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Loca l structure s of isovalen t and heterovalen t dilut e impuritie s in Si crystal
probe d by fluorescenc e x-ray absorptio n fin e structure

Shiqiang Wei,a) Hiroyuki Oyanagi, Hitoshi Kawanami, Kunihiro Sakamoto,
Tsunenori Sakamoto, Kazuhisa Tamura,b) Naurang L. Saini,c) and Kohei Uosakib)

Electrotechnical Laboratory, 1-1-4 Umezono, Tsukuba, Ibaraki 305, Japan

~Received 2 June 1997; accepted for publication 20 August 1997!

Local structures of dilute isovalent and heterovalent impurity atoms in Si crystal ~Si:X, X5Ga, Ge,
As! have been studied by fluorescence x-ray absorption fine structure. The distortion of local lattice
around the impurity atoms was evaluated from the Si–X bond length determined by extended x-ray
absorption fine structure. The results demonstrate that the local lattice deformation is strongly
dependent on the electronic configuration of impurity atoms, i.e., we find an anomalous expansion
(0.0960.01 Å) along the @111# direction for donor ~As! atoms but much smaller magnitude
(0.0360.01 Å) for isovalent ~Ge! atoms and acceptor ~Ga! atoms. The results suggest that the local
lattice distortions are strongly affected by the Coulomb interactions between the localized charge,
which piles up to screen the ion core and the bond charge, and the ion-core repulsion. Absence of
anomaly in case of negatively charged Ga atoms suggests that the former mechanism is adominant
factor for anomalous lattice expansion. © 1997 American Institute of Physics.
@S0021-8979~97!08822-1#

I. INTRODUCTION

The doping of crystalline Si ~both thin films and bulk
crystals! has numerous applications for the fabrication of ad-
vanced semiconductor devices,1,2 which requires the state-of-
the-art tailoring of a band gap ~band-gap engineering!. In
order to understand the nature of doping-induced electronic
states, it is essential to study the local structures around im-
purities in the doped semiconductors.

A number of articles have reported that the impurity-
induced local lattice distortions modify both electronic states
and crystal growth.3–5 For example, Seki5 found that the dis-
locations are reduced by Zn impurity in InP crystal. This
effect has been ascribed to solution-hardening or a simple
elastic interaction between impurity ~solute! and dislocation.6

The donor-complex centers formed by n-type doping in
GaAsxP12x and ~Al , Ga, In!P semiconductor alloys are well-
known for doping-induced defect states.7 In both cases,
quantitative discussions require direct structural parameters
around impurities. The x-ray absorption fine structure
~XAFS! is a powerful technique for studying the local struc-
ture of a particular species of atom even in a complex mate-
rial. XAFS has been used to obtain the structural information
on the local distortion around impurities for pseudo-binary
Ga12xInxAs alloys8 and recently, dilute isovalent impurities
~Ga, As! in InP.2 For isovalent impurity atoms, the effect of
alloying is often understood in terms of a virtual crystal ap-
proximation ~VCA!9 where the local distortions are treated
as averaged lattice effects. However, the local atomic ar-
rangements have been shown to deviate from the simply av-
eraged lattice positions and the dilute impurities provide op-
portunities to study the lattice distortion of host atoms.8

It is well known that the strain caused by lattice-
mismatch strongly affects the optical properties10 and surface
morphology11 of epitaxially grown thin film semiconductors.
Recently, it was revealed that the Si12xGex thin films on
Ge~001! substrates indicate the photoluminescence spectrum
due to a direct transition, where much attention has been
focused on the effect of strain on the conduction band mini-
mum. The strain also affects the surface morphology of the
Si–Ge thin films. The atomic force microscopy ~AFM! and
transmission electron microscopy ~TEM! are conventionally
used to characterize the surface morphology.12,13 However,
in order to relate characteristic features of heteroepitaxial
growth, such as the onset of surface roughening11 or island
formation to the mismatch strain from microscopic view-
points, the information on the local lattice distortion is re-
quired. The elastic theories developed for predicting the band
structure can be tested also if the magnitude of local distor-
tion around dilute isovalent impurities is obtained.

Further, the information on the local distortion around
heterovalent impurities would be helpful to understand the
electron states of impurities from first principle calculations.
In order to evaluate the effect of heterovalency as atest case,
a series of heterovalent atoms in Si crystal are studied. In this
article, the local structures of dilute acceptor ~Ga! atoms,
isoelectronic ~Ge! atoms, and donor ~As! atoms doped in Si
crystal are reported. Fluorescence XAFS experiments have
recently progressed so that impurities in the order of
1019/cm3 can be easily studied using a multipole wiggler and
a multi-element solid state detector.14,15 On going from
Ga(s2p1) to As(s2p3) atoms, the effect of electron configu-
ration on the local lattice distortion can be studied since the
bond lengths of impurity atoms can be obtained within
60.01 Å precision.

II. EXPERIMENT

The Si:X ~X5Ge, Ga, As! samples were prepared by
either molecular beam epitaxy ~MBE! or chemical vapor
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deposition ~CVD!. For Si:Ge, MBE was used to grow dilute
Ge–Si alloys. Details of MBE growth is descried
elsewhere16 and here the procedure is only briefly described.
Boron-doped Si~001! substrate ~10 V cm! was chemically
cleaned by the Shiraki method prior to the insertion to the
vacuum. The 2-mm-thick heteroepitaxial Si12xGex (x
50.006) thin films were deposited on the substrate Si~001!
surface at 673 K in a MBE growth chamber with a base
pressure of 1310210 Torr.17

The Si:Ga sample is a Ga-doped 1.05-mm-thick Si epi-
taxial film with the doping concentration of 6.2
31018 cm23. The film was also grown by MBE at the sub-
strate temperature of 900 °C on phosphorous-doped n-type
Si~001! substrate with the sheet resistance of 4 V cm. This
high dose concentration was achieved by using liquid Ga ion
doping source.18 The film was grown at the Ga ion accelera-
tion voltage of 1 kV. The Si:As sample is an epitaxial wafer
which consists of As-doped 9.6-mm-thick top layer with the
doping concentration of 4.631016 cm23, and As-doped 5.4-
mm-thick second layer with the doping concentration of 2.6
31018 cm23. The layers were grown on boron-doped p-type
Si~111! substrate with the sheet resistance of 5 V cm by
CVD.

The fluorescence yield spectra of Si:X ~X5Ga, Ge, As!
samples were measured at the BL-13B of National Labora-
tory for High Energy Physics ~PF, KEK!. The electron beam
energy was 2.5 GeV and the maximum stored current was
360 mA. A 27-pole wiggler with the maximum magnetic
field B0 of 1.5 T inserted in the straight section of the storage
ring was used. The calculated total power of the wiggler was
5.44 kW at B051.5 T, with which the brilliance greater than
by an order of magnitude from that of a bending magnet can
be obtained over a wide energy range ~4–30 keV!. XAFS
data were collected using a fixed-exit double-crystal Si~111!
monochromator. The first crystal is a water-cooled flat
Si~111! crystal19 while the second crystal is asagittally bent
Si~111! crystal, which can focus the horizontal beam over
;2 mrad. A seven-element Si~Li ! solid–state detector array
was used to collect the fluorescence signal. The average en-
ergy resolution of each Si~Li ! element with an active area of
200 mm2 was 240 eV at 5.9 keV, using a shaping time of 6
ms. The detector output was linear below 2.53104 cps after
a simple correction of dead time.

For dilute Si:X samples, the large background caused by
elastic scattering must be removed by an energy analysis so
that a weak fluorescence yield can be measured with a high
signal-to-background ratio. Figure 1 shows the energy spec-
trum for Si:Ga. It is clear that the elastic scattering peak is
stronger than the signal Ga Ka by more than an order of
magnitude. The elastic scattering peak are eliminated by us-
ing the thin Zn, Ga, and GeO2 x-ray filters for the Ga, Ge,
and As K-edge, respectively. With the use of an x-ray filter,
the signal-to-background ratio is greatly improved as shown
in Fig. 1. The energy window of the detector electronics for
each channel was chosen to record only the Ka peaks of Ga,
Ge, and As elements.

III. RESULTS

The fluorescence yield spectra of Si:X ~X5Ga, Ge, As!
are shown in Fig. 2. In order to compare the EXAFS oscil-
lations in fluorescence yield spectra, their energy positions
are shifted in such away that the position of their absorption
edges coincide to zero. The absorption threshold energies are
taken as 10 368 eV ~Ga!, 11 111 eV ~Ge!, and 11 868 eV
~As!. It can be seen that the features in the high energy
region have the similar oscillations in the energy range 0–
300 eV, reflecting the fact that dilute impurities substitute
tetrahedral sites having a fourfold coordination with silicon
atoms.

Figure 3compares the normalized K-edge EXAFS oscil-
lationsx(k) in the k range of 2 – 18 Å21. It can be readily
seen that the EXAFS features are similar and the prominent
oscillations appear in the low k region of 3 –6 Å 21. The
magnitude of oscillations decreases with an increase in k
showing negligible magnitude beyond 10 Å 21.

The results of Fourier transform ~FT! of EXAFS oscil-
lations kx(k) for Si:X representing the radial distribution
functions ~RDFs! are shown in Fig. 4. The features of the
RDF are similar to those of crystalline Ge and
Si0.95Ge0.05/Si~001!.20 Prominent peaks at ;2 and 3–4 Å are
due to the first nearest neighbors and second and third near-
est neighbors, respectively. The presence of the second and
third shells indicates that impurity atoms take substitutional

FIG. 1. Fluorescence x-ray spectrum for Si:Ga on Si~001!. The elastically
and inelastically scattered photons and characteristic x ray are recorded with
Zn filter ~dashed line! or without Zn filter ~solid line!.

FIG. 2. Fluorescence XAFS spectra for Si:Ga, Si:Ge, and Si:As. The ab-
sorption edge energy is normalized for comparison.
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sites without degrading the medium range order. However,
the tetrahedral arrangement of silicon atoms is still preserved
around impurity atoms.

For getting structural parameters of nearest neighbor co-
ordination of Ga, Ge, and As impurities, the RDFs of Si:X
samples were inversely transformed to isolate the single shell
EXAFS contribution. The least-squares curve fitting based
on Marquart’s scheme for iterative estimation of nonlinear
least-squares parameters via a compromise combination of
gradient, and Taylor series method21 was used to fit the in-
verse transform of the EXAFS spectra. Since the concentra-
tion is low enough to neglect the impurity pairs for a random
distribution, the nearest neighbor species were assumed to be
silicon. Validity of such an assumption was also confirmed
by the curve fit including the second shell of like-atom. The
contribution of the Ga–Ga and Ga–Si pairs can be separated
in a k space, because the k dependencies of the total phase-
shift and backscattering-amplitude functions for Ga and Si
are quite different: u f Si(k,p)u peaks at lowk and falls off
sharply with the increase of k while u f Ga(k,p)u has a maxi-
mum at k56 –7 Å 21 and extends to a region with k
.15 Å 21. The theoretical amplitude function u f j (k,p)u and
phase shift function F i j (k) was obtained by FEFF6.22,23The
results of curve fitting are shown in Fig. 5 and numerical
results are summarized in Table I.

IV. DISCUSSION

The local structures around Ga and As isoelectronic im-
purities doped in InP crystals have been studied by Oyanagi
et al.2 They found that the Ga–P and In–As bond lengths of
impurities in InP were close to those in pure binary com-
pounds GaP and InAs ~RGaP52.360 Å , RInAs52.623 Å !, de-
viating from the interatomic distance of InP host lattice
(RInP52.541 Å) . Such an deviation from the average lattice
along the @111# direction gives rise to the local expansion or
compression around impurities. Mikkelsen et al.8 have dem-
onstrated that, in case of pseudo-binary alloys such as
In12xGaxAs, the positions of isovalent atoms ~In, Ga! sig-
nificantly deviate from the average lattice of a VCA crystal
as theoretically predicted by Fong et al.24 They found that
the Ga–As and In–As distances take nearly constant values
with a small variation of 0.04 Å. The average cation–anion
distance, on the other hand, changes by 0.17 Å.

The behavior of the heterovalent impurities, i.e., whether
they introduce not only a simple atomic size effect but also a
new source of lattice distortion, because of a stronger inter-
action with host atoms is an interesting problem. Thus, it is
necessary to systematically investigate the dependence of va-
lency. Systems we studied here, Si:X ~X5Ga, Ge, As! pro-
vides opportunities to study the local structure of heterova-
lent impurities ~donor and acceptor! in comparison with the
isovalent impurity. Using the XAFS technique, we have ob-
tained the local structures for the three cases: acceptor ~Ga!,
isoelectronic ~Ge!, and donor ~As! impurities in Si crystal.

The RDF in Fig. 4 and XANES spectra in Fig. 6 suggest
that the coordination geometry of the three cases is similar,
i.e., tetrahedral coordination of Si atoms. The structural pa-
rameters ~coordination number N! summarized in Table I
confirm that the Ga, Ge, and As atoms are indeed coordi-
nated by four Si atoms in the first nearest neighbor shell.
Although, we have introduced the contribution of like-atom
bonds ~Ga–Ga, Ge–Ge, and As–As!, the fit was not im-
proved, indicating that the impurities are well-separated and
the like-atom bonds can be neglected. Therefore, we con-

FIG. 3. EXAFS oscillations function x(k) for Si:Ga, Si:Ge, and Si:As.

FIG. 4. Radial distribution functions obtained by FT of EXAFS oscillations
for Si:Ga, Si:Ge, and Si:As.

FIG. 5. Curve fit results for Si:Ga, Si:Ge, and Si:As with the single Si
coordination shell model. The solid line is the experiment data and the
dotted line is the fitting data.
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clude that the first shell of Ga, Ge, and As atoms consists of
only Si atoms in agreement with an expected pair ratio
(!1) assuming arandom distribution. In Fig. 6, the fact that
XANES features for the three cases are similar suggests that
impurity atoms have a tetrahedral coordination as in case of
undistorted Si lattice.

According to Pauling’s rule,25,26 the tetrahedral covalent
radii of Si, Ga, Ge, and As atoms are 1.173, 1.260, 1.225,
and 1.180 Å, respectively. Their covalent bond lengths are
RSi–Si52.35 Å , RGa–Si52.43 Å , RGe–Si52.40 Å , and
RAs–Si52.36 Å . The bond lengths are in the following order:
RGa–Si.RGe–Si.RAs–Si.RSi–Si . On the contrary, we found
that the anomalous behavior as summarized in Table I. We
note that the high accuracy for the bond length is achieved
by systematic analysis by the curve fit using theoretical am-
plitude and phase shift functions. We estimate the error in
bond length is 60.01 Å . For comparing our results with the
previous studies, Fig. 7 includes the bond lengths of Si–Ga,
Si–Ge, and Si–As from Phillips,25 Oyanagi,27 Ikeda,28 and
this work.

Although, the Si lattice is expected to expand toward the
@111# direction on going from As to Ga, the results show that
the RGa–Si and RGe–Si have the same value ~2.38 Å! which
are 0.02 Å shorter than the covalent bond lengths R
52.40 Å , while RAs–Si is 2.44 Å which is 0.04 Å longer than
the sum of RGe–Si covalent radii. The local structures of the

impurities are schematically illustrated in Fig. 8 where the
DUi j represents the deviation of the Si–X bond length from
the Si–Si distance ~2.35 Å!. Erbil et al.29 reported that the
RAs–Si bond length is 2.41 Å for As concentrations of 0.1%–
7.0%. Although our Si:As sample is more dilute and the
deviation is more significant, the reported anomalously long
Si–As bond is in agreement with their results. Their RAs–Si

bond length is 0.01 Å longer than the sum of tetrahedral
covalent radii of As ~1.225 Å! and Si ~1.173 Å!25 and 0.03 Å
shorter than our result.

However, our RAs–Si value is the same as the bond
length of RAs–Si calculated by Scheffler et al. using the
parameter-free self-consistent Green’s function method.30 It
is a puzzling problem that the observed RAs–Si is 0.06 Å
longer than those of RGa–Si and RGe–Si . When As atoms sub-
stitute tetrahedral sites in Si lattice with five valence elec-
trons (s2p3), one surplus electron is expected to be doped
while remaining four electrons are expected to form covalent
bonds with Si neighbors. The fifth electron must go into the
conduction band states leaving As atom to be positively
charged. This extra charge of ion core is expected to rear-
range the charge density around impurity atoms, i.e., the
charge density increases to screen the extra charge. On the
contrary, for neutral Ge atoms and negatively charged Ga
atoms a charge pile up is unlikely.

It is rather surprising to find that the observed RAs–Si is
unusually elongated while RGa–Si and RGe–Si are the same,
although RAs–Si should be shorter than RGa–Si and RGe–Si

according to the covalent radii. We note that the experimen-
tal RAs–Si is in agreement with the calculated value by

TABLE I. The structural parameters of Si:X crystal.

Sample K-edge
Coordination

type R ~Å! N s ~Å! DE ~eV! DUi j ~Å!

Ga:Si~001! Ga Ga–Si 2.3860.01 4.260.5 0.06460.02 6.061.0 0.0360.01
Ge:Si~001! Ge Ge–Si 2.3860.01 3.860.5 0.06360.02 4.561.0 0.0360.01
As:Si~111! As As–Si 2.4460.01 4.560.5 0.07060.02 8.061.0 0.0960.01
c-Si Si–Si 2.35 4

FIG. 6. XANES spectra for Si:Ga, Si:Ge, and Si:As. The absorption edge
energy is normalized for comparison.

FIG. 7. Bond length for Si:Ga, Si:Ge, and Si:As obtained from the previous
study and this article. The r Si:X is taken from reference, ~see Ref. 25! the
open circle (r Si–Ge) is taken from Oyanagi et al. ~see Ref. 27!, RSi–Si is the
bond length of crystal Si, RSi:X is this work.
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Krüger31 and Uhrberg32 for symmetric As dimers absorbed
on the Si~001! surface. RAs–Si is in the range from 2.42 to
2.44 Å, and RAs–As is in the range from 2.52 to 2.55 Å. In
this geometry, the As atoms form s2p3-like bonds. Scheffler
showed that the charge density at the As impurity is practi-
cally the same whether the orbital is occupied or not since As
is a shallow donor in Si crystal. The unusual distortion of
As–Si bond in Si crystal is interpreted in two respects. First,
there is a change in the ion core at the impurity site which
may increase the repulsive ion core-ion core interaction. Sec-
ond, there is a pile up of charge density as aresult of redis-
tribution of bond charge in order to screen the ion core,
which might increase the repulsive interaction between the
charge pile up and the bond charge. Scheffler’s calculations
show that there are more electron density near the impurity
site than is actually required for screening Si:As1 in the
~110! plane of the Si crystal, so that the neighbor Si valence
electrons feel a repulsion and move away from the center.

For negatively charged Ga impurities, however, the ob-
served RGa–Si is not dependent on the ion-core effect. This
suggests that the electron charge density plays a dominant
role in the lattice distortion. Further, the fact that the Si–X ~
X5Ga, Ge! bond length is slightly shorter than the sum of
covalent radii is due to the repulsive interaction between the
more extended sp3 orbitals and those of Si atoms. For Si:Ge,
the observed Si–Ge distance ~2.38 Å! coincides with that for
short period ~Si!5 /~Ge!5 superlattices28 and the experimental
value for Ge monolayer sandwiched between Si layers Si/
Ge/Si ~2.37 Å! both of which are on Si~001!.27 Thus, the
Ge–Si distance in strained short period Ge superlattices
agrees quite well with that of Si:Ge. For strained Ge layers
epitaxially grown on Si~001!, a tetragonal distortion of the
Ge layer is expected in order to keep the lattice spacing of
the substrate constant. Since the bending force constant is
smaller than that of stretching, this is achieved by the bend-
ing of both the interface Ge–Si bond and Ge–Ge bonds. This
indicates that under the stress for matching the in-plane lat-
tice spacing with that of Si lattice, the bond length relaxation
at the Ge–Si interface is the same with that found for Ge
impurities in Si. This means that the bond length relaxation
under the lattice matching condition is essentially determined
by a short range order or the first nearest neighbor coordina-

tion. This is perhaps due to the fact that bending plays an
important part in distortions for lattice matching, which is
determined mainly by the repulsion between the impurity
atom and nearest neighbors. The observation that in Si:Ge
there is only a small shift of atom positions for the second
and third nearest neighbor atoms, since the distortion is
mostly absorbed by the shift of neighboring atoms toward
the @111# direction, which bends the second nearest bonds
but hardly affects the positions of the second nearest neigh-
bor atoms.

When the As atom replaces Si sites, its ion core is posi-
tively charged. In order to screen this charge, some electrons
are transferred from the bond charge and pile up between the
ion core and the bond charge. Since the interaction for both
the core–core and electron–electron interactions are repul-
sive, nearest Si atoms are shifted away from the As impurity.
As summarized in Table I, the s disorder factors are 0.064,
0.063, and 0.070 Å for Ga–Si, Ge–Si, and As–Si covalent
bonds, respectively. We note that thes value for As:Si~111!
is about 0.006 Å greater than that of both Ga:Si~001! and
Ge:Si~001!. This indicates that there is a larger disorder in
the first shell around impurity sites in case of As:Si. Since
the charge pile up to screen the ion core would weaken the
bond strength, the increased relative displacement is consis-
tent with the conclusion that the repulsion between the extra
charge pile up and bond charge is a dominant factor of the
local lattice distortion.

We consider that a pile up of charge density between the
two ion cores is the dominating factor for repulsive interac-
tions. The magnitude of distortion toward the @111# direction
is the same for Ge and Ga. If the ion core charge plays an
important role, we should observe at least the effect of the
negative charge for Si:Ga. However, there is no such an ef-
fect at all. This indicates that at least the ion core charge is
not the dominant factor and the repulsive force, between the
pile-up electron and the bond charge is the dominating factor
of local lattice distortion. The discussion is rather native but
theoretical calculations would clarify the detailed mechanism
of lattice expansion around impurity atoms.

V. CONCLUSION

We have determined the magnitude of the local lattice
distortion around dilute impurity atoms along the @111# di-
rection for isovalent ~Ge! and heterovalent ~Ga, As! atoms in
Si crystal. Contrary to the systematic variation RGa–Si

.RGe–Si.RAs–Si predicted by the sum of covalent radii, we
found that RGa–Si–RGe–Si,RAs–Si . The As–Si bond length is
unusually long ~2.44 Å! indicating that the local lattice ex-
pands by 0.09 Å. The results suggest that the local lattice
distortion is not dependent on the ion-core repulsion. Instead,
the present results suggest that the Si nearest neighbor atoms
move away due to the repulsive interaction of a charge pile
up to screen the positive charge and the bond charge. This
implies that acceptor impurities introduce the local lattice
expansion which should be taken into account when the en-
ergy levels of acceptor levels are discussed.

FIG. 8. Local structures for Ga, Ge, and As impurities in Si crystal. The i
atom is the impurity atom, j atom is the first neighbor Si atom. DUi j is the
magnitude of the displacement of Si atom along the @111# direction.
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