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Lattice strain from substitutional Ga and from holes in heavily doped Si:Ga
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The average lattice strain per Ga atom with respect to pure silicon, P„„,=ha /aNo,
=+(0.9+0.1)X 10 cm', for heavily doped Si:Ga was measured by high-resolution x-ray diffraction.
This strain includes effects of both substitutional Ga atoms in the lattice and doping-related holes in the
valence band. The local "size-effect" lattice strain around substitutional Ga atoms, which is not expect-
ed to be affected significantly by valence-band holes, was determined from the Ga-to-Si nearest-neighbor
distance measured using extended x-ray-absorption fine structure (EXAFS). This distance,
r" =2.41+0.02 A, is 0.06 A larger than the usual Si-to-Si nearest-neighbor distance and was used to
calculate the size-effect contribution per Ga atom to the average lattice strain, P„„=(1.2+0.3)X 10 '~

cm . This value was subtracted from the overall lattice strain p„„,to determine the lattice strain per
valence-band hole, Ph = —(0.3%0.3)X10 ~4 cm', and the hydrostatic deformation potential for the
valence-band edge in silicon, a„=—0.5+0.5 eV. These results were obtained from Si:Ga samples

prepared by liquid-phase epitaxy. They were characterized by Rutherford backscattering, ion channel-

ing, electron microscopy, and resistivity measurements, as well as by x-ray diffraction and EXAFS. The
samples were of excellent crystal quality, with uniform Ga concentrations of 1.0 and 1.5X10 cm ',
with substitutional fractions greater than 95% and similar electrical resistivities of 2X 10 Q cm.

I. INTRODUCTION

The effects of substitutional impurities and other de-
fects on lattice strain in semiconductors remain an area
of active research. Lattice parameter variations have
been studied using x-ray diffraction. ' However, very
few direct measurements of the local atomic structure at
isolated substitutional impurities have been reported.

Using extended x-ray-absorption fine structure
(EXAFS) we have measured the Ga-to-Si nearest-
neighbor distance in heavily doped Si:Ga. By combining
this result with measurements of the overall lattice ex-
pansion per Ga atom, we have determined the lattice
strain per hole in the valence band and the hydrostatic
deformation potential for the valence-band edge. We
note that these are measurements for an acceptor impuri-
ty in Si. A similar approach was used successfully in
studying effects of a donor impurity, As, in Si. '

Preparation and characterization of heavily doped
Si:Ga samples are described in Secs. II A and II B of this
paper. These are followed by sections on EXAFS rnea-

surements (IIC), analysis (IID), and results (IIE). The
measured Ga-to-Si nearest-neighbor distances are dis-
cussed in terms of natural bond lengths and are compared
with theoretically predicted bond lengths in Sec. IIIA.
Comparisons among results for Si:Ga, Si:Ge, and Si:As
are given in Sec. III B. EXAFS and x-ray rocking curve
results for Si:Ga are discussed in terms of lattice strain
from holes and in terms of the valence-band deformation
potential in Secs. III C and III D, and the conclusions of
this paper are summarized in Sec. IV.

II. EXPERIMENTAL PROCEDURE AND RESULTS

A. Sample preparation

Two Si:Ga samples prepared by liquid-phase epitaxy
(LPE) are listed in Table I. These were kindly provided
by M. Cardona (Max-Planck-Institut, Stuttgart). They
were grown on (111)Si wafers at a temperature of 450 C
from Ga-saturated Si melts to thicknesses of 0.6 and 1.8
pm' . Measurements with Rutherford backscattering

TABLE I. Data for Si:Ga samples. Tabulated for each sample is total-layer thickness t; substitutional Ga concentration NG„
sheet resistance R,h„,, average resistivity P, fractional lattice expansion (333) measured by double-crystal x-ray diffraction, hd/d;
fractional change in unconstrained lattice constant, ha /a; and lattice expansion per Ga atom p„„~=b a /aNo, .

(pm)

0.6
1.8

N~,
(10 cm )

0.9+0.1
1.4+0.1

R,hect

30+6
12+2

P
(10 Q cm)

1.8+0.4
2.2+0.4

hd /d
(10-4)

1.35+0.05
1.64+0.05

ha/a
(10 )

0.94+0.04
1.15+0.04

p~.t.i
(10 cm )

0.99+0.1
0.84+0.1
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spectrometry (RBS} and ion channeling for these two
samples showed that the Ga was uniformly distributed at
concentrations of 1.0 and 1.5X10 cm and that the
Ga substitutionality was greater than 95%.

~ 0.84

t:
~ 0.80—
C3

1hQb 31-OCT~
I !

B. Characterization of as-prepared samples

Transmission electron microscopy (TEM} was carried
out with a Philips EM400 electron microscope operating
at 300 keV. In plan view, no precipitates, misfit disloca-
tions, or other extended defects were detected in the
Si:Ga material. The absence of misfit dislocations indi-
cates that the Si:Ga layers were coherent with their Si
substr ates.

Sheet resistances of each sample were measured using
an in-1ine four point probe with appropriate corrections
for small sample size. Average resistivities p were calcu-
lated using the sheet resistances R,h„, and the total layer
thicknesses t obtained from RBS measurements and x-ray
rocking curves. These results, together with substitution-
al Ga concentrations, are given in Table I. The average
values obtained for p, (2.0 0.4) X 10 0 cm, are similar
to those reported for Si:Ga prepared by implantation and
rapid thermal annealing" (RTA) or furnace annealing. '

Double-crystal x-ray rocking curves from (333) sym-
metric reflections were recorded using CuEa radia-
tion. ' A (111)Sireference crystal was used as the first
crystal monochromator. Results are shown in Fig. 1. A
secondary peak or an asymmetry on the larger substrate
peak is observed towards smaller angles, indicating a lat-
tice expansion. The expansion is presumed to be due pri-
marily to Ga, but contributions from intrinsic point de-
fects, particularly self interstitials, cannot be ruled out.

When the substrate and layer diffraction peaks are well
separated and the Ga concentration is uniform, the strain
can be simply calculated from the peak separation 68,

10'

0.76
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0.72
Q

O 0.68—
0
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FIG. 2. EXAFS data for a 0.6-pm Si:Ga sample.

C. EXAFS measurements

Ad

d
= —(cot8}b,8 .

The Ga-related strain, hd/d, in the 1.8-pm-thick LPE
sample is thus (1.64+0.05) X 10, in agreement with the
result of Ref. 10.

A rocking-curve simulation was also used to determine
the strain and film thickness. ' ' ' ' Simulated rocking
curves based on a dynamical scattering algorithm' have
been overlaid with the data (solid lines}. Uniform strain
profiles with bd/d of ( l.64+0.05) X 10 and
(1.35+0.05)X10 provided good fits to the data, as
shown in Fig. 1.

The lattice expansions b,d/d for each sample are listed
in Table I. b,a /a can be obtained from b d /d with an ap-
propriate correction for Poisson's expansion 0.70, for
(111) substrates. ' ba/a and the coefficient of lattice ex-
pansion, pto„&=A,a/aN&„ for each sample are also listed
in Table I. The results agree to within experimental error
with an average value of P„„&=(+0.9+0.1)X 10 cm .

10'
substrate EXAFS measurements for the 0.6-pm sample were

made at the National Synchrotron Light Source (NSLS}

O
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FIG. 1. Double-crystal x-ray rocking curves of Si:Ga sam-

ples. The solid lines are simulated spectra. Uniform strain
profiles of 1.64 and 1.35+0.05X0.05X10, 1.8- and 0.6-pm-
thick layers, respectively, were used in the simulations.
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FIG. 3. EXAFS y(k) function for 0.6-pm Si:Ga sample.
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FIG. 4. EXAFS ~4,(r}~ function for a Si:Ga sample, includ-

ing envelope functions used in extracting nearest neighbor
yNN(k) and next-nearest-neighbor yNNN(k) components of y(k),
which are shown in Figs. 5 and 6.

FIG. 6. Next-nearest-neighbor component of y(k) for a
Si:Ga sample (solid lines). Plotted symbols {0 ) are Stted model
calculations y„&,(k).
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FIG. 5. Nearest-neighbor component of y(k) for a Si:Ga

sample (solid lines). Plotted symbols (o ) are fitted model calcu-
lations y„„(k).

on beamline X23A2 using a Si(220) monochromator. The
EXAFS measurements used total-electron-yield detection
as described in Ref. 15, except that samples were rocked
around two perpendicular axes to eliminate more com-
pletely the Bragg diffraction effects. These measurements
were used to obtain distances from Ga atoms to their
nearest neighbors and next-nearest neighbors.

EXAFS data are shown in Fig. 2 as total yield current
versus photon energy. Note that the edge jump was only
14%. The corresponding g(E) function' is shown in
Fig. 3. The radial distribution function ~4z(r) ~, which
was obtained by the Fourier transformation of k y(k), is
shown in Fig. 4. The subscript n of @„(r)denotes the ex-
ponent of k employed in the Fourier transform, e.g.,
k "y(k). The nearest-neighbor and next-nearest-neighbor
contributions to g(k), yNN(k) and gNNN(k), shown in

Figs. 5 and 6, were obtained by back-transforming
nearest-neighbor and next-nearest-neighbor regions of
4o(r) using the window functions shown in Fig. 4.

D. EXAFS analysis

The Ga E-edge EXAFS were analyzed only in terms of
Ga-Si contributions, because the Ga concentration was
only xG, =1.8X10 . Ga-Ga nearest neighbors or next-
nearest neighbors are expected to be very unlikely.
Quantitative information on local structure around Ga
atoms was obtained by fitting calculated model functions

y«&, (k } to the corresponding experimental functions
0

yNN(k) and yNNN(k) over the range k=3.8—9.0 A

g„&,(k}was calculated from the usual expression, '

y«&,(k)= exp( —2k2cr )F(k)sin[2kr+$(k)] .
kr

(2)

X is the number of neighbors, assumed to be Si as dis-
cussed above, at distance r from a Ga atom, with a
Gaussian distance distribution of width o. F(k) is the
backscattering amplitude for Si atoms which are nearest
neighbors or next nearest neighbors of a Ga atom, as ap-
propriate. F(k) also includes inelastic scattering and oth-
er amplitude loss corrections. P(k) is the total phase
shift.

Since the primary goal of the EXAFS measurements
on Si:Ga samples was to determine the Ga-to-Si nearest-
neighbor distance, the backscattering amplitude includ-
ing the damping function, exp( —2k cr~}F(k), was calcu-
lated from the nearest-neighbor and next-nearest-
neighbor amplitude functions taken from the y(k) func-
tion being analyzed. '

The total phase shift P( k) was determined from
EXAFS measurements on crystalline GaP, with correc-
tions' for changing the backscattering atom from P to
Si. A second total-phase-shift function was determined
from EXAFS measurements on the crystalline compound
SiAs, ' with corrections for changing the absorbing atom
from As to Ga. These two phase-shift functions agree
quite well with one another, as shown in Fig. 7. As dis-
cussed below, similar results were obtained with both of
these phase shift functions. Also shown is the total-
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TABLE II. Comparison of nearest-neighbor and next-nearest-neighbor distances from EXAFS mea-
surements for Ga, Ge (Ref. 19), and As (Ref. 7) in silicon. Also shown are the strains e=hr/r with
respect to near-neighbor distances in pure silicon. Values enclosed in parentheses are uncertain, as dis-
cussed in the text.

Ga-Si
Ge-Si
As-S~
Si-Si

NN
0

(A)

2.41+0.02
2.37+0.02
2.41+0.02

2.352

NNN
0

(A)

(3.91+0.06)
3.85+0.06
3.85+0.03

3.840

NN

0.02
0.01
0.02
0

NNN

(0.02)
0.00
0.00
0

(E—E )

' 1/2

Standard deviations were calculated for the structural pa-
rameters, r and r, determined by linearized least-
squares fitting. These error estimates correspond to the
range of values which double the mean-square fitting er-
ror

XlXNN(NNN)( i ) Xcalc(ki ) j

I

a
O
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FIG. 7. Comparison of the total-phase-shift function $(k)
from EXAFS measurements on crystalline SiAs (solid line) and
on crystalline GaP (dashed line), in each case corrected to apply
for absorption by Ga and backscattering by Si using central
atom and backscattering atom phase shifts from Teo and Lee
(Ref. 17). Ec [see Eq. (3)] for the GaP data was shifted by 10 eV
from the absorption edge. Also shown (open circles) is the
theory-based P(kl from Teo and Lee (Ref. 17) with Ec shifted
by 30 eV.

phase-shift function calculated from the theory-based ta-
bulations of Teo and Lee. ' Eo values were shifted by 10
eV for GaP and by 30 eV for Teo-Lee calculated phase
shifts plotted in Fig. 7.

In fitting y«(, (k) and yNN(k) or yNNN(k), the only pa-
rameters being adjusted were the distance r or r
and the value of Eo, which enters the expression relating
photon energy E and EXAFS wave vector k,

E. EXAFS results

Best-fit comparisons with y„(,(k) using SiAs derived

phase shifts are shown in Figs. 5 and 6. Results were
nearly identical for GaP-derived phase shifts. Values of
r and r obtained usinq SiAs- and GaP-derived
phase shifts are 2.40 and 2.42 A, averaging 2.41 A, with
uncertainties estimated to be +0.02 A based on sensitivi-

ty and goodness of fit between y«&c(k) and yNN(k). This
value of r =2.41+0.02 A is 0.06 A larger than the Si-
to-Si nearest-neighbor distance in pure silicon, 2.35 A.

The values of r are between 3.90 and 3.92 A,
averaging 3.91 A, with uncertainties estimated to be ap-
proximately 0.06 A. This value of rNNN 3 91+0.06A is
0.07 A larger than the next-nearest-neighbor distance in
pure silicon, 3.84 A, and is quite surprising. In the other
two similar systems which have been studied, Si:As (Refs.
6 and 7) and Si:Ge, ' ' the nearest-neighbor As-to-Si and
Ge-to-Si distances were larger than Si-Si by 0.06 and 0.03
A, corresponding to local misfit strains e =Dr/r of
0.02 and 0.01, respectively, but the next-nearest-neighbor
distances were the same, +0.005 A, as for Si-Si, or
e =0.00 (see Table II). These results indicate that
most of the atom size misfit for As or Ge in Si is taken up
in the nearest-neighbor shell, with very little change in
next-nearest-neighbor distances, as expected also from
elasticity theory. '

A possible explanation for this unusual result of the
EXAFS analysis for Ga-in-Si is that the next-nearest-
neighbor distance obtained from EXAFS is in error be-
cause the Ga-to-Si next-nearest-neighbor distance distri-
bution is asymmetrically broadened, by static and/or
thermal disorder. As will be discussed later, yNNN(k)
from the Si:Ga EXAFS measurements has a much small-
er amplitude than the corresponding functions for Si:Ge
and Si:As alloys, although yNN(k) functions have nearly
the sample amplitudes for the three different materials
(see Figs. 10 and 11). In each case, the backscattering is
expected to be due almost entirely to Si, and in each case
there are expected to be four nearest neighbors and 12
next-nearest neighbors. The lower amplitude of yNNN(k)
for Si:Ga must then result from there being a wider

spread of next-nearest-neighbor distances in this alloy.
For broad distance distributions, fitting with Eq. (2) is ex-

pected to yield an accurate average distance r only if the
broadening is Gaussian, or is at least symmetrical.
Low-temperature EXAFS measurements for Si:Ga would

be valuable to determine whether or not the reduced am-

plitude of gNNN(k) and the surprisingly large value of
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p are caused by thermal vibrations.
Another possible, but we believe less likely, explana-

tion for the unusual result of the EXAFS analysis for Ga
in Si is that the phase-shift functions obtained from GaP
and from SiAs do not accurately reproduce the sum of
central atom and backscattering phase shifts for the
present Si:Ga alloys. If the linear component of the
phase shift was in error by 0.06 A, this would give r
and r both too large by 0.06 A, and the correct
values would then be r =2.35+0.02 A and
r =3.87+0.06 A, indicating that there is essentially
no atom size misfit for Ga in Si. We believe that this is
much less likely than the explanation given above based
on asymmetrical broadening of the next-neighbor dis-
tance distribution causing error in the "average" distance
determined from EXAFS. We know of no physical
reason for the GaP and SiAs compounds to yield phase
shifts which differ from the phase shift for Ga in Si when
Teo-Lee' —type corrections have been appropriately in-
cluded. The GaP- and SiAs-derived phase shifts ap-
parently work well for evaluating nearest-neighbor and
next-nearest-neighbor EXAFS for both As in Si (Ref. 7)
and Ge in Si.'

III. DISCUSSION

A. Ga-to-Si nearest-neighbor distance and
natural bond lengths

The Ga-to-Si nearest-neighbor distance determined for
Si:Ga, 2.41+0.02 A, is slightly larger than that for Ge to
Si, 2.37+0.02 A, and is the same as that for As to Si,
2.41+0.02 A, as noted in Sec. IIE and summarized in
Table II. All of these nearest-neighbor distances were
determined from EXAFS measurements on dilute alloys,
with less than 10 at. % solute in silicon. To calculate
p„„,the size-efFect contribution per Ga atom to the aver-
age lattice strain, and to compare experimental r
values with values expected from theory-based
tetrahedral covalent radii, the experimental r values
must be corrected for matrix effects, which cause
nearest-neighbor distances in alloys to be composition
dependent. For sp -bonded systems with diamond cubic
or wurtzite structures, matrix effects have been discussed
in terms of "natural" bond lengths and bond-bending and
bond-stretching force constants. For silicon, the
natural bond length ds,'s; is simply the nearest-neighbor
distance in pure silicon. The Ga-to-Si natural bond
length d z,'s; is the nearest-neighbor distance which would
occur for Ga in Si without constraints of the surrounding
lattice. If d z,'s; is larger than d s,'s;, i.e., Ga is too large to
fit onto an ideal lattice site of Si, the actual Ga-to-Si
nearest-neighbor distance dz, s; will fall somewhere be-
tween d~"s; and ds,'-s; and the misfit will be accommodat-
ed by having dz, s;(d&,'s; and by having the matrix
atoms somewhat displaced from ideal lattice sites.

For the dilute limit x&, =0, the relationship between
the actual Ga-to-Si distance do,s;(0) and the GaSi and
SjSj natural bond lengths has been given by

TABLE III. Natural bond lengths d„„obtained from
EXAFS measurements as discussed in the text, and calculated
by summing tetrahedral covalent radii proposed by Pauling
(Ref. 28), dP,„~;„g, and by Van Vechten and Phillips (Ref. 29),
dVVP

Ga-Si
Ge-Si
As-Si

d PItt

(A)

2.43+0.02
2.39+0.02
2.43+0.02

dPauling

(A)

2.43
2.39
2.35

d VVP

(A)

2.40
2.40
2.40

do s (0) ds's =E' .
nat nat
Gasi sisi

(5)

0.1

0

0

—0.12
I I I I I I I I

4 6 8 10 $2

k(A i)

FIG. 8. EXAFS functions y(k) for (a) Si:Ga, (b) Si:Ge (from
Ref. 19), and (c) Si:As (from Ref. 7).

Martins and Zunger calculate e from bond-stretching
and bond-bending force constants a and p and obtain
E'=0. 58 for silicon. Shih et al. obtain a=0.75 by
neglecting both bond-bending force constants and move-
ments of second shell neighbors. Using the EXAFS re-
sult r for do,s;(0) and the actual Si-to-Si nearest-
neighbor distance for ds,'s; with Eq. (5) to calculate do,'s;,
it makes only 0.01 A difference whether a=0.58 or 0.75
is used. For consistency with earlier work, ' we have
used the later value, which yields the natural bond
lengths for GaSi, GeSi, and AsSi given in Table III.

Natural bond lengths calculated using Pauline's
tetrahedral covalent radii for these elements (Si, 1.17 A;
Ga, 1.26 A; Ge, 1.22 A; and As, 1.18 A) are also given in
Table III and are in fair agreement with the EXAFS re-
sults except for As to Si, for which the Pauling estimate is
0.08 A too small. Somewhat different covalent radii have
been proposed by Van Vechten and Philips (Si, 1.173 A;
Ga, Ge, and As, 1.225 A) which give better agreement
with the experimental results, as shown in Table III.
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as',".o, would be unchanged from as;, and P„.„would be

zero. However, because =(0.9+0.1 ) X 10 cm —( 1.2+0.3 ) X 10 cm
NN

~GaSi ~ )~Sisi (7) = —(0.3+0.3 ) X 10 cm (13)

for xG, =0.5. Vegard's law predicts that

&g~j~(Jg(xone) &sj+2x(Jg(usjog usj) (9)

and the resulting expression and numerical value for P„„
are

and therefor dG,'s;)ds,'s;, we obtain as'.G, )as,.
P„„&0.

Two different approaches to calculating as'.G, yield

similar results. The first is the approach used in Ref. 5

for Si:As and based on Vegard's law. For the case of
Si:Ga with Ga concentration xo, =No, /No, where

Np =5.00 X 10 cm is the atomic density of pure Si,
Vegard's law treats the lattice parameter as varying
linearly with xG, between the lattice parameter of pure
Si, as;, for xG, =0, to the lattice parameter of a hypothet-
ical zinc-blende-structure SiGa compound,

as,o, =(4/3' )d P,'s;,

D. Valence-band deformation potential

Deformation potentials were introduced originally by
Bardeen and Shockley to describe the effect of phonons
on mobilities of electrons and holes in semiconductors.
For the conduction band, the hydrostatic deformation
potential is defined as

dE,
dV

(14)

where E, is the energy of the conduction-band edge. For
the valence band, the corresponding hydrostatic deforma-
tion potential is defined as

Because of the small magnitude of Pl, and the limited ac-
curacy of our measurements of P„„,and particularly of
P„„, we can conclude only that Pz is between
—0.6X10 cm and zero.

= 2
size

lYp

d nat d nat
GaSi SiSi

natd SiSi

dE„
dV

(15)

=(1.420. 3) X 10 cm (10)

Another approach for calculating P»„ is based on the
fact that the lattice parameter a, which is measured by x-

ray diffraction, for a random solution with an average lat-
tice which has a diamond cubic structure, is related
to the average nearest-neighbor bond length ( r )
=(&3/4)a. For the dilute Si:Ga alloy of the present
study, we assume that there are no Ga-Ga nearest neigh-
bors, that the average Ga-Si bond length is given by r
from the EXAFS measurements, and that the average Si-
Si bond length is given by the Si-Si natural bond length

ds,'s;. It follows that

a, = 3BP, —, (16)

where B is the bulk modulus, 0.61X10 eV/cm for Si.
For acceptors, the relationship between the lattice pa-
rameter change due to holes in the valence band Ph and
the valence-band deformation potential a„ is given by

where E, is the energy of the valence-band edge.
Keyes ' has suggested that the same type of deforma-
tion potential is appropriate for describing the effects of
electrons and holes from donors and acceptors on the lat-
tice parameters of semiconductors. For donors, the rela-
tionship between the lattice parameter change due to
electrons in the conduction band P, and the conduction-
band deformation potential a, is given by

(r ) =(2xo, )r +(1—2xo, )ds'z, , a„=+3BP„. (17)

and this yields

= 2
size

2Y p

p
NN —d nat.

SiSi

natd SiSi

=(1.0+0.3) X 10 cm (12)

which is smaller than the result of Eq. (10). For further
calculations, we take the average of these two values, of
P„„=(1.2+0.3)X10 cm . It is interesting to note
that for Si:Ge, where both elements are isovalent and no
doping occurs, P„.„calculated from EXAFS mea-
surements for Ge in Si in the same way as described here
for Ga in Si agrees well with P„„&obtained from lattice-
parameter measurements on Si:Ge.'

The lattice strain created by holes in the valence band
Pz can now be calculated,

Using the present results from measurements on the
heavily doped Si:Ga samples, this corresponds to
a, = —0.5+0.5 eV for the valence-band hydrostatic de-
formation potential of silicon. Earlier, Cargill, Angilello,
and Kavanagh used similar measurements on heavily
doped Si:As samples to obtain P, = —(1.8+0.4) X 10
cm and a, =+3.3+0.7 eV for the conduction-band hy-
drostatic deformation potential of silicon.

Nolte, Walukiewicz, and Hailer reported hydrostatic
deformation potentials derived from observed pressure
derivatives of acceptor levels for Pt and Pd in Si. They
obtained a„=+0.9 eV, which is opposite in sign and
somewhat larger in amplitude than the present experi-
mental result.

First-principles calculations by Van de %'alle and Mar-
tin gave atheory +1 3+1 0 eV and atheory +3 1+1 0
eV. Recent ab initio calculations by Resta, Colornbo, and
Baroni gave a„'""'"=+1.5 eV, in good agreement with
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Ref. 37. In contrast with the earlier experimental mea-
surements for Si:As which agree well with the theoreti-
cally obtained deformation potential, the present experi-
mental measurements for Si:Ga yield a value for the
valence deformation potential which is smaller in magni-
tude and opposite in sign compared with the theoretical
values. However, the theoretical and experimental values

agree qualitatively, in the sense that the valence-band de-
formation potential is much smaller than the
conduction-band deformation potential.

The pressure dependence of the optical band gap,
Eg p

E E is also related to the band-edge deforma-
tion potentials,

dE,
a =V =a —a = —38Pg&P

g~p (18)

where P,h =P, +Ph. As reported by Welber et al. from
measurements of the pressure dependence of the Si band
gap, ag p

+ 1.7+0. 1 eV, which corresponds to
P,z

= —0.93+0.05X10 cm . This agrees well with the
earlier results of Laude, Pollak, and Cardona and oth-
ers, ' but Balslev reported values which were more than
twice as large: ag p

+3 8+0 5 eV at 80 K and

ag p
+3. 1+0.5 eV at 295 K.

From EXAFS and x-ray diffraction measurements on
Si:As (Ref. 5) and Si:Ga,

P,h
= —(1.8+0.4)X10 cm

+ ( —0.3+0.3 ) X 10 cm

and

= —(2. 1+0.5 ) X 10 cm (19)

as,„=(+3.3+0.7 eV) —( —0.5+0.5 eV)

=+3.8+0.9 eV, (20)

which is substantially larger than values from pressure
dependence of the optical band gap by most work-
ers 39—41

Another method for determining a, is to measure the
lattice parameter change caused by excitation of
electron-hole pairs. In experiments reported by Gaus-
ter e-h pairs were excited by pulses of MeV electrons,
and the lattice-parameter change was determined by
measuring the elastic strain, yielding P,z

= —0.7X10
cm, which corresponds to agzp +1.3 eV. In more re-
cent work by Buschert, e-h pairs were created by opti-
cal excitation, and the lattice-parameter change was mea-
sured by x-ray diffraction, giving P,z

= —5.0X 10 cm,

and a,„=9.1 eV. These latter values of P,I, and a, are
substantially larger than those determined from the pres-
sure dependence of the optical band gap and from
the present doping experiments. Further work is needed
to determine why the experimental values of ag p

and of
P,z from these e-h-pair generation experiments, from
doping experiments, and from the pressure-dependent
optical-band-gap experiments are so different.

It is interesting to note that most of the uncertainty in
experimental values of Pz and a„ from the present doping
experiments comes from uncertainty in P„„,and in turn
from uncertainty in the Ga-to-Si nearest-neighbor dis-
tance r =2.41+0.02 A obtained from the EXAFS
measurements. If r =2.35 A instead of 2.41 A, then
P»„=0, Pz =P„„=+0.9 X 10 cm, and a„=+ 1.6 eV.
This would agree well with theoretical results ' for a,
and with experimental results ' for a, . As discussed
in Sec. II E, we believe the interpretation of the EXAFS
measurements which gives r =2.41 A to be correct, al-
though there is some evidence which favors an interpre-
tation which would indeed yield r =2.35 A.

IV. CONCLUSIONS

Lattice expansion in heavily doped Si:Ga has been
studied by EXAFS and double crystal x-ray diffraction.
Two Si:Ga samples prepared by liquid-phase epitaxy
(LPE) were studied. They had uniform Ga concentra-
tions of 1.0X10 and 1.5X10 cm, with comparable
resistivities of 2.0X10 Qcm. An average expansion
per substitutional Ga atom of +(0.9+0.1)X10 cm3

was observed. The average nearest-neighbor Si-Ga bond
length was 2.41+0.02 A, which is 0.06 A larger than the
Si-Si nearest-neighbor distance in pure silicon. Combin-
ing these two results, the lattice strain per hole in the
valence band is —0.3+0.3X10 cm, and the valence-
band hydrostatic deformation potential is —0.5+0.5 eV.
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