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Local structure s of isovalen t and heterovalen t dilut e impuritie s in Si crystal

probe d by fluorescenc e x-ray absorptio n fine structure

Shigiang Wei,® Hiroyuki Oyanagi, Hitoshi Kawanami, Kunihiro Sakamoto,
Tsunenori Sakamoto, Kazuhisa Tamura,” Naurang L. Saini,® and Kohei Uosaki”
ElectrotechnichLaboratory, 1-1-4 Umezong Tsukuba lbaraki 305 Japan

(Receivel 2 Jure 1997 acceptd for publication 20 Augud 1997

Locd structure of dilute isovalert and heterovalenimpurity atonsin Si crystd (Si:X, X=Ga, Ge,
As) hawe beea studial by fluorescene x-ray absorptim fine structure The distortion of locd lattice
arourd the impurity atons was evaluate from the Si—X bord lengh determiné by extendé x-ray
absorptio fine structure The resuls demonstra tha the locd lattice deformatia is strongly
dependenon the electron¢ configuration of impurity atoms i.e., we find an anomalog expansion
(0.09+-0.00 A) alorg the [111] direction for dona (As) atorms but much smalle magnitude
(0.03+0.01 A) for isovaler (Ge) atons ard accepto (Ga) atoms The resuls suggesthat the local
lattice distortiors are strongl affectal by the Coulonb interactiors betwee the localized charge,
which piles up to screa the ion core ard the bord charge ard the ion-core repulsion Absene of
anomay in ca of negativey chargel Ga atons suggest that the former mechanim is adominant

factar for anomalos lattice expansion © 1997 American Institute of Physics.

[S0021-897€97)08822-1

I. INTRODUCTION

The dopirg of crystalline Si (both thin films and bulk
crystalg has numeros applicatiors for the fabricatian of ad-
vanceal semiconductodevices'? which requires the state-of-
the-at tailoring of a bard gep (band-g@ engineering In
orde to understad the natue of doping-inducd electronic
statesit is essentihto study the locd structure arourd im-
purities in the dopal semiconductors.

A numbe of articles hawe reportal tha the impurity-
inducel locd lattice distortiors modify both electronc states
and crysta growth3~° For example SekP found tha the dis-
locatiors are reducel by Zn impurity in InP crystal This
effed has bean ascribel to solution-hardenig or a simple
elastt interaction betwea impurity (solute ard dislocation®
The donor-compl& centes formed by n-type doping in
GaAsP;_, ard (Al, Ga In)P semiconductoalloys are well-
known for doping-inducd defed states. In both cases,
guantitative discussios require dired structurd parameters
arourd impurities The x-ray absorptio fine structure
(XAFS) is a powerfu techniqwe for studyirg the locd struc-
ture of a particula specis of atan even in a complex mate-
rial. XAF S has bean usal to obtain the structurd information
on the locd distortion arourd impurities for pseudo-binary
Ga,_,In,As alloy$ and recently dilute isovaler impurities
(Ga, As) in InP2 For isovalen impurity atoms the effed of
alloying is often understod in terms of a virtual crystd ap-
proximatian (VCA)® where the locd distortiors are treated
as averagd lattice effects However the locd atomic ar-
rangemerd hawe beean shown to deviak from the simply av-
eragel lattice positiors ard the dilute impurities provide op-
portunities to study the lattice distortion of hog atoms®
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It is well known tha the stran causé by lattice-
mismat strongl affecs the opticd propertied® ard surface
morphology* of epitaxially grown thin film semiconductors.
Recently it was revealel tha the Si;_,Ge, thin films on
Geg001) substrats indicat the photoluminescerespectrum
due to a dired transition where muc attention has been
focusel on the effed of stran on the conduction bard mini-
mum The strain also affects the surfa@ morphology of the
Si—Ge thin films. The atomt force microscoly (AFM) and
transmissia electra microscoly (TEM) are conventionally
usal to characterie the surfae morphology'>*3 However,
in orde to relake characteristi features of heteroepitaxial
growth, sud as the onse of surfa@ roughening' or island
formation to the mismatt stran from microscopt view-
points the information on the locd lattice distortion is re-
quired The elastt theories developd for predictirg the band
structue can be testal also if the magnituek of locd distor-
tion arourd dilute isovaler impurities is obtained.

Further the information on the locd distortion around
heterovaleh impurities would be helpfu to understad the
electran states of impurities from first principle calculations.
In orde to evaluae the effed of heterovaleng as ated case,
aseries of heterovalehatonsin Si crystd are studied In this
article the locd structure of dilute accepto (Ga) atoms,
isoelectront (Ge) atoms and dona (As) atons dopel in Si
crystd are reported Fluorescene XAFS experimeng have
recenty progressé so tha impurities in the orde of
10'%cm? can be easiy studied using a multipole wiggler and
a multi-elemen solid stae detectort**® On going from
Ga(s?pl) to As(s?p®) atoms the effed of electro configu-
ration on the locd lattice distortion can be studied since the
bord lengtts of impurity atons can be obtaina within
+0.01 A precision.

II. EXPERIMENT

The Si:X (X=Geg Ga As) sampls were preparée by
eithe molecula bean epitaxyy (MBE) or chemic& vapor

© 1997 American Institute of Physics
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depositim (CVD). For Si:Ge MBE was usel to grow dilute

Ge-S alloys Detailk of MBE growth is descried
elsewher& and here the procedue is only briefly described.
Boron-dopd Si(001) substrae (10 Q2 cm) was chemically
cleanel by the Shirak methal prior to the insertian to the
vacuum The 2-um-thick heteroepitaxial $i,Ge (X

=0.009 thin films were deposité on the substrag Si(001)

surfae at 673 K in a MBE growth chambe with a base
pressue of 1x 10 1° Torr.*’

The Si:Ga sampe is a Ga-dopé 1.05-um-thick Si epi-
taxial film with the doping concentration of 6.2
% 10* cm™3, The film was also grown by MBE at the sub-
strae temperatug of 900 °C on phosphorous-dojgen-type
Si(001) substrag with the sheé resistane of 4 ) cm. This
high dose concentratia was achievel by using liquid Gaion
doping source'® The film was grown at the Ga ion accelera-
tion voltage of 1 kV. The Si:As sampe is an epitaxid wafer
which consiss of As-dopel 9.6-um-thick top layer with the
doping concentratia of 4.6x 10'® cm™3, ard As-dopel 5.4-
um-thick secom layer with the doping concentratia of 2.6
% 10'® cm™3. The layers were grown on boron-dopd p-type
Si(111) substra¢ with the sheé resistane of 5 ) cm by
CVD.

The fluorescene yield specta of Si:X (X=Ga Ge As)
sample were measurd at the BL-13B of Nationd Labora-
tory for High Energ Physis (PF, KEK). The electran beam
enery was 2.5 GeV ard the maximun stored currert was
360 mA. A 27-pok wiggler with the maximum magnetic
field By of 1.5 T insertal in the straigtt sectia of the storage
ring was used The calculatel totd powe of the wiggler was
5.44 KW at By=1.5T, with which the brilliance greate than
by an orde of magnituek from tha of a bendirg magné can
be obtainel over a wide enery range (4-30 keV). XAFS
dat were collectal using afixed-ext double-crysthSi(111)
monochromatar The first crystd is a water-coold flat
Si(111) crystal® while the seconl crystd is asagittaly bent
Si(111) crystal which can focus the horizontd bean over
~2mrad A seven-elemdrSi(Li) solid—stak detecto array
was usdl to colled the fluorescene signal The averag en-
ergy resolutin of ead Si(Li) elemen with an active area of
200 mn? was 240 eV at 5.9 keV, using a shapirg time of 6
us. The detecto output was linear below 2.5x 10* cps after
a simple correctio of deal time.

For dilute Si:X samplesthe large backgroun cause by
elastt scatterig mug be removel by an energy analyss so
that a wed fluorescene yield can be measurd with a high
signal-to-backgrouwhratio. Figure 1 shows the enery spec-
trum for Si:Ga It is clea tha the elastt scatterilg ped is
stronge than the signd Ga K, by more than an orde of
magnitude The elastt scatterilg pe&k are eliminatal by us-
ing the thin Zn, Ga, ard GeG; x-ray filters for the Ga, Ge,
ard As K-edge respectively With the use of an x-ray filter,
the signal-to-backgrouratio is greatly improved as shown
in Fig. 1. The energy window of the detecto electronis for
ead channé was chose to recod only the K, peals of Ga,
Ge and As elements.
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FIG. 1. Fluorescene x-ray spectrum for Si:Ga on Si(001). The elastically
and inelasticaly scatterd photors ard characterist x ray are recordel with
Zn filter (dashe line) or without Zn filter (solid line).

lll. RESULTS

The fluorescene yield specta of Si:X (X=Ga, Ge As)
are shown in Fig. 2. In orde to compae the EXAFS oscil-
lations in fluorescene yield spectra their energy positions
are shifted in such away tha the position of their absorption
edgses coincide to zera The absorptim threshotl energies are
taken as 10368 eV (Ga), 11111 eV (Ge), ard 11868 eV
(As). It can be seen tha the features in the high energy
region hawe the similar oscillatiors in the energy range 0—
300 eV, reflectig the fact tha dilute impurities substitute
tetrahedrhsites havirng a fourfold coordination with silicon
atoms.

Figure 3compars the normalizel K-edge EXAFS oscil-
lations x(k) in the k range of 2—18 A1, It can be readily
sea tha the EXAFS features are similar and the prominent
oscillatiors appea in the low k region of 3—-6 A1, The
magnituak of oscillatiors decrease with an increag in k
showirg negligible magnitue beyord 10 A 2.

The resuls of Fourig transfom (FT) of EXAFS oscil-
lations ky(k) for Si:X representing the radial distribution
functiors (RDF9 are shown in Fig. 4. The features of the
RDF are similar to those of crystalline Ge and
Sig 955 05/Si(001).2° Prominen peals at ~2 ard 3—4 A are
due to the first neares neighbos and secoml and third near-
ed neighbors respectively The presene of the secom and
third shelk indicates tha impurity atons take substitutional
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£
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—o 2 i ]
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1 .
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-0.5 0.0 0.5 1.0 1.5

Relative Energy (keV)

FIG. 2. Fluorescene XAFS specta for Si:Gg Si:Ge ard Si:As. The ab-
sorptimn edge enery is normalizel for comparison.
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FIG. 3. EXAFS oscillatiors function y(k) for Si:Ga, Si:Ge, and Si:As.

sites without degradilg the medium range order However,
the tetrahedrharrangemetnof silicon atonrs is still preserved
arourd impurity atoms.

For getting structurd parametes of nearesneighba co-
ordinaticn of Ga, Ge, and As impurities the RDFs of Si:X
samples were inversey transforme to isolat the single shell
EXAFS contribution The least-square curve fitting based
on Marquarts schene for iterative estimation of nonlinear
least-square parametes via a compromig combinatia of
gradient and Taylor series method* was use to fit the in-
verse transfom of the EXAFS spectra Since the concentra-
tion islow enoudn to negled the impurity pairs for arandom
distribution the nearesneighba specis were assumd to be
silicon. Validity of sud an assumptia was also confirmed
by the curve fit including the seconl shel of like-atom The
contributian of the Ga—Ga and Ga—Si pairs can be separated
in a k space becaus the k dependencof the totd phase-
shift and backscattering-amplitudfunctiors for Ga and Si
are quite different |fg(k,7)| peaks at lowk and falls off
sharpy with the increag of k while |fg4(k,7)| has a maxi-
mum a k=6-7A"! and extend to a region with k
>15A 1. The theoretich amplituce function |f;(k, )| and
phae shift function @;; (k) was obtainel by FEFF6°***The
resuls of curve fitting are shown in Fig. 5 and numerical
resuls are summarizd in Table I.
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0.1
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4 6
Distance( A )

FIG. 4. Radid distribution functiors obtainal by FT of EXAFS oscillations
for Si:Ga Si:Ge ard Si:As.
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FIG. 5. Curwe fit resuls for Si:Gg Si:Ge and Si:As with the single Si
coordinatim shel model The solid line is the experimen daia ard the
dotted line is the fitting data.

IV. DISCUSSION

The locd structure arourd Ga and As isoelectront im-
purities dopel in InP crystabk hawe bee studied by Oyanagi
et al.2 They found that the Ga—P ard In—As bord lengtts of
impurities in InP were close to those in pure binaly com-
pounds GaP and InAs (Rg,=2.30 A, Rjjas=2.623 A), de-
viating from the interatomc distan@ of InP hog lattice
(Rinp=2.541 A). Sud an deviation from the averag: lattice
alorg the [111] direction gives rise to the locd expansio or
compressin arourd impurities Mikkelsen et al.® have dem-
onstrate that in ca® of pseudo-bingr alloys sud as
In;_,GaAs, the positiors of isovalen atons (In, Ga) sig-
nificantly deviate from the averag lattice of a VCA crystal
as theoreticaly predictel by Forg et al.>* They found that
the Ga—As and In—As distance take nearl constam values
with a smal variation of 0.04 A. The avera@ cation—anion
distance on the othe hand changs by 0.17 A.

The behavio of the heterovalehimpurities i.e., whether
they introdue not only a simple atomic size effed but also a
new sour® of lattice distortion becaue of a stronge inter-
action with hog atornrs is an interestig problem Thus it is
necessarto systematicajl investigae the dependeneof va-
lency. Systens we studiad here Si:X (X=Ga Ge, As) pro-
vides opportunities to study the locd structue of heterova-
lent impurities (dona ard acceptoy in comparisa with the
isovalert impurity. Using the XAF S technique we hawe ob-
tainad the locd structure for the three casesaccepto (Ga),
isoelectront (Ge), and dona (As) impuritiesin Si crystal.

The RDF in Fig. 4 and XANES spectain Fig. 6 suggest
tha the coordination geomety of the three case is similar,
i.e., tetrahedrhcoordination of Si atoms The structurd pa-
rametes (coordination numbe N) summarize in Table |
confim tha the Ga Ge ard As atons are indeeal coordi-
nated by four Si atons in the first neares neighba shell.
Although, we hawe introducel the contributian of like-atom
bondk (Ga-Ga, Ge—-Ge, and As—-As), the fit was nat im-
proved indicating tha the impurities are well-separateé and
the like-atom bonds can be neglected Therefore we con-

Wei et al.
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TABLE |. The structurd parametes of Si:X crystal.

Coordination

Sample  K-edge type R (A) N oA AE (eV)  AU; (A)
Ga:S{00)) Ga Ga-Si 2.38£0.01 4.2+0.5 0.064-0.02 6.0£1.0 0.03+0.01
Ge:Si00)) Ge Ge-Si 2.38t0.01 3.8£0.5 0.063:0.02 4.5+1.0 0.03+0.01
As:Si(111) As As-Si 2.44+0.01 45+0.5 0.070:0.02 8.0+1.0 0.09+0.01
c-Si Si-Si 2.35 4

clude tha the first shel of Ga Ge ard As atons consiss of
only Si atons in agreemenwith an expectée pair ratio
(<1) assumig arandan distribution In Fig. 6, the fact that
XANES features for the three case are similar suggest that
impurity atorrs hawe a tetrahedrhcoordination as in cas of
undistortel Si lattice.

Accordirg to Pauling’s rule 2?6 the tetrahedrhcovalent
radi of Si, Ga Ge ard As atons are 1.173 1.26Q 1.225,
and 1.180 A, respectively Their covalert bord lengtts are
Rg.s=2.35A, Rg,g=243A, Rg.g=240A, and
Ras.s=2.36 A. The bord lengtts are in the following order:
Rca-si™Rge-s>Ras_s>Rg_g . On the contrary we found
that the anomalos behavio as summarizd in Table . We
note that the high accurag for the bord lengh is achieved
by systematt analyss by the curve fit using theoretich am-
plitude and pha® shift functions We estimae the errar in
bord lengh is =0.0L A. For comparimg our resuls with the
previows studies Fig. 7 includes the bord lengths of S—Ga,
Si—Ge ard Si—As from Phillips?® Oyanagi’ Ikeda?® and
this work.

Although the Si lattice is expecte to expard toward the
[111] direction on going from Asto Ga, the resuls show that
the Rgy_g ard Rge_g have the sarre value (2.38 A) which
are 0.2 A shorte than the covalen bord lengtts R
=240 A, while Rss g is2.44 A whichis0.04 A longe than
the sum of Rge_g covalen radii. The locd structure of the

4 T T ¥ ]
Si: As /Si(111)
3 R N . 1
Z .......
=2 i i
2
g N R Si : Ge /Si(001) |
< - e C e
—° - -
= .. Si:Ga/Si(001)
1_ ............. . '...“~.'”.‘... _
0 PP B VU I SR GO R P TP
-40 -20 0 20 40 60

Energy (eV)

FIG. 6. XANES specta for Si:Gg Si:Ge and Si:As. The absorptim edge
energy is normalizel for comparison.
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impurities are schematicail illustrated in Fig. 8 where the

AUj; represergthe deviation of the Si—X bord lengh from

the Si—-Si distane (2.35 A). Erbil et al.?° reportel tha the

Ras-g bord lengh is 2.41 A for As concentratios of 0.1%—

7.0% Although our Si:As sampe is more dilute and the
deviatian is more significant the reportel anomalousf long

Si—As bord is in agreemenwith their results Their Rag_g

bord lengh is 0.0L A longe than the sum of tetrahedral
covalert radi of As(1.25 A) ard Si (1.173 A)?°and 0.3 A

shorte than our result.

However our R, g Vvalue is the sane as the bond
lengh of Rps_g calculatel by Scheffle et al. using the
parameter-fre self-consistenGreens function method® It
is a puzzling problem tha the observel Rs_g is 0.06 A
longe than those of Rg,_g and Rge_g - When As atorrs sub-
stitute tetrahedrhssites in S lattice with five valene elec-
trons (s?p?), one surplws electrm is expectel to be doped
while remainirg four electrors are expecte to form covalent
bonds with Si neighbors The fifth electra mug go into the
conduction bard states leaving As atam to be positively
charged This extra charge of ion core is expecté to rear-
range the charge densiy arourd impurity atoms i.e., the
charge densiy increase to screa the extra charge On the
contrary for neutrd Ge atorrs and negativey chargel Ga
atons a charge pile up is unlikely.

It is rathe surprisirg to find that the observel Rys_g is
unusualy elongate while Rg,_g and Rg._g are the same,
althoudh Rpas_g shoull be shorte than Rg,g and Rge_g
accordimg to the covalen radii. We note that the experimen-
tal Ras_g iS in agreemen with the calculatel value by

2.50'” T I YT T T T
< rAs_-Si
E Ga-Si /’?
B )
c
9 240
- [
c
o
M

Si-8i
230 . 1 [ 1 1 1 L L
0 1 2 3 4
Center Atom Type

FIG. 7. Bond lengh for Si:Ga Si:Ge and Si:As obtaina from the previous
study and this article The rg;yx is taken from reference (see Ref. 25) the
open circle (rg_ge) is taken from Oyanag et al. (see Ref. 27), Rq_g is the
bord lengh of crystd Si, Rg;x is this work.
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FIG. 8. Locd structure for Ga, Ge, and As impurities in Si crystal The i
atam is the impurity atom j atom is the first neighba Si atom AU;; is the
magnituc of the displacemenof Si atam along the [111] direction.

Kruger! and Uhrberg? for symmetre As dimers absorbed
on the Si(001) surface Rus_g is in the range from 2.42 to
2.44 A, and Rpg_a is in the range from 2.52 to 2.55 A. In
this geometry the As atorrs form s2pS-like bonds Scheffler
showael that the charge densiy at the As impurity is practi-
cally the sarme whethe the orbitd is occupial or not since As
is a shallav dona in Si crystal The unusuéa distortion of
As-Si bord in Si crystd is interpretel in two respectsFirst,
ther is a chang in the ion core at the impurity site which
may increa® the repulsive ion core-im core interaction Sec-
ond, there is a pile up of charge densiy as aresut of redis-
tribution of bond charge in orde to screa the ion core,
which might increag the repulsiwe interaction betwea the
charge pile up ard the bord charge Schefflers calculations
show tha there are more electran densiy nea the impurity
site than is actualy required for screenig Si:As' in the
(110 plare of the Si crystal so tha the neighba Si valence
electrors fed a repulsicn and move away from the center.
For negativey chargel Ga impurities however the ob-
servel Rg,_g is not dependenon the ion-core effect This
suggedst tha the electron charge densiy plays a dominant
role in the lattice distortion Further the fact tha the Si—X (
X=Ga, Ge) bord lengh is slightly shorte than the sum of
covalen radii is due to the repulsiwe interaction betweea the
more extende s p® orbitals ard those of Si atoms For Si:Ge,
the observel Si—Ge distane (2.38 A) coincides with tha for
shot periad (Si)s/(Ge)s superlattice® ard the experimental
value for Ge monolaye sandwichd betwea S layers Si/
Gel/S (2.37 A) both of which are on Si(001).?” Thus the
Ge-Si distane in strainel shot periad Ge superlattices
agres quite well with that of Si:Ge For straina Ge layers
epitaxialy grown on Si(001), a tetragona distortion of the
Ge layer is expectd in orde to keep the lattice spacimy of
the substrag¢ constant Since the bendirg force constan is
smalle than that of stretching thisis achievel by the bend-
ing of both the interfaee Ge—Si bond ard Ge—Ge bonds This
indicates that unde the stres for matchirg the in-plare lat-
tice spacimg with tha of Si lattice, the bord lengh relaxation
at the Ge-S interface is the sanme with that found for Ge
impurities in Si. This mears that the bond length relaxation
unde the lattice matchirg condition is essentiall determined
by a shot range orde or the first nearesneighba coordina-

4814 J. Appl. Phys., Vol. 82, No. 10, 15 November 1997

tion. This is perhapg due to the fact tha bendirg plays an
importart patt in distortiors for lattice matching which is
determine mainly by the repulsion betwee the impurity
atam and neares neighbors The observatio tha in Si:Ge
there is only a smal shift of atam positiors for the second
ard third nearets neighbe atoms sinee the distortion is
mostly absorbd by the shift of neighborirg atons toward
the [111] direction which bend the secomnl neares bonds
but hardly affecs the positiors of the seconl nearet neigh-
bor atoms.

When the As atam replaca Si sites its ion core is posi-
tively chargedIn orde to scree this charge sone electrons
are transferre from the bord charge and pile up betwea the
ion core ard the bord charge Since the interactio for both
the core—core and electro—electran interactiors are repul-
sive, neares S atorrs are shifted away from the Asimpurity.
As summarizd in Table |, the ¢ disorder factors are 0.064,
0.063 ard 0.0 A for Ga—Si, Ge-Si, and As—Si covalent
bonds respectively We note tha the o value for As:Sf111)
is abou 0.006 A greate than tha of both Ga:S{001) and
Ge:S{(001). This indicates that ther is alarge disorde in
the first shel arourd impurity sites in cag of As:Si. Since
the charge pile up to screa the ion core would weaken the
bord strength the increasd relative displacemenis consis-
tent with the conclusia that the repulsion betwee the extra
charge pile up ard bord charg is a dominan factar of the
locd lattice distortion.

We conside that a pile up of charge densiy betwea the
two ion cores is the dominatirg factar for repulsiwe interac-
tions The magnitua of distortion toward the [111] direction
is the sane for Ge and Ga If the ion core charge plays an
importart role, we shoutl obsere at leag the effed of the
negative charg for Si:Ga However there is no suc an ef-
fedt at all. This indicates that at leag the ion core charg is
not the dominarn factar and the repulsiwe force betweea the
pile-up electran ard the bord charge is the dominatirg factor
of locd lattice distortion The discussia is rathe native but
theoreticacalculatiors would clarify the detailed mechanism
of lattice expansio arourd impurity atoms.

V. CONCLUSION

We hawe determind the magnituek of the locd lattice
distortion arourd dilute impurity atons alorg the [111] di-
rection for isovalen (Ge) and heterovaleh(Ga, As) atorrsin
Si crystal Contray to the systematt variation Rga g
>Rge_g> Ras_g predictal by the sum of covalen radii, we
found that Rg,_g—Rge_s<Ras-si - The As—Si bord lengh is
unusualy long (2.44 A) indicating tha the locd lattice ex-
pand by 0.09 A. The resuls sugges tha the locd lattice
distortion is not dependeton the ion-core repulsion Instead,
the presem resuls suggesthat the Si nearesneighbe atoms
move away due to the repulsiwe interactio of a charg pile
up to screa the positive charge and the bord charge This
implies that accepto impurities introdue the locd lattice
expansio which shoutl be taken into accoun when the en-
ergy levek of accepto levels are discussed.
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