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Piezocapacitance measurements on high-purity and n-
type silicon versus uniaxial stress have yielded
strain-dependent donor polarizabilities ap(x). The
valley repopulation model with strain-dependent Bohr
radii is inadequate to explain the data. A many-
valley approach featuring strain-dependent valley-
valley coupling is more successful.

I. Introduction

Previous experimental studies have yielded useful information on
the strain-dependence of shallow donor wave functions in Si and Ge.
These have included measurements of piezoresistance[l], piezohyper-
fine Fermi contact constants of the donor nucleus[2], and piezohyper-
fine constants of Si2?°® nuclei[3] obtained by the ENDOR technique.

At liquid He temperatures on the insulating side of the insulator-
metal transition the piezoresistance depends on the transfer or hop-
ping matrix between a filled and empty donor site. The donor Fermi
contact constant measures |¢(¥=0,x)|? of the donor ground state ver-
sus the reduced valley strain x. The ENDOR measurement for a speci-
fic Si?° site at ¥y from the donor determines |y(¥y,x)|%. New piezo-
capacitance measurements on both high-purity Si and n-type Si samples
yield donor polarizabilities oap(x) which give a direct measure of

how the size of a donor wave function changes with strain. The ex-
perimental results for Si:P cannot be explained with a conventional
theory based on the valley repopulation model (VRM) and strain-de-
pendent Bohr radii associated with each valley. A new theoretical
approach incorporating different Bohr radii for the strain-admixed
1s-A; and 1s-E, states, rather than with the stress-raised and stress-
lowered valleys, gives good agreement with the data. However, one
must include strain-dependent valley-valley coupling matrix elements.

II. Experiment and Experimental Results

Piezocapacitance measurements, for both [100] and [110] axis uni-
axial tensile stresses, have been made on high-purity Si, P-doped
and Sb-doped Si samples in the temperature range 4.2K to 1.1K for
stresses og up to 1000 Kgm/cm?. The doped samples have donor concen-
trations (Np) in the range 6x10!® to 1.9x10!®/cm®. For all samples
the electric field is applied transverse to the stress axis along
[001]. The capacitance, after edge corrections, yields the component
€55 (X,Np,T) of the dielectric tensor. Using the Clausius-Mossotti
relationship we obtain an effective donor polarizability component

3€h,zz(x’T) [ezz(x’ND’T)_eh,zz(x’T) J s (1)
HﬂND ezz(x,ND,T)+25h,zz(x,T)

aD,zz(X’ND’T) =
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where e, is the host dielectric: constant, and has been found to be
11.404£0.06 as T+0K, in excellenc agreement with Faulkner's value (4).
The high purity Si data show a linear decrease of e,, with stress
yielding the result (1/en(0)(Aep,zz/00g)=- (3.37%0.07)x10""cm?/Kgm,
which is intermediate between values obtained with hydrostatic pres-
sure[5] near room temperature [the uniaxial tension produces a trans-
verse contraction along the electric fieldl].

Figure (1) shows ap (x) (we now drop the zz subscript) versus the
valley strain x (x103=-;G /8)(811-S12)0g, X110=%X1003 E, 1s the shear
deformation potential, A Es the adjaceng valley coupling, S;; and Si:
are the elastic compliance constants). For the [100] axis tension F
aD(x) decreases, passes through a minimum for X100%0.6, and subse-
quently increases. The hopping contribution to ap(x,T) decreases rap-
idly with temperature T as T»0K. The oap(x,T) curves move down rigidly
showing that the strain dependence of uD(x,T) is independent of T.
One can extract an(x,T+0K) from the data. The [110] axis tension data
show a decrease w?th X110 that is almost linear, but yields a slight
upward deviation from linearity. The slope (1/ap(0))(3ap/3x)y=g is
twice that for the [100] data in agreement with the prediction of the
VRM. Other Si:P samples (Np~2.3x10 7/em®) show behavior identical to
that in Fig. (1) while more concentrated samples (1.4 to 1.9x10'%/cm?)
show the same initial slope but with xTg3~0.4. A Si:Sb,sample (Np-~
6x10'6/cm?®) exhibits smaller slope at x=0 and gives xT50~0.9.
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Fig. 1 ap(x) versus x for Si:P (ND~5x1017/cm3), a) [100], b)[110]

IIT. Theory of the Strain-Dependent Donor Polarizability

Using the VRM, with valley occupation coefficients C;(x) for a

[100] axis stress of the form (C,CB,Ca>Cp>CA,Cp) {CB(X% and Cpa(x)

- given in [2]}, and strain-dependent Bohr radii aj(x) for the stress-
raised and stress-lowered valleys [1] we have shown[6] that

_ 2
uD(xloo) = fu a; + 2Cy [fl(a“+alﬂ R (2)
3
where fu=[a(X1oo)/a(O)]a and f,= [a(x100)/a(0)], are factors giving
the contribution to ap(Xioo) f%om the a;(x) for the upper and lower

valleys rcspectively. ap and oy are the  single valley polarizability
components parallel and perpendicular to the valley axis. For the
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effective mass approximation (EMA) case Dexter[7] found that agyp=
5oy *+20y)=H.328x10° R*, with ay/ay=2.123 for ep=11.4, m,/m=0.9163,
and ml/m=0.l905. Using a series expansion and valley coupling param-
eters for Si:P we obtain[6] ap(x)/an(0)=[1-0.0866x+0.0560x2-0.0072x3+
...]. This result yields an initia? slope at x=0 only 2/3 of the
experimental slope and produces a minimum at x~1.3, or more than
twice the experimental value for Si:P. Neglecting the strain-depend-
ent Bohr radii (fy=fy=1) the comparison with the data is even worse.
Although the initial slope can be forced equal to the experimental
slope by setting qL/a“=3.7 this pushes the minimum out to x~2 and
makes the overall agreement poorer. A strain-dependent A(x) =
A(0)[1+ax+bx®+cx®+...] can be introduced to force-fit Eq. (2) to

the data but the coefficients are large and arbitrary.

A new calculation of ap(x) has been made using the Hassé varia-
tional approach employed ?or the donor polarizability enhancement[8]
ap(Np)/ap(0) as Np»N, [N, is the concentration for the insulator-
metal transition]. The strain-dependent ground state wave function
for a [100] axis strain will be

Ve (Fsx) = v(0vy) (F, a,(x)) + B0V, (F, ag(x)) , (3)

where the cj are (1/6)%(1,1,1,1,1,1) for the ls-A; state and (1/12)%
(-2,-2,1,1,1,1) for the 1ls-E, state and  y(x) and B(x) are related to
Cp(x) and Cg(x) of the VRM by y(x)=(2/3)%(2Cy+Cp) and B(x)=(4/3)%
(CA—CB). a ?x) and ag(x) are strain-dependent Bohr radii for the ls-
A, and ls-éa states. Calculating ap(x) with the trial wave function
V£=vgs(¥,x) (1+bz+crz) for an electric field along the z-axis yields
the results for ap(x)/ap(0) shown in Fig. (2) for Si:P. The VRM-EMA
curve for E,g=Egmp=constant has too small a slope and shows no sign
of a minimum. The lower VRM]A(O% curve with Egg(x), ap(x) and ag(x)
has = almost the correct slope at x=0, but falls too steeply. The cal-
culated curve (x) with A(x)=A(0)[1+0.01x-0.145x2+0.042x3] gives an
excellent fit to the data (e). For the [110] axis case ap(x)/ap(0)

1s well fit by A(x)=A(0)[1+0.04%x-0.115x2], which differs slightly
from the [100] axis results. The [100] axis data for a Si:Sb sample
can be fit with A(x)=A(0)[1-0.0635x-0.050x2+0.004x3%].
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Fig. 2 Calculated aD(xloo)/aD(O) versus x compared with Si:P data

The wGS(;,x) in Eq. (3) yields a donor Fermi contact piezohyper-
fine_interaction proportional to |wGs(r=0,x)|2<xy2(x)(l/aA(x))3 since
VEa(r=0,x)=0. Previous work[2] considered only the VRM with a con-
stant ap(0) and thereby inferred too large a value of E,. With a small
increase on ap(x) with x190 one can explain the donor pgezohyperfine
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interaction with E,=8.6 eV, in agreement with an optical result[9].
In Fig. (32) ap(x) and ag(x) are shown versus xioo for the two cases
A(0) and A(x), the latter for the results above yielding good agree-
ment for ap(x)/ap(0). ag(x) shows a significant increase which de-
creases sl?ghtly at large x for the A(x) case. However, ap(x) gets
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Fig. 3 Bohr radii aA(x) and aE(x) and energy EGS(x) vs. x for Si:P

slightly smaller for the A(0) case and slightly larger for the A(x)
case. The latter result is in qualitative agreement with the Bohr
radius (dashed line) required to explain the donor piezohyperfine
interaction. Figure (3b) shows the ground state energy Egg(x) for the
two cases A(0) and A(x). Contrary to the Wilson-Feher results[2]
Egg(x) for the A(x) case decreases in magnitude in agreement with the
increase in ap(x)/ap(0) for X100>xT0.  In summary the donor ap(x)/
ap(0) and piezohyperfine data agree qualitatively when self-consist-
ent changes in ap(x), ag(x), A(x) and Egg(x) are considered.

Another interesting aspect of the results 1is the surprisingly small
Np-dependence of ap(x)/ap(0) from 6x10'¢/cm®, where isolated donors
dominate, to 1.9x10!®/cm3 where clusters are expected to domin-
ate in their contribution to e(ND)—eh. In the low temperature limit
only XTO§ seems to change with increasing Np.
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