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Local lattice distortion in Si;_,_,Ge,C, epitaxial layers from x-ray absorption fine structure
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The local structure around Ge in an epitaxial film of Si_,Ge,C, alloy is investigated by x-ray absorption
fine structure. The interatomic distances and the Debye-Waller factors were determined as a function of the
carbon concentration up to the third coordination shell. The most important effect of the introduction of C in
the Si_,Geg, matrix is the increase of static disorder with C concentration. This effect is larger for higher
coordination shells. Molecular dynamics simulations show that this effect is due to the strong deformations
induced by the small C atoms in the, SiGe, matrix. The variation of interatomic distances as a function of
C concentration and of the epitaxial strain is also discussed.
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[. INTRODUCTION cates a preferential third-nearest-neighbor C-C ordering in
Si;_,C, alloys, as later confirmed by Simoet al® using
In recent years the physical properties and device applix-ray photoelectron diffraction. On the other hand, no direct
cations of Si/Si_,Ge, heterostructures have been exten-experimental evaluation of the local interatomic distances
sively studied. Recently, the introduction of carbon into the@nd Iihewldg,trlbutlon in 3ix-,GeC, alloys is available to
binary alloy has opened additional possibilities in the field OfourOnneO\(I)erthger.nost direct experimental techniques that can
Si based heterostructures. Carbon allows the opportunitiege P q

¢ ori he latti hiand the band adnio b used to investigate the local atomic structure is the analy-
or tailoring the lattice constantand the band gapto be g o x-ray absorption fine structuf¥AFS) spectra. Recent

increased. Devices based on Si.,GeC, heterostructures, xars experiments succeeded in describing the local struc-
such as a heterobipolar transistor with & Si.,Ge.Cy base  tyre of Sj_,Ge, alloys up to the first coordination shéf:*3
region, have been suggested and realize Refs. 3 and 4 Fyrthermore, XAFS reliability for studying the local effects
for a review. of epitaxial strain on the first coordination sH&i!®and the
Yet, some structural properties of thg Sj_,Gg,C, alloy  |ocal environment up to the third shElf°was demonstrated.
have not been fully investigated. In particular, while it is  The local structure can be investigated also by theoretical
well established that even small amounts of carbon inducenethods such as molecular dynamis4D) or Monte Carlo
strong reductions in theveragelattice parametér(for a  (MC) simulations. Particularly interesting for this specific
review, see, e.g., Ref. 5 and references thereinly a few  material are the results obtained by using the Tersoff empiri-
experimental studies on thecal effect of carbon in the lat- cal potential for multicomponent systefisMany structural
tice structure exist. In Refs. 6 and 7 Raman scattering waaspects of Si,_,GgC, alloys were explained by MC
used as a local probe in order to investigate $i,GgC,  simulations by Keliregsee Ref. 22 and references thejgin
and Si_,C, alloys, respectively. In these papers the experiin particular, the dependence of the lattice parameter on the
mental results are compared to the theoretical ones obtainedmposition quantitatively reproduces experimental results
from a valence force field mod&In particular, Ref. 7 indi- on Sj_,C, (Ref. 23 and Sj_,_,GeC, alloys® A recent-
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MD work using the same potential shows quite good agree- TABLE I. Main results of the XRD and RBS characterization.
ment withab initio calculations for amorphous Si,C, .**

In this paper we report the results of an XAFS study at the X y
GeK edge on a series of pseudomorphic samples with con- (at. %) a, ap (at. %) €
stant Ge concentratiofebout 14 at.% and an increasing Sample ¢-0.4) R R (*0.1) %

content of C from 0 to 1.7 at. %. We demonstrate that smalf

amounts of C deeply affect the XAFS signal, and show that 135 5.478 5458 0.00 -0.49
this change can be explained by an increase of the local B 12.6 5.453  5.443 0.52 -0.23
disorder introduced by C. A quantitative analysis of the dis- € 13.9 5.428  5.429 1.20 0.03
order(i.e., the Debye-Waller factorsis well as of the inter- D 14.8 5418 5423 151 0.14
atomic distances is made up to the third coordination shell. E 141 5.406  5.417 1.73 0.26
The variation of the interatomic distances as a function of the F 18 5.436 5.434 0.00 -0.06

C concentration and of strain is presented.
In order to understand how the C atoms can cause distor-
tion of the Sj_,Gg, matrix and to predict the interatomic tice parameters in the growth directian were determined.
distances, MD simulations were performed using the Tersoffrom reciprocal space maps arouf@®4) and (224) Bragg
potential. reflections, the in-plane lattice parametgrwas obtained,
In Sec. Il the experimental and theoretical tools are deand froma, anday the corresponding relaxed lattice param-
scribed. In Sec. Il the experimental and theoretical resultgtersa, were calculated. The results of RBS and HRXRD
for the interatomic distances and the Debye-Waller factorstructural characterization are summarized in Table I. As de-

are reported. In the Discussi@Sec. IV) the theoretical and  scribed in Sec. Ill A, the C concentration was obtained by
experimental results are compared. In particular, some the@ombining RBS and HRXRD data.

retical atomic configurations causing strong deformation of
the Ge-SiGe) distances are discussed.
B. XAFS measurements and data analysis

Il. METHODS XAFS measurements at the Beedge were performed at
the European Synchrotron Radiation Facili(SRB in
Grenoble(France at the GILDA beam line, using a dynami-
The samples were grown by molecular beam epitaxy useally sagitally focusing $811) monochromatot? higher or-
ing e-beam evaporators for Si, Ge, and C. The overall growthder harmonics were rejected by a pair of grazing incidence,
rate was typically 1 A s'. All samples were grown on Pd coated mirrors. The measurements were performed in the
(00)) oriented Si substrates, which were RCA cleasgditu 10 900-12 200 eV energy range; samples were kept at 77 K
and underwent oxide removal at 900°C in UHV. After thein order to reduce the thermal damping of the signal. The
deposition of a Si buffer layer while the temperature wasspot size was approximatelyxl2 mn¥ and the photon flux
ramped down from approximately 600 °C to the alloy growthapproximately 5< 10'° photons per second. Fluorescence de-
temperature, the §i,_,GgC, alloy layers were grown. A tection was performed with a seven-elements hyperpure Ge
series of samples were grown with a nominal Ge concentradetector. Particular care was taken in order to have a linear
tion of 14 at. % while the C content varied from O to 2 at. %. response in the fluorescence signal: the shaping time of the
The layer thickness was nominally 100 nm. Additionally, aamplifiers was 0.25us and the total count rate on each de-
Si; —,Geg, sample of 2 uwm thickness with a Ge content of 2 tector element was limited to 30 000 counts/s. Furthermore,
at. % (without carbom was grown as a measurement stan-all the samples fromA to E have a quite similar Ge concen-
dard. tration profile thus producing the same average count rate
Conventional Rutherford backscattering spectrometryand the same residual nonlinearity effects. The integration
(RBS), carried out wih a 2 MeV “He" ion beam delivered time was chosen in order to keep the statistical error smaller
by the AN2000 accelerator facility at the Laboratori Nazi- than 1.5 parts per thousand. Comparison of the seven signals
onali di Legnaro, provided the determination of the Ge fracfrom the multidetector allows us to recognize detector satu-
tion and layer thicknesS. The RBS spectra were analyzed ration due to Bragg reflections that reach one or more of the
by fitting the experimental data with numerically calculateddetectors directly. This spurious effect was eliminated by
spectra, considering appropriate geometrical factors andxcluding the saturated channels in calculating the average
stopping power function®?’ The overall typical error on of the seven independent signals. Another possible artifact is
the Ge concentration measured with this procedure is abotihe modulation of the fluorescence intensity due the excita-
+0.4 at. %. No information about the C content can betion of x-ray standing waves occurring in a narrow energy
gained from these RBS spectra, mainly because of the vemange. This second spurious effect was eliminated by using a
low value of the Rutherford cross section for this elementvibrating sample holde In order to detect possible struc-
and the low C content of the samples. tural anisotropies due to the strain induced by epitaxial
High resolution x-ray diffractiofHRXRD) w-26 scans growth?® each spectrum was collected twice using different
around the(004) Bragg reflection were measured using asample orientations with respect to the polarization of the x
Philips MRD diffractometer equipped with a four-crystal Ge rays: the polarization was chosen to be either nearly parallel
(220 Bartels-type monochromator. From these scans the lag]|) to the film surface (75° between the polarization direc-

A. Growth and characterization
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T T ety Sample ] for the Ge-Si and Ge-Ge second shelts,y (for the Ge-Si
4 7/\,/\/\/~_NA\AM L E] and Ge-Ge third shells and their Debye-Waller factors
1 E ] (oynq @and 3,4, respectively. For all shells nonstructural
fitting parameters were the many-body amplitude reduction
factorSS and the threshold enerdsp. A single distance was
used for the second shell although it is well known that dif-
ferent combinations of Si and Ge give rise to unequal inter-
atomic distance® The motivations for this choice are a re-
duction in the number of free fitting parameters and our
interest in the modifications induced by the presence of C.
1 However, it has been found that this is an excellent approxi-
4 6 3 10 1D 18 16 18 20 mation given the relatively low Ge concentration and the
magnitude of the Debye-WallgiDW) factor. The fit was
k (A performed in two steps: in the first we optimized the first
shell parameters, and in the second step the second and third
FIG. 1. Raw XAFS signals. The symbdlsnd. are referred to  shell parameters were optimized while keeping constant the
f[he orientation of the. photon beam polarizatiqn with respect to thg,g|ues of the first shell interatomic distances and Debye-
interface plane. Capital letters refer to the different samfge®  \yg|ler factors. For this structure the first shell signals extend
Table ). to higherk values than the second and third shell signals. For
this reason different values ef and k5, were used while
tion and the surface normalor nearly perpendicularl() to fitting the first and the higher shells. The first fitting step was
the surface (20° between the polarization direction and th@erformed in theR-space interval1.4,2.7 A on data filtered
surface normal usingw=2 andkma,=14 A1 (knin=3.8 A71). In the
XAFS oscillations were extracted from the raw data usingsécond step the fit was performed in fRenterval[1.4,4.9
the AUTOBK code? The preedge region was fitted with a A on data filtered usingv=1 andkpa,=11.5 A~ (Kpin
linear function while the atomic background was estimated=3.8 A~1).
with a cubic spline. The extracted XAFS oscillations plotted ~The most important multiple scatteririylS) signals due
versus the photoelectron wave veckoare shown in Fig. 1. to triangular atomic arrangements were also included in the
Data analysis was performed by ah initio modeling of ~ fits. However, MS signals are almost negligible in thee-
the XAFS signaf® The theoretical signals were calculated gion of the fits and become important only at lovkeralues.
by means of a model cluster containing Si and Ge atoms in
an undistorted diamond structure with a lattice parameter
equal to that of Si. The Si and Ge atoms were distributed in C. Theoretical methods

the cluster in order to generate all the possible single and The Tersoff potential described in Ref. 21 is a many-body
multiple scattering signals up to the third shell. A clusterpotential developed in order to investigate multicomponent
with a C atom in every shell was also generated in order t@ystems containing Si, C and Ge atoms. The potential is an
estimate the contribution of C to the Signals. AnalySiS of thEextenSion of the Sing|e Component poter?fﬁajbtained by
Signals of this trial cluster led us to the conclusion that thQntroducing a Sing'e new parameter for each pair Of atomic
Ge-C signals can be completely neglected due to the low Gpecies. These parameters are taken from Ref. 21 for the
content of the sample and the weak scattering amplitude o§j-Ge and Si-C and from Ref. 22 for the Ge-C pair.
the C atoms. MD simulations were carried out by a fifth order predictor
Both the theoretical and experimental daték) were  corrector algorithm applied to a periodically repeated cubic
multiplied by a weighting functiork” and Fourier trans-  cell containingN = 1000 atoms distributed in a diamond lat-
formed in thek range[Kmin,Kmax] before performing the tice. The adopted time step is as small as 0.5 fs for an opti-
fitting of the experimental spectra. TREFFITprogrant'was  mal integration of the equations of motion. Two different
used to extract structural parameters. For all the coordinatiogtatistical ensembles were used in the simulations. The first
shells the experimental Signal was fitted with a linear COM4s the standard Constant-temperature, Constant-pressure
bination of Ge-Ge and Ge-Si contributions. The total coordi-(N-P-T) ensemble in which the temperature is controlled by
nation number(N) of each shell was kept constant at the yelocity rescaling and the volume changes are governed by
value in the diamond structure, i.&y=4 for the first shell Andersen’s equation:*® The second ensemble adopted
and N=12 for the second and third shells. The relative here consists in a slight modification of tNeP-T ensemble.
weight of the Ge-Si and Ge-Ge signals was fixed on the basig/e have essentially kept the volume constant alongxthe
of the average Ge concentration obtained by RBS assumingzhdy lateral dimensions, while keeping the pressure constant
random arrangement of the Ge and Si atoms. The fittingnly along thez direction. This ensemble will be referred to
parameters for the first shell wer§$™, the Ge-Si bond as theN-P,-T ensemble and was controlled by means of a
length,r $5 ¢, the Ge-Ge bond length, and a common valueminor modification of the Andersen method which in this
of the Debye-Waller factor,); for the second and third case is used to properly reproduce the epitaxial strain typical
shells the fitting parameters wene;,q (2 common distance of the samples investigated.
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The starting configurations were obtained with the atoms 25 preerrerrr e T
randomly distributed in the sites of a perfect diamond struc- - 1
ture. In the case of thBl-P-T ensemble, the starting lattice
parameter is obtained from Ref. 1 according to the Ge and C
composition of the sample. When tiNeP,-T ensemble is
used,a, anda, are fixed to the silicon values in order to
simulate a pseudomorphic epitaxial constraint while the %
starting a, value is calculated on the basis of elasticity 4
theory. In both cases a simulated annealing procedure was™
followed to relax internal strain, and final equilibration as E
well as direct calculation of relevant properties were per-
formed at 77 K and vanishing external pressure to reproduce
the experimental conditions. The typical simulation strategy
was actually through 510" steps used to equilibrate the
sampleq(i.e., to allow for damping of temperature and pres- R (A
sure oscillationsfollowed by 2x 10* steps during which the
correlation functions were averaged. Some trial simulations FIG. 2. Fourier transforn(FT) of signal of sampleA in L ge-
with longer equilibration times or a higher temperature©metry (continuous ling and average Fourier tr_ansform of three
equilibration were made as well: the correlation functionsSPectra of samplEin L geometry(bars. The amplitude of the bars
obtained were in rather close agreement with those obtaindgdicates the scattering of the data of the three spectra.
with the standard procedure. Five C compositions from 0 to
2 at. % were studied, while the Ge content was kept constanheory. The interatomic distances obtained for all the
at 14 at.%. For each composition ten configurations wergamples fromA to E are reported in Fig. 4 as a function of
created to perform an accurate configurational average of thiae C concentration. In the lower panel the first shell Ge-Si
system. Typical variations of some 1D A in the lattice  (squares and Ge-Ge(triangles bond lengths are reported.
parameters and in the average interatomic distances were obhe other panels report the average second and third shell

1 1.5 2 2.5 3 3.5 4 4.5

served for different starting configurations. distances. Open and closed symbols are relative to signals
taken with the beam polarization almost parallel and perpen-
. RESULTS dicular to the layer-substrate interface, respectively. The sta-
, tistical errors on the distance value ate).005 A for the
A. Experimental results Si-Ge first shell distance; 0.02 A for the Ge-Ge first shell,

Table | reports the results of the HRXRD and RBS +0.01 A for the second shell, and0.02 A for the third
sample characterization. The Ge concentrasiaf samples shell. The bond lengths are almost constant within the error
A to E varies in the range from 12.6 to 14.8 at. % with abars while the second and third shells slightly decrease. No
mean value of 13.8 at. %. The variation is due to small fluc-significant changes in the interatomic distance as a function
tuations in the growth conditions. Samgfehas a composi- 0f the polarization direction are detected.
tion of 1.8 at. %. The HRXRD and RBS measurements con- Figure 5 reports the Debye-Waller factors of all the shells
firmed the nominal value of the layer thickness, 100 nm foras a function of the C concentration. It appears that the DW

samplesA-E, and 2000 nm for sample. factors continuously increase with the C content and that this
The HRXRD measurements confirmed that all epilayers
are grown pseudomorphically onto the Si substrates. The ex- 35 e

perimental values o&, , a;, andx can be used in order to -
determine the C concentratignusing the Poisson effect and 3F
the dependence of the relaxed alloy lattice paranaféom F
the Ge and C compositions reported in Ref. 1.

In Fig. 2 we report the Fourier transforfoontinuous ling
of a spectrum of sampl&(y=0) and the averagéarg of :
three Fourier transforms of three independent spectra of§
sampleE (highest C conteny=1.73 at.%). These three ~
spectra were collected at the beginning, in the middle, and at [E
the end of the measurement run and systematically exhibit a
lower amplitude with respect to all the other collected spec-
tra. A simple inspection of the plot shows that carbon in-

25 |

2 |

trary units)

1

duces a significant change in the local structure of the alloy: . . . 4.5

it is evident that C induces a reduction in all the shell signals, R (A)

the effect being more pronounced the higher the shell dis-

tance. FIG. 3. The experimental Fourier transforms of Figc@ntinu-

The fits shown in Fig. 3 demonstrate that all the featuresus line and bajsare redrawn together with their fitdotted lineg.
of the experimental signals are well reproduced by theThe data of samplé are shifted upward by one unit.
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TABLE Il. DW factor increase for 1 at. % of carbon.

Experimental increase

(1072 A) Theoretical increase
Shell (+0.3) (102 A)
1 0.7 0.3
2 1.5 1.0
3 2.1 1.4

B. Theoretical results

The theoretical calculations allow us to determine the par-
tial particle-particle correlation functions around the Ge at-
oms which can be directly compared to the XAFS results. In
other words, we calculate the probability functi@ea(r)
of finding a given atomic specigsat a distance from a Ge
atom. As an example, the upper panel of Fig. 6 shows the
sum of the partial correlation function&ge.g(r) and
Gge.cdr) [hereafter simply referred to &(r)]. The con-
tinuous line corresponds to a;3iG &) 1o o2 alloy while the
dashed line is relative to &idGey 14-

Gaussian fits of the calculated shell peaks allow us to
obtain information about the shell distances and their broad-
ening. In Fig. 4 the results of four sets of interatomic dis-
tances are reported as a function of the C compositon-
tinuous lineg for a direct comparison to the experimental

FIG. 4. Plot of the interatomic distances for the three coordinadata. Two sets of distances are relative to the first shell and
tion shells. First shell: squares, Ge-Si; triangles, Ge-Ge; secongre obtained from th€g,.s(r) andGge.cdr) partial corre-
shell: CirCles; third shell: diamonds. Closed SymbOlS are relative tC'atlon functlons The Second and th"'d She” d|stances were

the | geometry, open symbols correspond to thegjeometry. The

continuous lines are linear fits of the theoretical results.

effect is more pronounced for the higher shells. From a linear
fit of the data we can deduce that 1 at. % of carbon induces
in the DW factors of about (£.0.3)
(2.2:0.3)

X 1072 A for the first, second, and third shells, respectively

an increase

X102 A, (1.5+0.3)x10%2 A, and

(see Table .
14 [T T . : , —
12 f . Y é
= “F T WU - I - |
R L :
S s
b 6 _
af L IR ——— | [ -
:‘ ------------
2 , w . 5
0 0.4 0.8 12 "

y (at%)

obtained from the sum of the Ge-Si and Ge-Ge correlation

G(r) (Arbitrary Units)

r (A
FIG. 6. Theoretical calculations of the radial correlation func-
tion G(r). In the top panel the dashed line is relative to 14 at. % Ge

and C, while the continuous line is relative to the same amount of
Ge and 2 at. % C. The bottom panel shows the five minor peaks of

FIG. 5. Debye-Waller factors of the three coordination shells.the 2 at. % C correlation function; thlyeaxis is magnified by a factor
First shell, squares; second shell, circles; third shell, diamonds. Thef 5. The inset in the top panel represents a cluster of atoms sur-

dashed lines are linear fits to the data.

rounding the absorbdblack aton).
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functions. This procedure allows coherent comparison 08j, ,,Ge, 1. o2, respectively. Polarization dependent XAFS
second and third shell theoretical results with the experimenmeasurements in principle are sensitive to these effects since
tal data, which are obtained assuming a single value for thghe contribution to the total XAFS signal of the differently
Ge-Si and Ge-Ge interatomic distances. The_MD S'mlJ'at'O”%riented interatomic distancésubsetschanges according to
based on thé&l-P-T ensemble show that the introduction of \he nojarization direction. According to Ref. 20, the mea-
C in the S{_,Ge alloy induces a reduction in the inter- g, rements performed with the two polarization directions
atomic distances. This decrease for th_e second and th'@hould reproduce the splittings reduced by a numerical factor
shells is more pronounced than for the first shell. The theoaue to the fact that no complete separation between the two
rgtical prediction(full line) of t_he trend for Fhe_ interatomic ignals of the two subshells can be obtained experimentally.
ggrt:gr?]eesmvﬂtshufhgrg;gﬁfendt é?(;gﬁma;:ﬁgl Igaltg rather goo he predicted reduction of the splittings is 2.45 and 1.69 for
' the second and third shells, respectively. In this way the big-
gest split experimentally observed should-b6.009 A and
IV. DISCUSSION —0.021 A for the second and third shells in the case of a
Si; _,Ge, alloy. These values are comparable to the measure-
ment errors and hence no strain effect can be clearly estab-
lished in our experimentnote that the strain values reported
'u; Refs. 17, 18 and 20 were up to 0.02, i.e., four times larger
than in our samplgs
However, significant variations in the local alloy structure
are detected both experimentally and theoretically due to the
introduction of C(Fig. 2 and Fig. & As can be seen in Fig.
In® the most important change occurring when the C content is
increased involves thgeak intensitiesof the correlation
mf_unction rather than a change in the shell interatoufis:
tances As a matter of fact the shell peaks undergo a strong
-})roadening, leading to a peak intensity reduction; further-

18, 20, and 36 demonstrated that epitaxial external strain cdfi°'¢: NeW minor peaks ap_p_ear.. Five minor peaks with
induce a deformation in the interatomic distances which caP@ussian shape can be identified; they are plotted separately

be added to the alloying deformation. In particular, all the'" the bottom panel of Fig. 6 with a magnification faptor
first shell distances decreas@creas¢ under compressive equal to 5. Thesg peaks correspond to strong dgformatlons_of
(tensile strain while the second and third shells are split intothe second or third shell distances due to particular atomic

two subsets of interatomic distances when the unit cell isconfigurations involvig a C atom. In order to describe these

tetragonally distorted. The first subset, with the interatomicconfigurations, a cluster of atoms surrounding the absorber

distances almost parallel to the growth direction, has théblacliatqn)és ?rawn in the msetd(_)f F'tg' ?h In this |r(;set (;Wt?] d
same qualitative behavior as the first shell distances, wheredd€ratomic distances corresponding to the second and thir

the second subset, with interatomic distances almost perpeﬁ- eIIIs arﬁ_lshown with a cc_)ntmuo;sdagd a (?atst,hed_rllr:]e, rtespec—
dicular to the growth direction, undergoes deformations ofively, while every atom is marked by a letter. The atoms

opposite sigrf° (a,absorbemy,c,d) and ,f,g,h) lie in two parallel (1D)

MD calculations performed taking into account the epi-Planes and are joined by the absorkeandd-f bonds along
taxial constraint confirm this general trend. When no C isthe[111] direction. The atoms represented are the minimum
present in the alloy, the layer is under compressive strain. Iset of atoms that allows all the kinds of atomic configuration
this case the theoretical calculations predict a decrease generating the minor peaks to be shown. All the other atoms
about 0.004 A in the first shell distances. In contrast, thehat complete the tetrahedral structures are omitted for sim-
tensile strain induced by addition of 2 at. % of C increaselicity.
the interatomic distance by about 0.003 A. Thus the strain The second or third distances evidenced in the figure un-
effect on the first shell compensates the bond length decreaslergo strong deformations according to the positioning of C
induced by the alloying, and the predicted bond lengths aratoms in particular sites of the cluster. In Table Il the C site
constant as a function of the C concentration at values oposition generating each of the minor peaks is reported, to-
about 2.389 A and 2.422 A for Ge-Si and Ge-Ge bondsgether with its corresponding shell numtgeecond or thirgl
respectively. These values are quite consistent with the exfhe relative intensity of the peakse., the fraction of the
perimental data. total coordination number due to the specific minor paak

As far as the second and third shell distances are coralso reported in the table as a function of the C composition
cerned, the theoretical data predict the presence of splittingg This value is obtained under the hypothesis of a random
due to the strain effects. The difference between the interdistribution of the atoms, since, the starting atomic configu-
atomic distances of the two second shell subsets is aboutation of the simulations are randomly sorted. It is demon-
—0.021 A for the SjgGey14 layer, and 0.014 A for strated that ordering effects are in principle important in or-
Sip.8i5&.14L002- FOr the third shell the split values are der to correctly describe C containing alloys. Indeed, a
-0.035 A and 0.023 A for QikGes and chemical repulsion between C and Ge was observed by MC

The experimental data show the following local effects
due to the introduction of C in a Si,Gg, matrix: (i) the
bond lengths are almost constant inside the error liayshe
second and third shell distances decrease with increasing
concentration{iii) the Debye-Waller factors increase more
obviously the greater the interatomic distance.

The experimental interatomic distances are quite well re
produced by the theoretical data in theP-T ensemble, i.e.,
without taking into account any external strain effect.
other words, the alloying effedti.e., the variation of the
interatomic distances with the composition due to the acco
modation of internal strajnis sufficient to properly describe
the interatomic distance trend. On the other hand, Refs. 1
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TABLE Ill. Minor peak properties. C position generating the the experimental data, and therefore makes it difficult to
peak(see inset of Fig. 6 coordination shell, and relative intensity compare experimental and theoretical data. Furthermore,
as a function of C concentration are reported for each of the minogue to the experimental noise not all the details are repro-
peaks. duced or can be found in the experimental curves. The only
way to compare the experimental and theoretical data is
therefore to fit the theoreticab(r) with the same fitting

Peak C position Shell Abundance

function used for the experimental data, i.e., Gaussian peaks
1 b 2 y o e .
> g 2 2y with fixed total coordination nhumber and Ge concentration.
3 ca > 2y In this way we have extracted the DW theoretical variation
' as a function of the C concentration reported in Table Il for
4 b,d,e,g 3 4y . . .
5 ah 3 2y the three coordination shells. Even if the theoretical DW fac-

tor increase is smaller than that of the experimental data, the
general behavior is well simulated by the theoretical calcu-

calculations in Ref. 22, i.e., in our range of composition,lations.
Ge-C first neighbor bonds are less probable than in a random
distribution. Such a behavior would reduce the intensity of V. CONCLUSION
some of the minor peaks. In particular, peak 1 would be
reduced because it strictly depends on the presence of Ge-C In this work a detailed study of the local atomic environ-
nearest-neighbofNN) bonds, peak 2 would be unchanged ment around a Ge atom in a,Sj,GgC, alloy as a func-
since it is caused exclusively by next-nearest-neighbotion of the C content was performed up to the third coordi-
(NNN) Ge-C pairs, and the peaks from 3 to 5 would benation shell. The XAFS experimental data show a decrease
reduced since half of the configurations generating them aref the interatomic distance in the second and third shell, as a
related to NN Ge-C bonds. function of the C content, while the first shell Ge-Ge and
In more detail, the peak number 1 is generated by ar>e-Si distances are almost constant. MD calculations con-
atomic configuration in whit a C atom is ab, i.e., the C  firm that first shell distances are nearly constant and show
atom is a first neighbor of the absorber atom, bridging it tothat this is due to two competitive effects: the reduction due
the second neighbor atom at sie The shortening of the 10 C alloying and the increase due to the epitaxial strain
bond |ength5b-ab50rber ant-d causes a Strong reduction of variation. The second and third shell data are quite well re-
the second shell distance. Peak 2 corresponds to a distangeoduced by the theoretical calculation without taking into
slightly smaller than the main second shell peak and it can baccount the strain effect.
considered as the left hand tail of such peak. It is generated A strong reduction of the shell peak intensity is detected
by second shell distances Wwia C atom at sitg. This carbon by increasing the C content. Such behavior is more evident
atom attracts the absorber and its NNNdatausing them to ~ for the farthest shells. The reduction of the peak shell inten-
get closer together. Peak 3 corresponds to an increase of thy was fitted by a progressive increase of the Debye-Waller
second shell distances duzd C atom at site or b. The ¢ factor. Detailed MD simulations confirm the observed trend
atom atc attractsd, while the C atom an attracts the ab- Of an increase of the disorder with the shell distance. In
sorber. In both cases the absorbetistance increases. Peak particular, we found configurations leading to strong distor-
4 corresponds to a reduction of the third shell distance due tBons of the second and third shell distances.
the presencefoa C atom at one of the sites joining the
absorber to the third shell atomsfaSuch a C atom reduces
the path between the absorber and ftfegom and therefore
reduces the third shell distance. Peak 5 corresponds to a third The authors wish to thank F. Sdfiar and L. Brambilla
shell distortion generated by the same mechanism as peakf@r useful discussions. XAFS measurements were performed
with C atoms af or h. at ESRF patrtially within the Public User Program. This work
The presence of these minor peaks leads to a shape wfas partially supported by the EC program for Human
the second and the third shell correlation functions quite difPotential-Research Training Network, SIGENET Contract
ferent from the Gaussian shape imposed by the fit oNo. HPRN-CT-2000-00123.
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