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Lattice Compression from Conduction Electrons in Heavily Doped Si:As
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High-resolution x-ray scattering measurements on heavily doped Si:As (5X10 ' As cm ') show lat-
tice compression relative to pure silicon, ha/a = —0.0019+0.0003, although extended x-ray-absorption
fine-structure measurements show that the As —Si bond length is 0.06+'0.02 A greater than the usual

Si—Si bond length. The overall lattice compression is attributed to increased population of conduction-
band states which reduces Si—Si bond lengths. These measurements provide the first direct measure-
rnent of the hydrostatic deformation potential for the conduction-band edge in silicon, +3.3 0.7 eV.

PACS numbers: 61.70.Sk, 61.70.At, 72.80.Cw

Effects of heterovalent, substitutional impurities on
lattice parameters of elemental semiconductors are im-

portant in the determination of the degree of lattice
mismatch in doped superlattices and in other hetero-
structures. Also, experimental determinations of impuri-

ty effects on local atomic arrangements and on lattice
parameters are needed to test the accuracy of first-

principles calculations. '

By combining measurements of lattice parameters by
x-ray scattering with measurements of local interatomic
distances by extended x-ray-absorption fine-structure
(EXAFS) spectroscopy for As-doped Si (Si:As), we have
found that As-to-Si bond lengths are 0.06+0.02 A
greater than the usual Si—Si bond length, yet the Si:As
lattice parameter as;.A, is reduced relative to the lattice
parameter of pure Si, as;. We have determined the
conduction-band-edge deformation potential for Si from
these measurements.

This is the first instance for dopants in Si or Ge in

which both local displacements and overall lattice pa-
rameters have been measured. The results provide a
new, critical test of theoretical predictions for the
conduction-band-edge hydrostatic deformation potential
and for effects of donors on lattice parameters in sil-

icon. '
Si:As samples were prepared by ion implanting of

(100) Si wafers, (Czochralski grown, B doped, 10-20 0
cm) with As, 6&10' cm and 100 kev, followed by
laser annealing with a frequency-doubled Nd-doped
yttrium-aluminum-garnet Q-switched laser. For these
samples, most of the As is contained within a 1500-A-
thick near-surface layer as illustrated in Fig. 1(a), with a
maximum concentration of Np„=5x10 ' cm (xA,
=0.10). For samples prepared in this way, at least 90%
of the As is substitutional and electrically active.
Some samples were also subsequently annealed for 30
min at temperatures between 200 and 600 C. These
treatments increased the electrical resistivity because of
the progressive electrical deactivation of the arsenic but
did not produce a significant change in the As concentra-
tion profile xA, (z). ' '
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FIG. l. (a) Cross-section view of ion-implanted, laser-
annealed Si:As samples used for x-ray scattering and EXAFS
measurements. Inset: Depth dependence of the As concentra-
tion. (b) Experimental configuration for high-resolution x-ray
scattering measurements of lattice parameters (rocking curves)
for Si:As samples.

Lattice parameter measurements were made as shown
in Fig. 1(b), with a channel-cut Ge(111) monochroma-
tor and Cu-Ka1 radiation. EXAFS measurements, with

1748 1988 The American Physical Society



VOLUME 61, NUMBER 15 PHYSICAL REVIEW LETTERS 10 OCTOBER 1988

IOOO. O

IOO.O

IO.O

I.O

O. I

I I

S-LASER--
NNEALED -.

I'
I ~

~ 1

I
1 111111

~ ''I
I j ~

I v ~
'o

(b) 200 c

IOOO.O

IOO.O

x' IO.O
I-

0
O 10

O. I

I I I

(c)mo. c

t ~

IL

(d)ooooc

'I, u,
U

IOOO. O

IOO.O

l I

(e)500 C
I

total electron yield detection, '" were made at the Cornell

High Energy Synchrotron Source.
X-ray rocking curves for an as-laser-annealed Si:As

sample and for pure Si are shown in Fig. 2(a). The con-
tribution from the As-containing near-surface layer is

clearly visible as a satellite peak displaced to a larger
scattering angle from pure Si by d,e =300+'50 s. If the
perpendicular strain within the near-surface layer were

uniform, this observed displacement would indicate a
fractional change in the (400) interplanar spacing of
hd/d = —(2.1+'0.3) X 10 . However, the perpendicu-
lar strain distribution Ad(z)/d is expected to be propor-
tional to the As concentration NA, (z), which is nonuni-

form [see Fig. 1(a)]. By using a Gaussian to represent
Np„(z) and Ad(z)/d in kinematic modeling of the x-ray
rocking curve, the perpendicular strain for maximum As
concentration was determined to be (hd/d), „=—(3.4
~ 0.6) x 10 for the as-laser-annealed Si:As sample. "

For situations like that shown in Fig. 1(a), where an

overlayer is laterally constrained by its substrate, mea-
surements of perpendicular strain for the overlayer
should be corrected for Poisson expansion to obtain the
lattice parameter as;A, which the overlayer would have

if it were not constrained. ' In the case of (100) Si, this
is given by

asi:As asl ga ~d400 c I I

as; a d400 c~ I+2cI2 '

with elastic constants cII/(cII+2cI2) =0.56. For the as-
laser-annealed Si:As sample, this yields

Aa/a = —(1.9 ~ 0.3) x 10

or

ptetat = = —(0.4+'0. 1) X 10 Cm3
h,a

As
(2)

Ptotal Psize+ Pe, h. (3)

We have used the EXAFS result for the As-to-Si dis-
tance in Si:As, dA, s;=2.41~0.02 A, together with
Vegard's law' to estimate the contribution of atom size
differences to the actual, experimentally determined lat-
tice parameter for Si:As. Vegard's law is closely fol-
lowed for isoelectronic covalent alloys, e.g., Si-Ge al-
loys'6 and for GaAs-InAs alloys. ' In applying Vegard's
law, we have taken the end-point structures to be dia-
mond cubic Si and a hypothetical zinc-blende AsSi. For
pure Si, the nearest-neighbor distance is ds;s;=2. 35 A
and as;=(4/3'~ )ds;s;. For the nearest-neighbor dis-
tance in zinc-blende AsSi, we use the "natural" AsSi
bond length dAssj so

with N A, = (5.0 ~ 0.5) x 10 ' cm
The correction for the Poisson expansion, Eq. (1), is

appropriate only if structural coherence is fully main-
tained between the Si:As overlayer and the Si substrate,
i.e. , in the absence of a network of misfit dislocations
which relax the in-plane strain by accommodating the
difference in equilibrium lattice paratneters as;.A, and
as;. Electron micrographs of the as-laser-annealed Si:As
sample showed no misfit dislocations. Interstitial dislo-
cation loops were seen in some areas below the As-
containing layer, where laser melting had not penetrated
deep enough to remove fully the end-of-range implanta-
tion damage. These defects cause local lattice expan-
sion. ' However, the present x-ray rocking curves are
dominated by the lattice strain caused by As incorpora-
tion, which is negative for the as-laser-annealed sample.

As suggested by Yokata, ' we consider that the lattice
parameter change caused by doping consists of two corn-
ponents: one local in nature and due to atom size
differences, P„„,e.g. , the cores of dopant atoms or the
localized electronic screening of the core at the impurity,
and another, p, h, due to the hydrostatic deformation po-
tential for the band edge occupied by the free carriers,
electrons e or holes h, from the dopants;
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FIG. 2. X-ray rocking curves (400) for (a) an as-laser-
annealed Si:As sample, and (b)-(f) pure Si samples after sub-

sequent 30-min anneals at the indicated temperatures. In each
case, the solid line is the rocking curve for pure silicon.

=
s dAsst s dstst =2 43+ 0 02 ~

The prediction from Vegard's law for the lattice parame-
ter dependence on NA, resulting solely from atom size
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differences for Si:As is then given by

P,;„= =+(1.4~0.3) X10 cm .
aNAs

(6)

For N~s =5x10 ' As cm ' this predicts an expansion
ha/a = (7.0 ~ 1.5) x 10 relative to pure silicon.

Using the EXAFS result and Vegard's law for P„„
and the lattice parameter result for P&„,i, we obtain for
Si:As

P, =Ptat, i
—P„z,= —(1.8~0.4)XIO cm . (7)

The conduction-band-edge deformation potential a, cor-
responding to this value of P, is

a, = —38P, +3.3+ 0.7 eV, (8)

where 8 is the bulk modulus for Si, 0.61 x 10 " eV/cm .
Deformation potentials were introduced originally to

describe the effect of phonons on mobilities of electrons
and holes in semiconductors. It has been suggested that
the same type of deformation potential is appropriate for
describing the effects of electrons and holes from donors
and acceptors on the lattice parameters of semiconduc-
tors. ' Recent first-principles calculations by Van de
Walle and Martin' using local-density-functional theory
and ab initio pseudopotentials yield a, =+3.1 ~ 1.0 eV
or P, = —(1.7+'0.5) X10 cm, which are consistent
with the present work.

Calculations of P, and a, for Si by Cardona and
Christensen with the linear muffin-tin-orbital method
have given P, = —0.3X10 cm and a, +0.6 eV,
which are a factor of about 6 smaller than observed ex-
perimentally. Nolte, Walukiewicz, and Hailer' recently
reported deformation potentials derived from observed
pressure derivatives of acceptor energy levels for Pt and
Pd in Si. Their results, a, +2.4 eV and P, = —1.3
x10 cm, have the correct sign but are about 30%
smaller than the present experimental result.

Further refinements in comparison of experiments and
theory include effects of (100) uniaxial strain lifting de-
generacy of conduction-band minima' and of degenerate
conduction electrons contributing to the hydrostatic de-
formation potential. o However, we do not discuss these
effects further, because they are smaller than other un-

certainties in experimental and theoretical results noted
above.

For Si:As samples annealed at 200, 300, 400, 500, and
600'C for 30 min, the lattice parameters and the electri-
cal resistivity p, /po increase monotonically with anneal-
ing temperature, as illustrated by the rocking curves in

Fig. 2 and by the resistivity and lattice parameter
changes in Fig. 3. Taking the carrier concentration
n, =Np„pp/p„ these results are consistent with the defor-
mation potential component of the lattice parameter
change, n, P„be mcoing less important as the dopant
atoms become electrically inactive. Reduction of the
carrier concentration increases the lattice parameter
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since P, (0, and reduction of carrier concentration in-
creases the electrical resistivity.

Pandey et a/. have proposed that As atoms in heavily
doped Si become electrically inactive by forming As4-
vacancy complexes which are coherent with the Si lat-
tice. In these complexes, the As atoms are displaced
from substitutional sites by -0.17 K toward the associ-
ated vacancy, 2' thereby accommodating the As —Si
bonds being somewhat longer than the Si—Si bonds with
less long-range strain than for isolated, substitutional As
in Si. Therefore, P„„is expected to become smaller with
increasing annealing temperature, as more As atoms are
incorporated in As4-vacancy complexes and become elec-
trically inactive.

With P, —1.8&10 cm from Eq. (7), ha/a and

p, /po from Fig. 3, and

h,a
size

aNAs

poPe

Pa

from Eq. (3), we have P„«=1.4X 10 cm for the as-
laser-annealed sample but decreasing with increasing an-
nealing temperature to 0.9X10 cm for 600'C, in
qualitative agreement with the As4-vacancy proposal.

We acknowledge helpful discussions with M. Cardona,
S. R. Herd, K. C. Pandey, J. Tersoff, and C. G. Van de
Walle.

' Also, Department of Materials Science Engineering, MIT,
Cambridge, MA 02139. Present address: Department of Elec-
trical and Computer Engineering, University of California at
San Diego, La Jolla, CA 92092.
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FIG. 3. Normalized resistivities p, /po and lattice parameter
changes ha/a for Si:As samples annealed for 30 min at
different temperatures.
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