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Lattice distortions for arsenic in single-crystal silicon
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Extended x-ray-absorption fine-structure measurements for 0.1, 0.7, and 7 at. % arsenic impuri-
ties in single-crystal silicon yield As-to-Si nearest-neighbor distances of 2.41 +0.02 A, which are
0.06 A (2.5%) greater than the Si-to-Si distance in pure silicon. Next-nearest-neighbor distances
are 3.85+0.02 A, only 0.01 A (0.3%) greater than the corresponding Si-to-Si distance.

The controlled doping of semiconductors by selected im-
purities is of scientific and technological interest. Funda-
mental understanding of solubilities and electronic proper-
ties of impurities in semiconductors requires precise infor-
mation on locations of the impurities in the host lattice and
on lattice distortions caused by the impurities,!”> More
knowledge in these areas may permit better control of im-
purity incorporation and doping in semiconductor devices.
Extended x-ray-absorption fine-structure (EXAFS) spec-
troscopy is a useful method for characterizing lattice dis-
tortions around impurity atoms, because EXAFS probes
one particular element at a time and provides information
about the number, distance, and chemical identity of its
neighbors.>

Here we report the first experimental determination of
local lattice distortions for arsenic as a dopant impurity in
single-crystal silicon.* EXAFS measurements were made
for three different As-in-Si samples. One was a 0.1 at. %
As sample, bulk doped during crystal growth. Other sam-
ples with 0.7% and 7% As were prepared by 100-keV As
ion implantation with doses of 6x10'> and 6x10'® cm ™2
respectively, followed by laser annealing®® using a fre-
quency-doubled Nd:YAG Q-switched laser. Arsenic in
these two samples is in a 2000-A-thick near-surface layer.
0.7% and 7% represent the average arsenic concentrations
at depths which are responsible for the observed EXAFS
for the two ion-implanted samples. Alpha-particle back-
scattering and channeling measurements for the 0.7%
sample are shown in Fig. 1. Channeling data for all three
samples are consistent with > 90% of the arsenic atoms
being in substitutional sites.>

The crystalline compound SiAs was the standard for
determining the total phase function ¢**Si(k) and the
nearest-neighbor envelope function X%, (k) for As-Si
pairs, which were needed to evaluate EXAFS measure-
ments for the As-in-Si samples. From reported uncertain-
ties in lattice parameters and atom positions for SiAs,” un-
certainty in the average As-Si distance should be less than
0.01 A. The total phase function ¢**%(k) and the en-
velope functions for As-As nearest neighbors XRKAS, (k)
and next-nearest neighbors XR{Rfenv(k) were obtained
from EXAFS measurements on crystalline germanium,
with small corrections made for going from germanium to
arsenic.?

EXAFS measurements were made at the Cornell High
Energy Synchrotron Source (CHESS). Fluorescence
detection® was used for the 0.1% sample, and total yield
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detection'® was used for the 0.7% and 7% samples and for
SiAs. The EXAFS function X(k ) for the 0.7% sample is
shown in Fig. 2, together with |®,(r)|, which was ob-
tained by Fourier transformation of k2¥(k). The sub-
script n of ®,(r) denotes the exponent of k employed in
the Fourier transform, e.g., k"X(k). The sharp first,
second, and third neighbor peaks in |®,(r)| at positions
very close to those expected for a silicon lattice confirm, in
agreement with channeling measurements, that most ar-
senic atoms occupy substitutional sites for all three As-in-
Si samples.

Quantitative information on local structure around ar-
senic atoms was obtained by fitting calculated model func-
tions Xc (k) to the corresponding experimental functions
Inn(k) and Xnnn(k) obtained by back-transforming
nearest-neighbor and next-nearest-neighbor regions of
@y (r) using the window functions shown in Fig. 2. X.q (k)
included both As-Si and As-As pairs, and the total coordi-
nation number N agsi+/Nas-as Was fixed at 4 for nearest
neighbors and at 12 for next-nearest neighbors. The con-
tribution from As-As pairs was too small to permit accu-
rate determinations of the As-As distance even for the 7%
sample. For definiteness and to aid in sample-to-sample
comparisons 7 as.as was fixed at 2.45 Ain nearest-neighbor
fitting for all three samples. This is a physically reason-
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FIG. 1. Backscattering measurements for random and ¢100)
aligned orientations taken with 2.3-MeV a particles. The solid
and dashed lines are for the 0.7% As-in-Si sample, and the dots
are for an undoped silicon crystal.
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FIG. 2. EXAFS functions X(k) and |®,(r)| for 0.7% As-in-
Si sample. Window functions used in extracting Xnn(k) and
Znnn(k ) are shown as dashed lines.

able value which is twice the tetrahedral covalent radius
predicted by Van Vechten and Phillips.!! Results are
shown in Fig. 3 for the As-to-Si distance rNN=r,.; and
results are given in Table I for the chemical composition of
the As nearest-neighbor environment, expressed in terms
of x§N =Na.si/4. Standard deviations were calculated
for each of the structural parameters determined by
linearized least-squares fitting.!> These error estimates
shown in Fig. 3 and in Table I correspond to the range of
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FIG. 3. Nearest-neighbor distances 7NN and next-nearest-
neighbor distances 7NN for As atoms in three As-in-Si samples.
Both atom fractions xas.fr and concentrations NN asr are indicat-
ed. The solid horizontal lines represent the average values of FNN
and r™NN and the dashed horizontal lines represent the corre-
sponding distances for crystalline silicon.
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TABLE I. Parameters obtained from fits to EXAFS data, ex-
cept value given in italics, which was assumed in the analyses.
x8N and xJNN are chemical compositions of As nearest-

neighbor and next-nearest-neighbor environments. &N and

eNNN are strains for As-Si nearest- and next-nearest-neighbor
distances with respect to the corresponding distances in crystal-

line silicon.

Sample xJN x NN eNN gNNN
0.1% 1.00 1.0 0.022 0.0016
+0.09 +0.009 +0.005
0.7% 1.09 0.95 0.027 0.0047
+0.09 +0.17 +0.007 +0.007
7% 0.91 0.72 0.025 0.0013
+0.06 *0.11 +0.008 +0.006

values which increase the mean-square fitting error
3 Dt (ki) = Xcai(k;)1% by no more than 100%.

For fitting the next-nearest-neighbor regions, the As-Si
envelope function was taken from measurements for the
0.1% sample, assuming for this most dilute sample that all
12 next-nearest neighbors of each As atom are Si atoms.
The total coordination number N aq.si+ IV as.as Was fixed at
12. For definiteness it was assumed for next-nearest
neighbors that ras.si=rasas. Results for #NNN are given
in Fig. 3. Results for x§{NN =N A, //12 are given in Table
L1 together with the “strains” "N and e"NN for As-Si
nearest-neighbor and next-nearest-neighbor distances with
respect to the corresponding distances 7y si in crystalline
silicon: &=(ras.si — 7y si)/rxusi. Both for nearest neigh-
bors and for next-nearest neighbors other fitting pro-
cedures, e.g., allowing rassi and ras.as to vary indepen-
dently, give results which are consistent with those of Fig.
3 and Table I, but with about twice the error estimates and
with more variation among results for the three different
samples.

The As-Si nearest-neighbor distance determined in
these measurements, 2.41 +0.02 A, is 0.06 A greater than
the usual Si-Si distance but is consistent with the sum of
tetrahedral covalent radii for As (1.225A) and Si
(1.173 A), described by Van Vechten and Phillips'! as ap-
propriate for estimating lattice distortions produced by
isovalent impurities. Parameter-free self-consistent
Green’s function calculations by Scheffler'* predicted an
expansion of 0.03+0.01 A. Calculations by Kraut and
Harrison'> using a tight-binding theory predicted an As—
Si bond length of 2.315 A, which is 0.1 A smaller than the
observed value and corresponds to nearest neighbors relax-
ing inward by 0.03 A. The only other experimental mea-
surements concerning lattice distortion caused by arsenic
in silicon have been lattice parameter measurements,'®
which are sensitive only to the average lattice expansion or
contraction.

The EXAFS measurements show that most of the misfit
for arsenic in silicon is taken up in the nearest-neighbor
shell eNN=0.,025+0.008 with very little change in next
nearest-neighbor distances, eNNN =0.0025 +0.006. These
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results from Fig. 3 and Table I provide a test for theories
of bond lengths, lattice distortions, and lattice parameter
changes for substitutional impurities in tetrahedral semi-
conductors.!*!>!7  Another important result from the
present work is an upper limit of +0.03 A on the change
in nearest-neighbor As-Si bond lengths for materials with
from 0.1% As to 7% As, whereas a larger change might be
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expected from “electronic strain”!® in going from a carrier

concentration of 5% 10'? to ~3x 102! electrons/cm?.
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