling Hamiltonian
matrix for this case leads to

Ci=L[1+(F-0)(* - 5x+4)"7], (4a)
and
Co=L[1-(F-x)("-%x+4)"? (4b)

for x=x,,4.

2. [100] stress-axis case

For this case the two (x, —x) valleys shift up-
ward an amount 2x,,, A and the four (y, -y, 2z, —2)
valleys shift down an amount —x,,, Awhere x,,,
=(S,, —S,,)0, =,/3A. For this case the ground
state Cj(x") takes the form C}(x")=(Cj, C;,C,,
C4,C4,C}). Solution of the valley-orbit coupling
in this case leads to C’® and Cj of the same form
as in Egs. (4a) and (4b), but with x replaced by
—x" where ¢ = Y100+

B. Stress-dependent shallow donor polarizabilities

The donor polarizabilities will be expressed
as a function of the reduced valley strain x,,,(x)
Or ¥,q0(x") for the two stress-axis cases con-
sidered above. The analysis will be within the
framework of the VRM and will also include the
stress dependence of the valley Bohr radius a;(x)
employing the approach developed by Fritzsche.®
In this approach a strain-dependent Bohr radius
a;(x) for the jth valley is given by

a (x) E s(O) 1/2
a:(O) :‘(Ess(x)fAE; (x)) ’ (5)

where AE!(x) is the shift of the jth valley with
valley strain and Egg(x) is the coupled ground-
state energy as a function of valley strain. Egg(x)
is described in terms of E,,, the single-valley
correction A to Egy,, the adjacent valley-valley
coupling A and A(1 +0) for the opposite valley
coupling. The parameters A, A, and 6 for P and
Sb donors,** along with the low-temperature Si
elastic constants® S,,, S,,, and S,, and the defor-
mation potentials are shown in Table L

The polarizability tensor b‘z,. for the z valleys
will be given by

a 0 0
a,(x=0)=|0 a, O], (6)
0 0 ¢

with similar permuted expressions for &, (x=0)
and @,(x=0). These expressions are only rig-
orously correct for x =0 and one must consider
the quantities ¢, «,,, @,, and o ,, the u stand-
ing for the valleys shifted upward by the stress
and the I for the valleys shifted down to a more
negative energy. The polarizability tensor
dp_gs(x) will be given by

Fpcs(%) = f\: Cix) &, (x) )

with &;(x)=f, @;(0) for the upper valleys and
@,(x)=f, @,(0) for the lower valleys. Since o;(x)
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TABLE 1. Summary of silicon and donor parameters.

Elastic eompliance constants (x107® dyne™! cm?) (Ref. 33)

Si:P (Np=1.98x10"% em™%)-4.2 K

Pure Si-4.2 K
Si1 7.617 7.995
S -2,127 -2.317
Su4 12.463 12.505

Conduction-band-valley mass tensor components—deformation potentials

m,=0.9163m (Ref. 21)
Hy=—5.2+0.3 eV?

my=0.1905m (Ref. 21)
%,=8.6+0.2 eV (Ref. 22)

Shallow donor parameters (Refs. 23, 32)

6A (meV) 4} A (meV)
P 12.95 -0.308 4,13
Sb 12.14 -0.586 2.53

2 R. Ito, H. Kawamura, and M, Fukai, Phys. Lett. 13, 26 (1964).

[a,(x)]® the f(x) factors are defined by

_fa,x)\?
7= (3567) - ®
In the present work the electric field is always
applied along the [001] axis and the capacitance
measurement after corrections determines the
component €,, of the dielectric tensor €N ,, w, T).
From the Clausius-Mossotti relationship € is
related to &(Np, w, 7). We employ the expression
developed by Castellan and Seitz,** which for the
scalar case is

47N, o,
[1- (41rN,I,)aD/3€h)] : ®)

This expression states that for a single dopant
the entire change in € from €, results from the
shallow donors, although at finite temperatures
there will be a hopping contribution of the form
developed by Pollak and Geballe.*® In this work
we shall use Eq. (9) without a hopping term to ob-
tain an effective polarizability a5, (Np, w, T,x)
which includes hopping. However, at sufficiently
low temperatures

€=€,+

st (Np, w, T, %)= ap Ny, 0, T=0,x).

In the presence of compensation it is only the
neutral donors with concentration (N, - N ,) that
contribute to € The polarizabilities of both
ionized donors and ionized acceptors are com-
parable in magnitude to those of the covalently
bonded Si atoms and are approximately 107 the
magnitude of the neutral donors. On the other
hand, it is well known that compensation can con-
tribute importantly to the hopping conductivity and
to the hopping contribution to a3 (N p, w, T, x).
Very close to the insulator-metal transition (N,
-~ N,) we believe compensation will have a more

significant effect on the dielectric behavior.

1. [110] stress-axis case

Using Eqs. (5)-(8) and the normalization con-
dition 4C% +2C% =1, one obtains for the tensor
component a, ,,(x) (the subscript GS will be
omitted henceforth) the result

o (%) =f, o, +4C4(f,a, -f,a,), (10)

where C%(x) is given by Eq. (4a) and f,(x) and
f,(x) are determined by Eqs. (5) and (8). Explicit
expressions for these quantities are given in the
Appendix. Note that a, ,.(0)=3(a,+2a,). Given
explicit functional depex'\dences for Ci(x), f,(x),
and f,(x), the experimentally determined quan-
tity &y (%) = @p .,(0) is a unique function of a,
and @, and can'be used to determine (a, - a,).
This quantity combined with a,_,,(0) will then in
principle determine the individual tensor com-
ponents @, and @,. This is readily seen for the
simplified case of neglecting stress-induced
changes in the Bohr radii, i.e., setting f, and
f;=1. Inthis case Eq. (10) becomes

ap, )=, +4C%(a, - a,)

=3(a,+20,) - (a,~a ) (Fx+Ex2 - & x°

-&extl)), (1)

where the latter form is obtained by a power
series expansion of C4(x). Forx <1, a,_,(x)
-a,_,.(0) varies linearly with x with a charac-
teristic slope —% (@, = @,). The fyx” term implies
a decrease of a,_,,(x) with x steeper than linear,
which is not in agreement with the experimental
data. The Appendix gives an expression for
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a,.,,(r) with numerical coefficients including the
f,(x) and f,(x) factors for P and Sb donors. Finally
we note that o, ,(x) is obtained from the expres-
sion

41N o, ﬁ(x)
47N pap 1,(x)/3€, ,,(x)] *

€"(x)=€hvu(x)+ o1 (12)

where €, ,,(x) is the strain-induced change in the
dielectric constant of pure Si and is obtained from
measurements on high purity Si samples (N, ~ N
<10'*/em®). For N,<10'/cm® the denominator in
the second term in Eq. (12) is essentially unity,
the correction from the Lorentz-Lorenz correc-
tion being less than 5%.

2. [100] stress-axis case

Using Egs. (5)-(8) and the normalization con-
dition 2C}#+4C'?=1, one obtains for the tensor
component @, ,,(x) the result

ap ) =fla +2CE[fi(a, +a)=2f 0], (13)

where C'%(x’) is given by Eq. (4a) with x replaced
by —x’, and f;(x’) and f;(x’) are obtained from
Egs. (5) and (8). Just as in the [110] axis case,
ap (0)=3(e, +20) and @, (%) - @, ,,(0) is a
unique function of ¢, and a, once C/Z(x’), fi(x'),
and f'(x’) are specified. For the case /. and f}
set equal to 1, Eq. (13) becomes

Ap, zz(x,) = a.l.+2C;42(all = al)
=%(0l" +2a1) - (a1 - 01")
X(5x = &x? fradegBarty L)),

(14)

where C/Z has been expanded in a power series.
Equation (14) is similar to Eq. (11) except for a
factor of 3, and the replacement of ¥ by x’ changes
the sign of the x’? and ¥’* term. For small x’ the
linear slope of a, ,(x')-a, ,,(0) vs x’ is exactly
L of that for the [110] case in Eq. (11). But since
X' =%100=2%,,0=2% the slope would be identical if
plotted versus the applied stress o, rather than
versus the reduced valley strain parameters x
and x’. However, the quadratic terms in Egs.
(11) and (14) are of opposite sign. Equation (14)
predicts an upward deviation from the linear
decrease in oy, (x’) - o, ,,(0) as x’ increases,
although the predicted upward deviation is much
smaller than that observed experimentally. As in
the [110] axis case @, ,,(x’) is determined from
the value of €,,(x’) using Eq. (12) with x replaced
by x’.

As will be shown in Sec. IV the experimental

data for a, ,,(x) and @, ,(x’) are not in quan-
titative agreement with Eqs. (10) and (13) for P
or Sb donors in Si. This lack of agreement results
from the neglect of strain variation of the valley
coupling matrix element—an effect discussed
qualitatively by Fritzsche.® When the valley wave
function changes because of changes in a,(x) or
a;(x’) and possibly even in the Bloch functions

Upgs ek0i’* one will expect the valley-valley cou-
pling matrix elements to be functions of the valley
strain. Because it is difficult to calculate the
matrix elements which depend critically on the
central-cell potential and the core part of the
valley wave functions, an empirical approach will
be used to obtain the corrections for A(x) - A(0)
and A(x’) - A(0). Finally, we should observe that
a theory of &p_gs(x) or &,_.5(x’) can be formulated
using the wave function ¥,_ss in Eq. (1) and the
Hassé approach® for calculating &@,_qs(x). This
new approach avoids using the parameters a,

and @, and leads to a different strain-dependent
¥p-as(%) than given by Eq. (1). This new, more
satisfactory theoretical formulation is presented
in the following paper.

II. EXPERIMENTAL PROCEDURES AND SAMPLE
PREPARATION

A. Samples and sample preparation procedures

The nominally uncompensated n-type and high-
purity Si samples studied in this investigation
are listed in Table II. Most of the samples studied
were grown by the Czochralski method-although
the high-purity samples and the Si: Sb samples
were obtained from float zone ingots. The table
shows the stress axis for each sample and the
thicknesses and widths of each sample. The
neutral donor concentrations were obtained from
room-temperature resistivity measurements using
the four-point probe method.

Rectangular slabs, approximately 0.90 x 0.51
x 0.22 in. thick, were cut with a precision wafering
saw from the x-ray-oriented ingots. The axis
normal to the slab was chosen to be closely a
[001] axis along which the electric field would be
applied. The long axis of the slab was chosen as
either a [100] or [110] axis and ultimately became
the stress axis. The final accurate orientation of
each slab was obtained using an x-ray diffraction
unit attached to a Do-All D6 surface grinder. This
allowed the rectangular block sample edges to be
aligned to the Si crystallographic axes to +0.25°
The rectangular block was ground to a final size
of approximately 0.84 X 0,475 X 0.17 in. thickness
in preparation for the final shaping.

The final shape of samples prepared to be held
by the uniaxial tensile rig vises is shown in Fig.
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TABLE II. Sample specifications.

Width

Stress RT resistivity Np® Thickness
Sample? axis (ohm cm) cm™3) t (mm) w (cm)
H1a-High purity [11o] 750 (p type) ~5x1013  0.734+0.002 1,850,001
H1p-High purity [110] 750 (p type) ~5x1013  0.626 1.177
P1-Phos [100] 0.1025 6.8 x10'®  0.383 1,199
P2-Phos 1o} 0.1025 6.8x10'% 0,504 1.202
P3-Phos [100] 0.0490 2.26x1017 0,663 1.187
P4-Phos 111o] 0.0490 2.26 x10!7 0,522 1.164
P5-Phos [100] 0.0317 5.1 x10!7 0,498 1.223
P6-Phos 1o 0.0327 4.8x10'7  0.656 1.200
P7-Phos [100] 0.0160 1.90 x10'% 0,553 1.217
P8-Phos [110] 0.0162 1.87x10% 0,517 1.186
P9-Phos {100} 0.0188 1.41 %108 0.667 1.191
P10-Phos {110] 0.0192 1.38x10%  0.447 1.197
S1-Phos [100] 0.0185 1,43 %1018 0.538 1.198
§2-Phos [110] 0.0185 1.43x1018  0.639 1.170
D1-Sb [100] 0.1275 6.25x101 0,412 1.190
D2-Sb [110] 0.126 6.35 X108 0.446 1.188
D3-Sb [110] 0.130 6.1 x10%  0.616 1.195

2 High performance technology (H), Dow-Corning (D)—float zone ingots Pensilco(P),

Siltec (S)-Czochralski-grown ingots.

b N, for Si: P samples obtained from Mousty ef al. (Ref. 39) curve; N, for Si: Sb samples

obtained from Sze-Irvine (Ref. 40) curve.

2. The tapered ends (20° slope with respect to
the sample flat) were ground with the Do-All
grinder employing'a special brass sample holder
jig and sample holder mounting blocks, as illus-
trated in Fig. 1. The 20° slope on the brass saddle
was machined to £0.1°, The two brass mounting
blocks are locked in position on the jig by an
alignment pin and two screws. Obtaining a smooth
transition between the 20° sample slope and the
sample flat was important and was achieved by
fine adjustment of the goniometer head, depth of
cut, and the lateral translation of the grinding
wheel. The cut of the grinding wheel (and/or the
relative alignment of the grinding wheel to the
x-ray unit) was not “true” resulting in a slightly
deeper cut atone edge than at the other. This prob-
lem, plus the surface texture left by the grinding
wheel, meant the surface “flat” regions were not
perfectly flat and the flat region used for the
capacitance measurements was not of uniform
thickness.

Shortly before evaporating Au electrodes on the
samples the samples were etched with a standard
CP-4 etch solution for 40 seconds to remove sur-
face damage from grinding. The etch typically
reduced uniformly the dimensions of the samples
by about 0.003 in. The dimensions of the sample
were then measured. The width of the samples

was measured to an accuracy of 0.01 mm. How-
ever, the small thickness and the uneven surface
of the sample flat region required many measure-
ments and suitable averaging utilizing a special
tapered head (0.032 in. radius) micrometer. In
some instances measurements were repeated
over the evaporated Au electrodes after the
piezocapacitance data were obtained. The ac-
curacy of the thickness measurements was 0.002
mm for the average sample thickness. Even this
accuracy can still lead to a sizable error in the
determination of @ ,(N) in the dilute limit. Au
electrodes of approximately 1200 A thickness and
0.635 cm width were evaporated on the flat central
portion of the sample as shown in Fig. 2. Mylar
strips (0.002 in. thick) were glued to tapered ends
of the sample to insulate it from the grounded
stainless-steel vices. Copper leads were cemernted
to the Au electrodes with silver conducting paint.
A thin disk sample was cut from the ingot ad-
jacent to each uniaxial stress sample for the pur-
pose of making four-point probe resistivity mea-
surements. The resistivity was determined by
standard tables®” and included the thickness cor-
rection factor.?® For Si: P the neutral donor
concentrations were obtained from the Mousty-
Ostoja-Passori® curve (assumed to be more
reliable than the Sze-Irvine*® curve) while for
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FIG. 1. Sample-shaping procedure, sample holder jig,
and sample holder blocks. (a) The central portion of the
sample is ground, then (b) and (c) the sample ends are
ground with the sample-holder block mounted on the 20°
slope of the jig. After one face is completed the sample
is turned over and mounted on sample-holder block 2 to
grind the second surface.

Si : Sb the Sze-Irvine curve was employed. The
values of N,obtained are expected to be accurate
to +7%.

B. The tensile stress rig

The lower section of the tensile stress rig is
shown in Fig. 2. The upper section was con-
structed to five thick-walled stainless-steel tubes
held rigid by a series of brass flanges. Thetensile
force F was applied to the upper vise and sample
with a }-in.-diameter stainless-steel tube, which
in turn was coupled to a simple lever (mechanical
advantage = 5) above the top flange of the low-temper-
ature insert. Boththe upper and lower vises feature
universal joints to provide “self-alignment” of the
tensile force. Two of the four outer supporting stain-
less-steel tubes contained the electrical leads con-
sisting of Be-Cu wires, interrupted at their mid-
points by short sections of thin-walled stainless
tubing for thermal insulation, connecting the sam-
ple to the three-terminal capacitance bridge. The
entire lower section of the stress rig was con-
tained inside a 1.5-in.-diam stainless-steel can
which would be soldered with cerroseal to a brass

te

L

Stainless
Steel
Vise

Gold

FIG. 2. Tensile stress rig with vise jaws and sample.

flange to provide a vacuum-tight enclosure. During
experiments 200-300 microns of helium exchange
gas was employed to maintain the vises and sam-
ple at the liquid He bath temperature.

Strain gauges were employed to calibrate the
strain produced by the tensile rig using the same
approach utilized by Olson.** As found by Olson
the strains obtained by strain-gauge measure-
ments agreed to within 5% with the calculated
strains using the standard elastic constants of
Si. In this work all the strains (u,;) and reduced
valley strains (x,,, and x,,,) were calculated from
the known low-temperature elastic constants®® and
the applied stresses. Based on the strain-gauge
results and observed hysteresis, a maximum
frictional load correction of 0.17 kg was deter-
mined and applied to the data. This frictional
correction was less than 29 at large loads (10
kg).

C. Piezocapacitance measurements and corrections

The capacitance measurements were made with
a GR1616 three-terminal precision capacitance
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bridge utilizing a PAR129A lock-in-amplifier as
a detector. The stress-induced fractional cap-
acitance changes varied from 3 X107 to 5 x 1072
(at maximum stress) from the lightly doped to
more heavily doped samples. For a 40-mV ac
voltage across the sample the bridge sensitivity
was sufficient to detect (AC/C) changes of order
10", No change in [C(x,,,) = C(0)]/C(0) was ob-
served when the sample voltage was changed from
10 to 60 mV. The stress-dependent dielectric
constant changes observed can be considered to
be thermal equilibrium shifts with no measurable
hot electron effects. Frequency-dependent mea-
surements (31 Hz to 10 kHz) were both obtained
at zero and maximum stress at 4.2 and 1.1 K.
The stress-dependent measurements were made
at the optimum frequency of 3 kHz.

In order to obtain the correct dielectric con-
stant €(Np, x) as a function of the valley strain
the following corrections had to be considered,
namely (1) the geometric correction resulting
from changes in the sample dimensions with
stress, (2) the edge capacitance correction, (3)
the Schottky barrier capacitance resulting from
the depletion regions just inside the Au electrodes,
and (4) the stray capacitance due to the unshielded
Cu leads. To obtain the neutral donor polar-
izabilities a,(N,x) an accurate determination of
€,(x) is required. If the length (Au covered sec-
tion), width, and thickness of a sample deter-
mined at room temperature (RT) are, respec-
tively, 1,, w,, and #, then the quantities I(c,),
w(o,), and #(o,) are calculated using the factor
(1 - a,) (@, is the thermal contraction from RT
to the liquid He temperature range; a,=2.2
x 107 for Si) and the appropriate strain calculated
from the elastic constants S,;, S;,, S,, and the
tensile stress o, (o,=F/wt). The two stress-
axis cases, [110] and [100], led to different
expressions for 1(o,), w(o,), and ¢(o,).

The dielectric constant €,, was obtained from
the measured capacitance C using the expression

€,.=(C=C,)/(€,lw/t), (15)

where €, is the permeability of free space and
C, is the edge correction capacitance of the sam-

ple. C, is given reliably by the empirical formula*?

c.- [QE;BLZ) In (_175_) + 0.0185(2we,,+zz)]pF,

(16)

where I, w, and ¢ are in cm. Equation (16) takes
account of the fact that the two edges of length I
are bounded by He gas (€ ~1) while the two edges
of length w are bounded by the doped Si with di-
electric constant €,,. Thus, since C, involves

€,., one must solve Eq. (15) for €,,. The neglect
of C, can result in an error of 3-5% in €,, de-
pending on the magnitude of N,. The neglect of
C, would introduce a very serious error in the
determination of the donor polarizability in the
dilute doping limit. The Au electrodes produce
depletion regions on each side of the sample
resulting from the Schottky barriers. The
Schottky barriers, each having a capacitance*®
Cp=€,lwle€, Ny/2V,)'/2, where V, is the barrier
height (for Au on Si V,=0.8 eV), are in series
with the sample capacitance C,. The effective
capacitance C,,, measured is given by

C. = CCsr €q.€lw
o7 2C,+Cy  t+2i5(e/€,-1)

where ¢ is the total sample thickness and ¢, is the
Schottky barrier width.** For N,>10"%/cm? ¢,
<107 while in the dilute limit € -~ €, and the cor-
rection term in the denominator is negligible.
The measured values of C,,,, excluding the edge
correction C,, are very accurately given by C,,,
~€.€lw/t.

A stray capacitance due to the unshielded copper
electrical leads was difficult to accurately deter-
mine with the sample in place, but was found to
be of order 0.01 pF without the sample. This re-
sults in an error of 0.07% or less in the measured
capacitance. This error contributes to the ab-
solute magnitude of @, (N), but makes virtually
no contribution to the stress-dependent behavior.
Since this stray capacitance error is less than
that due to errors in ¢ it has been neglected.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

In order to obtain stress-dependent donor po-
larizabilities one requires the dependence of €, ,,
on stress, hence the results on high-purity Si
will first be considered. Then results for Si: P
and Si: Sb samples will be presented and the ap(x)
behavior will be compared with the theoretical
model given in Sec. II. An additional correction
taking account of strain-dependent valley-valley
coupling will be considered. The extrapolated
zero-temperature values of the zero-strain po-
larizabilities are compared with other experi-
mental values and with theoretical values. Finally
a brief discussion of the strain-dependent hopping
ac conductivity results will be given.

A. High-purity Si results

The dielectric constant component €, ,, varies
linearly with the stress o, up to 600 kgm/cm?
with a slope independent of temperature in the
temperature range 4.2 to 1.1 K. Measurements
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were only made for a [110] stress axis and [001]
electric field direction. These results yielded the
result

[1/€,,(0](A¢, .,)/(A0,)

=—(3.37+£0.07) X107 kg™ cm?.

From hydrostatic pressure studies Cardona

et al.* have reported values of 1/€(0)(A€/Aay,,)
for pure Si to be ~(4+1) X107 kg™ cm? at 10
MHz and 7=263 K, and —(6+4) X107 kg~! cm?

at infrared frequencies and 7 =297 K. The linear
shift of the dielectric constant with strain is
related to the strain by a fourth-rank tensor
T,; r1» Which at present is not well characterized
experimentally. If one retains only the diagonal
component T';, ,, of this tensor, an approximate
relationship between the hydrostatic pressure and
uniaxial stress shifts of € is found to be

1 A, (s”+zsm> 18,

€,(0) Ao,y Stz €, (00 Ao,
amn

Using the values S,, and S,, from Table I, one
infers the result

[1/€,0)](A€, /A0y, ) =—(5.3+0.3)

x 107 kg~! cm?

which is intermediate between the two RT range
values obtained by Cardona et al. It is not obvious
that there should be any temperature dependence
of this quantity, and the present result may be
much more accurate than the earlier results.
From a dielectric constant calculation Van Vech-
ten® obtained the result (v/€,)(d€,/dr)=1.80 (r

the nn distance), which using dr/r =u,, =u,,=u,,
=—(s,, +25,,)0,,4 yields the results

[1/€,(0)](de,/doy,y) =~6.2 X 107 kg™ em?,

slightly larger than the above value.

A plot of €, ,.(0,, T) vs T for three different
values of the stress o, is shown in Fig. 3. These
results (v =3 kHz data) can be extrapolated to T
=0 K to obtain the value €,(0,=0,7'=0). Despite
the apparent relative accuracy of the data, the
absolute accuracy of €,(0,=0, T =0) is limited by
the sample thickness measurement. If the sample
thickness errors plus other small systematic
errors are taken into account we obtain €,(0,=0, T
=0)=11.40+0.06, which is slightly smaller than
earlier experimental values obtained by refractive
index measurements,?*7% and by radio frequency
capacitance measurements,®' but is in excellent
agreement with Faulkner’s value® €,=11.40+0.05
inferred from EMA theory and the energy posi-

0 kg cm™2

11.398—
250 kg cm™2

hzz | 500 kg oni?

11.394

11.392 | | | | |
0]

T(K)
FIG. 3. Dielectric constant ¢, ,, of high-purity Si
versus temperature with a [110] axis uniaxial stress as
a parameter.

tions of the 2p and 3p excited donor states. The
earlier experimental values of » (n the refractive
index, n=v€,) and €, were obtained at 7="T7 K
and higher temperatures and one expects €,(T)

to increase with T. Values of (1/n)dn/dT have
been reported by Cardona et al.?* and by Lukes®®
in the 77 K to RT range. From these results one
obtains values of [1/€,(0)](d€,/dT) of (7.8+0.8)
X107 K™ and (9.6+0.4) X107 K™, respectively,
which are to be compared with the result obtained
from Fig. 3 at 4.2 K of 1.12 X 10™ K™, Whether
this low-temperature value results from the host
Si lattice or also contains residual hopping con-
tributions from the impurities in this nominally
“pure” sample is uncertain.

B. Frequency-dependent dielectric constant behavior

In Fig. 4(a) and (b) are shown the frequency-
dependent dielectric constants for zero stress
and at a large stress for 4.2 K and at a consid-
erably lower temperature for a dilute sample (a)
(P3) and a concentrated sample (b) (P7), re-
spectively. For the dilute sample at both T'=4.20
K and T=1.126 K there is an increasingly impor-
tant frequency-dependent hopping contribution to
€,.(x,T,v) for v decreasing below 1 kHz. For
v>1 kHz the x,,,=0 and x,,, large curves parallel
each other at both temperatures and the strain
dependence resulting from €, ,,(x) and a,(x) is
virtually the same at both ten'nperatures. For
v<0.1 kHz the strain dependence includes the
hopping contribution and is smaller at T=1.126 K
than at 4.20 K. For the P7 sample in Fig. 4(b)
the hopping is the dominant contribution to €, at
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(b) F)i[100]
o e 4.20K
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FIG. 4. Dielectric constant €,, versus frequency
(kHz) for the valley strain x;4,=0 and for a large value
of %349 (a) Sample P3 (Si:P, Np=2.26x10"/cm®) oeT
=4.20 K, AAT =1.126 K; (b) sample P7 (Si:P, Np=1.9
x10'%/cm®) 00T =4.20K, naT =1.13 K.

low frequencies at 4.2 K. ¢€,, varies as 1/v%12

for v<0.2 kHz and the strain shortens 7 (increases
hopping rate and 0,c) by approximately a factor

of two. For v = 3 kHz the hopping contribution to
€,.(x) is very small and the dominant strain de-
pendence, which is too small to see in the figure,

results from €, ,,(x) and a,(x). At T=1.13K th
frequency dependence is very small (A€, <0.1
from v=0.03 to 10 kHz) and the hopping contri-
bution is negligible. The two curves €(v,x,,,=0)
and €(v, x,,,=0.95) are virtually parallel and the
strain dependence of €,, results predominantly
from €, ,,(x) and a(x). All the strain-dependent
results presented in the next section are for mea-
surements at v=3.0 kHz where the hopping con-
tribution to €,,(x) is negligible at low enough tem-
peratures and small at 7=4.2 K.

C. Strain-dependent dielectric constants and donor
polarizabilities

The strain-dependent dielectric constant values
€,.(x1,0) and €,,(x,o,) versus valley strain for
Si: P samples P5 and P6 (N,~5 x10"/cm®) and
S1 and S2 (N,=1.43 X 10'®/cm) are shown in Figs.
5 and 6, respectively. The €,, values were ob-
tained from the measured capacitance values,
Eq. (15), and the sample dimensions. The €,
results for the other doped-Si samples listed in
Table II are qualitatively similar to the results
shown in these two figures. The principal results
for the strain-dependent polarizabilities of all
the doped-Si samples are listed in Table IIL

For the [110] axis data €,,(x) decreases almost
linearly with x, but shows a slightupward deviation
from a strictly linear drop with x. This behavior
is in qualitative but not quantitative agreement
with Egs. (10) and (11). The small decrease of
€,.(x) with temperature results from the decrease
in the residual hopping contribution to €,,(x) with
decreasing temperature. The [100] axis results

TABLE III, Summary of experimental results of doped samples.

Stress  apk=0, T=0) 1 Aap min (20 (0) = ap (i)
; 543 —— e Ax %100 X100
Samples axis x(10°A°) ap(0) Ax | 7. op
Si:PP1 100 1.6+0.5 -0.15+0.02 0.40 2.6 £0.3
P2 110 1.3+0.4 ~0.30+0.,03
P3 100 1.2+0.2 -0.12+0.02 0.59 3.17+0.05
P4 110 1.4+0.2 -0.24+0.01
P5 100 1.4£0.1 -0,12+0,01 0.59 3.15+0.05
P6 110 1.4+0.1 -~0,24+0.01
P7 100 2.1%0.1 -0.13+0.01 0.36 2.3 £0.1
P8 110 2.1+£0.1 -0.26+0.01
P9 100 2,2+0.2 ~0.13+0.01 0.42 3.0 £0.1
P10 110 2.1+0.1 -~0.27£0.01
S1 100 2,0+0.1 -~0,14+0.01 0.42 2.98+0.05
S2 110 2.0+0.1 ~0,28+0.01
Si:SbD1 100 2,0+0.6 -0,07+0.01 0.90 2.8 £0.2
D2 110 1.9+0.6 -0.14+0.01
D3 110 1.9+0.6 -0,15+0,01
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FIG. 5. Dielectric constants €,, (x199) and €, . (%y49) VS
%300 and x4, respectively, for samples P5 (Si: P, Ny
=5.1x 10" /cm?®) and P6 (Si:P, Np=4.8x10'"/cm?) for
temperatures from 4.2 to 1.12 K.

for €,,(x’) also show a decrease with x’, but which
exhibits a considerably smaller slope d€,,/dx’
than the [110] axis case. In the vicinity of x’
~0.6, €,,(x’) passes through a shallow minimum
and starts to slowly increase. Again there is a
small temperature dependence of €,,(x’) from
residual temperature-dependent hopping con-
ductivity contribution to the dielectric constant.
However, to a very good approximation the
€,.(x’, T) move rigidly down with decreasing tem-
perature implying the strain-dependent €_,(x’)
behavior is virtually independent of temperature.
The observation of a minimum at such small val-
ues of x’ is not in agreement with the predictions
of Egs. (14) and (12) and is one of the important
new results of the present work. This data will
be discussed in more detail shortly after using
Eq. (12) to obtain the dependence of a%™ on the
valley strain.

The results in Fig. 6 for the more heavily doped
Si: P sample (N,~1.43%x10"/cm®) show behavior
qualitatively similar to the more dilute results,
but with the following differences: (1) The mag-
nitude of the €,,(x) values are larger, (2) the
lowest temperature data (1.1 K) is slightly larger
than the values at larger temperatures (2.9 K),
and (3) the position of the minimum for the [100]
axis case shifts with temperature, increasing as
the temperature is lowered to a value xJgy ~0.42
which is lower than for the more dilute samples.
Despite these differences the initial slopes are

154
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FIG. 6. Dielectric constants ¢,, (%19) and €,, (xy1,) vs
%190 and x4y, respectively, for samples S1 (Si: P, Nj,
=1.43x10%/cm3) and 52 (Si:p, Np=1.43x10'%/cm3) for
temperatures from 4.2 to 1.10 K.

almost the same and are a factor of two larger
for the [110] axis than for the [100] axis stress.
Because of the smaller value of xTi® the value of
€,.(x’~1) now slightly exceeds the unstressed val-
ue €,,(x’=0).

Figures T and 8 show, from the results in Fig.
5 (but with more temperatures) using Eq. (12),
the strain-dependent effective donor polariza-
bilities @, (x,4,) and a,(x,,,). These figures show
virtually the same behavior as already discussed

1.44

Fuli00]

1.42

a5 (10° A3)

1.38

1.36

(0] 0.2 04 06 08 1.0
Xi00
FIG. 7. The polarizability ap(xyg) vs x4q, for sample
P5 (Si:P, Np =5.1x10'"/cm?) and for temperatures from
4.19 to 1.13 K, obtained from Eq. (12).
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FIG. 8. The polarizability o p(xy14) VS %159, for sample
P6 (Si:P, Np=4.8x10!"/cm?) and for temperatures from
4.20 to 1.12 K, obtained from Eq. (12).

for the €,,(x) results in Fig. 5 and differ only
because of the small linear variation of €, ., with
x. We also note that strain-dependent results
(see Table II) for samples P3 and P4 (N,~2.26
x 10" em™) are identical to within experimental
error. It is these results that will be compared
with theoretical expressions given by Eqs. (10)
and (13).

Figure 9 shows results for o ,(x,,,) for a rel-
atively dilute Si:Sb sample (D1) stressed along a
[100] axis. Although the strain-dependent behavior
of ap(¥,0,) is qualitatively similar to that for the
Si: P samples there are some quantitative dif-
ferences. The initial slope {[1/a,(0)] X da,/
dx')},. 0 is almost a factor of two smaller and the
position of the minimum, xTi" has moved out to
%100~ 0.9. These results suggest a characteristic

200
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X100
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FIG. 9. The polarizability ap(xg) VS %1q9, for the di-
lute Sb sample D1 (Si:Sbh, N, =6.25x 101¢/cm?) and for
temperatures from 4.20 to 1.11 K, obtained from Eq.

12).

donor-dependent behavior for a,(x,,,) which, in
fact, is not predicted by the VRM modified by
Fritzsche’s correction. Si:Sb samples D2 and D3
show characteristic [110] axis strain-dependent
behavior with an initial slope which is closely
twice that for the [100] axis case. These Si:Sb
samples all show a temperature dependence of
€,.(x,T) and a,(x,T) resulting from the residual
hopping. To a very good approximation the curves
shift rigidly downward with decreasing tempera-
ture. Thus, the strain-dependent behavior is in-
sensitive to temperature inthis temperature range.

D. Comparison with the theoretical model

The [100] axis experimental data for Si: P of
sample P5 (P3 would be virtually the same) is
compared with the expressions given by Eqgs. (13),
(A2), and (14) in Fig. 10. The parameters for P
donors for a,(x)/a,(0) are obtained from Table I
The [VRM], «, curve, calculated from Eq. (14),
does not take account of strain-dependent aj(x)
and is in poor agreement with the experimental
values of ap(x,)/a,(0). There is no evidence of
a minimum out to x,,,~ 3 and the initial slope is
substantially too small. The curve [VRM] 440
based on Eq. (A2) includes the Bohr radius strain
variation. It is in somewhat better agreement,
showing a slightly steeper slope and a minimum
at x,4,~1.3. Nevertheless, the calculated curve
still differs substantially from the experimental
result. The calculated curves have used Dexter’s
result?” o /@, =2.123. This ratio yields a slope

{[1/a,ON[day(x)/dx]},..o=~0.0714

Xi00
| o] 02 04 0.6 08 1.0 1.2 1.4
LA I DL L A IR L A L
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0.95p
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FIG. 10. The relative strain-dependent donor polari-
zability experimental results for ap(xy4)/@p(0) for
sample P5 (see Fig. 7) are compared with theoretical
calculations based on (1) the valley repopulation model
(VRM) only and (2) the VRM with a strain-dependent
valley envelope function Bohr radius a; (¥,¢). The latter
calculation does produce a minimum at about x4y ~1.32.
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from Eq. (14) which is slightly more than half the
slope for the P donors. If one increases the ratio
a,/a, to 3.7 one can fit the initial slope for the
Si: P results, but the minimum is pushed out to
xMi®~2,0 and one obtains overall poorer agreement
with the experimental curve. This strongly sug-
gests the theoretical expression is inadequate and
some physical contribution is missing from the
theory. This will be treated more carefully in the
following paper. One obvious correction to in-
clude is the strain dependence of the valley-valley
coupling parameter A, With strain-dependent
valley Bohr radii a,(x) one logically expects the
valley-valley matrix elements A,; to be strain
dependent. Since these matrix elements depend
critically on the central-cell potential and the
core portion of the donor wave function they are
very difficult to reliably calculate. Here, we will
adopt an empirical approach and assume a single
A(x’) with a power series of the form

A(x’)=A(0)(1 +Clx’+C2x’z+C3x'3+. ).

The 0 ,(%,4,)/@p(0)Si: P results in Fig. 10 can be
fit very well with C,=0.101, C,=-0.236, and
C,=0.068. This A(x’) leads to a ground-state
donor energy E¢(x’) different than that given in
Wilson and Feher. E4(x’) becomes more negative
up to x’~0.38 [where E5(0.38)=1.0039 E,4(0)] then
increases until Eqg(1.1)=0.995 E4(0). This de-
crease in binding energy for x’>0.38 is consistent
with the increasing value of ap(x,q,)/,(0) for
#1>21.

In Fig. 11 the [110] axis experimental results
for a,(x,,0)/@,(0) are compared with the the-
oretical expressions from Eqgs. (11) and (10) [see
Eq. (A1)] for ap(x,0,)/@,(0). Again @ /o, has
been set equal to Dexter’s?” calculated ratio of
2.123. The [VRM],,, curve has too small a slope,
while the [VRM] 4, ,,) curve is somewhat better,
but still not in good agreement with the data. The
smaller range of x,,, makes it less fruitful to
consider the specific form of A(x) as was done
for the [100] axis case.

For the Sb donor results shown in Fig. 9 the
data for a,(x,,,)/a,(0) can again be well fit with
a strain-dependent A(x’), with C,=-0.0527, C,
=+0.023, C,=-0.037, and C,=0.016. This A(x")
leads to a slightly different Egg(x’) behavior than
for the P donor. Because of the strong donor de-
pendence of the valley-valley coupling parameters
it is not surprising that the strain-dependent A(x’)
would also be different for the different donors.

E. Zero-stress donor polarizabilities

The effective donor polarizabilities a, (N, T,x
=0) calculated using Eq. (12) are shown in Fig.
12 vs T for a group of Si: P samples. These ef-
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FIG. 11. The relative strain-dependent donor polari-
zability experimental results for o p(xy49)0p(0) for sample
P6 (see Fig. 8) are compared with (1) the valley repopu-
lation model (VRM) only and (2) the VRM with a strain-
dependent valley envelope function Bohr radius a; (%19).

fective a,(N, T,x =0) contain a hopping contri-
bution. This hopping contribution can be largely
eliminated either (1) by performing a Kramer’s-
Kronig analysis on the €(N,, T,x =0, w) data to
extract € [given by Eq. (1) with a,(N,, T=0)],
or (2) by extrapolating the data for a,(N,, T,%
=0) to T=0 K. Figure 12 shows a much steeper
temperature dependence for a,(T) for sample
P2, This sample may be more heavily compen-
sated than the more heavily doped samples and
also appears to have a larger hopping activation
energy than the more heavily doped Si samples.
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FIG. 12. The zero-strain polarizabilities ap(x =0, T)
for a group of Si: P samples versus temperature. The
extrapolated T —0 oy values are given in Table III. Note
the different scales for different samples.
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This latter conclusion is in good agreement with
the Ge: Sb results of Fritzsche.’® Fritzsche’s
results show the €; activation energy reaching
a broad maximum for N,~8 x 10" em™ (N,
~0.04N ) and falling very rapidly for N,>N,/5.
Sample P, (N,=6.8 x10'°, N,~0.02N,) lies near
the peak in €, for these Si: P samples. Samples
P7 and S1 show considerably smaller slopes for
T<2.5 K while P6 and P4 show relatively small
slopes (note the scale change for these samples)
and are thought to be very weakly compensated.
The data in Fig. 12 is extrapolated to 7=0 K to
obtain values of a,(N,, T =0,x=0) which are listed
in Table II

The concentration dependence of a,(N,, T=0,x
=0) for Si: P inferred from the data and Eq. (12)
is shown in Fig. 13 and compared with earlier
work. In the dilute limit (W, <5 x10'" em™) the
present results agree with the more accurate
results of Capizzi ef al.'® reasonably well. How-
ever, the samples at concentrations 1.43 X108/
cm® and 1.9 x10*®/cm® have a,(N,, T =0) values
approximately 30% below the previous data. The
reason for these lower values is not understood,
but these samples are from Czochralski-grown
ingots with substantial amounts of oxygen. Fur-
thermore, the compensation in these particular
samples may be larger than in the samples studied
in previous work. The effect of compensation is
to increase N, and to decrease €(N,) at a given
value of neutral donor concentration (N, ~N,).
However, the present data does support the idea
of a donor polarizability enhancement as N, ~N,.
Although the error in a, is large for the 6.8
x 10'/cm® sample, the extrapolation of the a,(N,)
data to small values yields a,(0)=(1.2+0. 2)
x10°A ? for the isolated P donor. This is in ex-
cellent agreement with the value a,(0)=(1.15
£0.1) X 10° A3 determined by Capizzi et al.'® Lipari
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FIG. 14. The ac conductivity o(T', x, v) versus fre-
quency v for T =4.2 K and a lower temperature for zero
strain and for a large strain, x;,), along a [100] axis.
(2) Sample P1 (Si:P, N =6.8x 10 cm™3); (b) sample
P7 (Si:P, Np=1.9x10'% cm~3),

and Dexter®® have calculated a,(0)= 1.2 x 10° A®
for the P donor in Si using an isotropic envelope
function containing many different exponentials
with a substantial spread in Bohr radii. The Sb-
doped Si samples studied in this work (all dilute)
yield a value @,(0)=(1.9+0.6) x 10° A° for the Sb
donor. This is in reasonable agreement with the
calculated value® (neglecting anisotropy) of a,(0)
=1.6x10° A%,

F. Stress-dependent ac conductivity

Figure 14 shows the frequency-dependent con-
ductivity oW,, T, x, w) for a dilute sample (a) and
for a concentrated sample (b) for x,,,=0 and for
a large value of x,,,. The dilute sample exhibits
characteristic hopping behavior (caw®) and shows
a small increase of o with x which is in agreement
with the Bohr radius increase and polarizability
increase for x,,,>x73®. The increase is slightly
larger at low frequencies for the 4.21-K data.
There appears to be no significant strain-dependent
change in the slope s. The temperature depen-
dence for v>1 kHz is approximately linear. The
highly doped sample (N,~1.9 x10'®/cm®) in (b)
shows a much stronger temperature dependence
and a much bigger strain-dependent o(T, x, w).

At 4.2 K the conductivity is flat (cocv®), char-
acteristic of the dc value. The ratio o(x 4
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FIG. 15. The normalized piezoconductivity shift
[o(x) —0(0)]/0(0) versus the reduced valley strain x for
three temperatures for the stress along [100] and [110]
axes. All the data is taken for the frequency v=3.0
kHz. The data are from Si:P samples P9 and P10.

=0.66)/0(x ,0,=0)~1.68. At the lower temperature
T=1.13 K the two o(w, x) curves are not parallel
and show different slopes, narnely, s=0.39 for
X100=0 and s =0.46 for x,,,=0.95. The change
o(x)/o(0) is substantially smaller than at 4.2 K.
Figure 15 shows the relative change [o(x) - 6(0)]/
0(0) vs x (at v=3 kHz) for two Si: P samples, a
[100] axis and [110] axis sample. The [110] axis
data show a slight negative dip before increasing,
while the [100] data are flat (or small) before
increasing. The lowest temperature data show the
[110] and [100] axis data crossing at about x
=x’~0.4, unlike the higher temperature data.

The above data will not be quantitatively anal-
yzed, but it is in qualitative agreement with the ac
hopping conductivity model of Pollak and Geballe®
and the dc piezoconductance model developed for
hopping by Fritzsche.®

V. SUMMARY AND CONCLUSIONS

The strain-dependent behavior of the low-tem-
perature dielectric constant of high-purity Si is
consistent with the earlier hydrostatic pressure
results of Cardona et al.?* The value €,(T~0)
=11.4+0.06 obtained for pure Si is in excellent
agreement with the value 11.4+0.05 inferred by
Faulkner® from the energy positions of the 2p and
3p donor states. The strain-dependent results
for the doped samples show behavior for the [100]
and [110] stress axes that is apparently different,
and also differs substantially from the prediction
of the valley repopulation model, including the
Fritzsche prescription for the valley and strain-
dependent Bohr radii. The empirical approach
of introducing a strain-dependent valley-valley
coupling matrix A(x’) can be utilized to explain
the features of the [100] stress-axis data. The
following paper presents a new approach to the
theory of the strain-dependent donor polarizability

which is somewhat different in approach and which
can consistently explain both the [110] and [100]
axis-strain data for Si: P.

One possibly surprising result is the relatively
small concentration dependence of the strain-
dependent behavior of a (N, x) for Si: P. Over
a concentration range from 6 X 10'®/em™, where
isolated donor behavior should dominate, to 1.9
x10"%/ecm™, where pairs and larger donor clusters
might be expected to dominate, the strain de-
pendence of a,(Np,x) changes relatively little
with less than 20% changes in slope and depth of
the [100] axis minimum, although there is almost
a 50% change in the position of the (100) minimum
xTin, This suggests either (1) that the strain-
dependent behavior of clusters is very similar
to that of isolated donors,or (2) that the impor-
tance of clusters near N=N_/2 is less than pre-
viously thought.

The P-donor polarizability obtained in the dilute
limit is in good agreement with the experimental
value obtained by Capizzi et al.'® and the calculated
value obtained by Lipari and Dexter.*® The con-
centration dependence of a,(N,,x =0) found is
less than that obtained in previous work, pos-
sibly because of larger compensation. However,
the data does show a donor polarizability enhance-
ment as N,—~N.. More work is clearly required
to establish the effect of compensation on the di-
electric anomaly for (N, - N,) slightly less than
N,

o
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APPENDIX: STRAIN-DEPENDENT
POLARIZABILITIES

Employing Eqs. (10), (5), and (8) and the pa-
rameters given in Table I for P donors in Si one
can obtain @,(x,,,) for these donors. A series
expansion in x,,, yields for P

ap(x,,0)
W= (1-0.1732x,;0— 0.0155 x2,

+0.0190x3 ++-+). (A1)
To obtain these results we have used a,(0)
=3 (o, +2a,) and a,/a,=2.123 obtained by Dexter.?’
Using Eqs. (13), (5), and (8) and the parameters
in Table I for P donors, one obtains for the [100]
axis-stress case the results

—"‘-f!(—"é)gjﬁ = (1= 0.0866 x5, +0.0560 x2,,
D

~0.0082x3,+- -+ ). (A2)

The results for Sb donors are virtually identical
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with the results in Eqs. (A1) and (A2). The ex-
pressions for the ground-state donor energy to be
used in Eq. (5) are given by

X
Egs(%110)=Egya = A - A(2+6+-—-‘2-1-Q-
3 (w2 4 1/2
) (x50~ 4 %0+4)

(A3)

and

Eggs(%100) =Egyp — A - A(Z +8- __&sz

3
2 (#lo0+ %xmo""l)l/z)'
(A4)

In the treatment presented in this paper the
single-valley correction A to Eg(x) is considered
to be independent of stress. Only the adjacent
valley-valley coupling matrix element A is con-
sidered to vary with x’ in obtaining an empirical
fit of a,(x")/a,(0).

*Based in part upon a dissertation submitted in partial
fulfillment of the degree requirements for the Doctor
of Philosophy at the University of Rochester.
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