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Phonons as a probe of short-range order in Si_,C, alloys
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This paper shows that by combining theoretical and experimental results for local Si-C phonon modes in
dilute Si;_,C, alloys, information concerning the short-range order can be obtained. Calculations using an
anharmonic Keating model predict satellite peaks near the vibrational frequency of an isolated C impurity
which are associated with second-, third-, etc., nearest-neighbor C-C pairs. By comparing theoretical spectra
with those obtained by Raman and infrared absorption spectroscopy, we conclude that the probability for a
third-nearest-neighbor coordination of the C atoms is considerably above that for a purely random alloy. This
confirms earlier work predicting an attractive third-nearest-neighbor interaction of the C impurities due to
elastic interactions.

I. INTRODUCTION substitutional carbon impurities. Specifically, a C-C pair is
boundby about 0.14 eV at the third-nearest-neighk@mn
In substitutional alloys, one of the more interesting quesdistance. For other arrangements such as first-, second-, and

tions is whether the atoms are arranged according to sonféth-nearest neighbors, the interaction is repulsive. These en-
short-range order. This important information is generally€rdies are a simple consequence of the local geometry. The
difficult to obtain experimentally. In covalent materials the EN€rgy gain at the 3nn distance arises because the C atoms
interatomic forces are dominated by short-range interactiond€ at 0pposite positions in a sixfold ring, which can relax to
so that the lattice vibrations probe the local atomic geometry2ccommodate the short Si-C bond with minimal bond-
By combining theoretical predictions with the measuremen vsgdclingt:rlﬁéolirgoigsthEggumlzlvz?glznatgrgﬁg%n?n rt?lséuol)t C\III\:’Z?:n the
.Of Rama_n and infrared absorption specira, we show here ho¥|Von because strain is easily transmitted along these.
information on the local order can be obtained from the sat- It turns out that the C-C interaction energy strongly influ-

Z::lct)(;sstructure of the phonon modes for dilute silicon-carbong,ceq the Iocal vibrational modes in a Si-C alloy, which we

. . _ have calculated here using a recently developed anharmonic
_We focus on Sj_,C, alloys, which are candidates as pos-ariant3 of Keating’s valence force mod&tapplied to large

sible matenalsg for the fabrication of Si-based gypercells with random occupations of the sites. This proce-
heterostructure§.® Using improved growth techniques, dure predicts a fine structure near the Si-C peak which can be
defect-free pseudomorphic epitaxial layers of SICx as  used to identify specific configurations in a measured Raman
well as similar ternary alloys containing Ge with a small or infrared spectrum. The shift of the satellite peak relative to
amount of carbori0 <x=< 0.02 can be grown(see Ref. 4 the frequency of the isolated impurity is directly related to
for a review. The phonons in Si-C alloys have been studiedthe oscillatory pair interaction. A C-C arrangement is ener-
previously using Raman’ and infrared absorption getically favorable for those cases in which the Si-C bond
spectroscopywithout consideration of the fine structure.  can relax to a larger extent towards its native short value.

A central feature of a dilute $i,C, alloy is that the This leads to a stiffening of the bonds and higher vibrational
carbon atoms mainly occupy substitutional lattice sites. Thidrequencies. Conversely, an unfavorable arrangement is asso-
is supported, for example, by the approximate validity ofciated with more strongly stretched bonds and lower fre-
Vegard's rule for this system and by resonant RutherforddUuéncies.

backscattering experimertsAlthough substitutional alloy- Using Raman and infrared spectroscopy om_QCy
ing is the expected behavior for alloys such ag.SGe, in ~ Samples made by molecular-beam epitéddBE), we were

which the constituents have similar sizes, it is not at all ob-20I€ to observe the 3nn satellite peak at the predicted posi-
vious for Si,_,C,. The equilibrium volume of carbon is tion. A detailed comparison of the measured and calculated

0 . L pectra shows that the C atoms are not distributed at random.
_about_ 704’ smaller tha_m that of Si so tha_t a SUbSt'tUt'Onal. nstead, we conclude a substantial enhancement of the third-
Impurity i accompanied by an energe_tlcally _costly_ Str’?"nnearest-neighbor C-C coordination in agreement with the
field. Thus, we are confronted by the interesting situatio

e e bredicted attractive interaction at this distance.
that the C atoms do not really “fit into the lattice” but are * The rest of this paper is organized as follows. In Sec. Il

nevertheless held there by the strong directional covaleny,e present the microscopic theory based on the anharmonic
bonding. In fact, although the substitutional position has th&eating model used to calculate the relaxed geometry and
lowest energy for an isolated C impurity, several C atomspyhonon frequencies in the Si,C, alloys. The experimental
can cooperate to avoid the elastic strain by combining tgyrocedure and results are presented in Sec. Ill. A detailed
make complexe§)*! comparison of the measured and calculated Raman and in-
One direct consequence of the tension between the siZeared absorption spectra is used in Sec. IV to extract infor-

discrepancy and the directed bonding forces is a prominenhation on the short-range order. The results are summarized
oscillatory structur¥ in the pair interaction between two in Sec. V.
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TABLE I. Force constants and 8 and equilibrium lattice con-

stantsa, in atomic units used in the calculations. 1.2 — ———
— [ q1nn ]
a, a B % 1.0 : :
c 6.68 0.137 0.101 = f ]
Si 10.21 0.058 0.017 o 6F 4
SiC 8.17 0.088 0.036 % - 7
c Af .
0 - .
5 | ]
Il. THEORY © 2 i 2 5 J

5 A A
A. Anharmonic Keating model e 70 \3/64 oo j
Substitutional alloys of Si and C exhibit large local strain -2t - 3 J

due to the large difference in the size of Si and C atoms. 2.0 4.0 ) 6.0 8.0
Deformations of individual bonds in the alloy are far beyond C-C distance (A)
those that are realized in crystals under external pressure. As
a con_sequence, the .straln energy 1S no. longer a quadratic FIG. 1. Interaction energy of two substitutional carbon atoms in
form in the deformations and anharmonic terms should be. . . i .

. . Silicon as calculated from the anharmonic Keating model. Circles
included. In order to include these effect we have recentl

. . ¥ndicate the energies for pairs of C atoms relative to the energy of
developed an anharmonic variahof the well-known Keat- two isolated substitutional C impurities. Coordinations ranging up

ing model,” designed for semiconductor alloys containing 4 the tenth-nearest-neighbor distance were considered. The line is

atoms with large size differences. . . to guide the eye. The inset shows the third-nearest-neighbor ar-
In the standard Keating model the strain enelyyis  rangement of two carbon atondslack).

taken to depend on the vectors; connecting nearest-

neighbor lattice sites and] as follows: pair at a given distance minus twice the energy of an isolated

8 C impurity. To obtain the interaction energy using the anhar-
S % 2\72 Ll T2 monic Keating model we have first calculated the strain en-
W—iEj aS[A(r”)] +i,,-,2k¢,- aﬁ[A(r” il% @ ergy W for a single substitutional C atom in Si. The system
was described by a periodic supercell of 2000 atoms
whereA denotes the change relative to the perfect lattice duevhereby one Si atom was substituteg @ C atom. The po-
to a distortion, i.€. A(rjj- 1) =rjj - ik — rioj . riok is the change sitions of the atoms were relaxed until all forces vanished. In
of the scalar product between the two vectors connectinghe next step a similar calculation was done with carbon
atomi with its neighborg andk. Based orab initio density-  atoms substituted for two sites of the supercell. By repeating
functional calculations we have determined a suitable exthis procedure for carbon atoms at various relative positions
plicit dependence of the bond-stretching)(and bond- we obtain the interaction energies as a function of the C-C
bending (8) force constants on the local geometry. It wasdistance as shown in Fig. 1.
found that the volume dependence of the elastic properties An unexpected result is that the interaction of two C im-
from theab initio calculations is well reproduced over a very purities shows negative as well as positive values, that is,
large range when certain universal scaling laws for the forcghat the carbon pair is bound at certain distances. This effect
constants with the bond lengths are adopted. Namely, this purely elastic in origin. For example, the attractive inter-
force constants andg scale with the fourth and the seventh action for C atoms arranged as third-nearest neighbors comes
power of the inverse bond length, respectively. The Si-C alabout because the C atoms lie at opposite corners of a sixfold
loy is characterized by the different force constants describring (inset in Fig. 3. For this geometry the short Si-C bonds
ing the pure Si, C, an@-SiC crystals(whereby the C force can be accommodated relatively easily without strong bond-
constants do not enter for structures without nearest-neighbd&ending distortions. Similarly, the repulsive 2nn, 5nn, and
C-C pairg. The parameters used in the calculations below8nn interactions arise because the C atoms lie in the same
and listed in Table | were determined in Ref. 13 from arelatively rigid zigzag(110 chain.
least-squares fit to elastic constants and the zone-center op- The carbon pair is most strongly bouriy the respect-
tical phonons of Si, diamond, ang-SiC. By including the able value of 0.14 e)at the third-nearest-neighbor coordi-
scalings, the anharmonic model gives the same elastic comation. For carbon-rich samples this was shown to lead to a
stants and phonon frequencies as the standard model at tfgndency to order into phases that have many third-nearest-
equilibrium volume but the useful range is extended to muckeighbor carbon pair€. In the present paper we show that
larger distortions. In this way the large bond-stretching disthe bound carbon pair can be detected in the phonon spec-
tortions (typically by 8% for the Si-C bondin the substitu- trum of a dilute disordered $i,C,, alloy, thereby supply-
tional Si;_,C, alloys are described properly. ing information about the short-range order.

B. Pair interaction of substitutional C atoms C. Calculation of phonon spectra

Substitutional C impurities in a silicon lattice can interact ~ The lattice dynamical properties of a crystal are described
via their strain fields. The interaction energy of a pair ofby its dynamical matrix containing the second derivatives of
substitutional C atoms is defined as the energy of the C-Ghe total energy with respect to the atomic displacements.
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Using the Keating model, the matrix can easily be buvitt vp
directly and diagonalized using standard routines, even for ] Si-Si

large supercells that simulate an alloy. We have used 512-
atom supercells with a random distribution of the atoms over
the lattice sites according to the stoichiometry. Because of
the very strong repulsion for nearest-neighbor carbon atoms,
only configurations without such pairs were considered. To
reduce statistical fluctuations, the calculated spectra were av-
eraged over 40 random configurations. To simulate pseudo-
morphic growth on a Si substrate, the lattice constants in
andy directions were fixed at the corresponding value but l
the supercell was permitted to relax vertically. -

Both Raman and infrared spectra can be determined from 450 500 550 i 600 650
the eigenstates. This is mainly a matter of including appro- Frequency (cm™)
priate selection rules and a simple treatment is adequate. To
obtain Raman spectra, we follow the procedure given in Ref. FIG. 2. Calculated Raman spectrum for an epitaxigle$Zo 01
15. Assuming the same polarizability for all atoms, the off-layer on S{001). A Lorentzian broadening’ = 3 cm™* was as-
resonance Raman intensity is given, up to a multiplicativesumed. Satellites of the C-Si impurity peak are indicated by arrows
constant, by and sketches of the associated microscopic arrangements of

second-, third-, and fifth-nearest-neighbor C-C pairs. Features
2Fw ‘ marked on the low-energy side of the main Si-Si peak are discussed
7T 2‘2 iUy (2 insec. IB.

Si-C

Raman int. (arb. units)

U“BCKE (o

wherev runs over all phonon modes; is the displacement model lies at 531 cm®. The peak due to localized Si-C
vector of the atom at lattice site ands; is, respectively;+1  vibrations lies at 612 cm®. Experimentally®1° the Si-Si
and —1 for the two fcc sublattices of the diamond structure.and Si-C frequencies are found at 520 ¢nand 605 cm?,
The Cartesian indicea, 8, and y specify the polarization respectively, so our modéperhaps accidentallygives ex-
and a Lorentzian line shape with a broadenihig assumed. tremely good agreement for the separation between these
Infrared absorption by a Si-C compound is possible bepeaks.
cause of charge transfer from the Si to C atoms, leading to a Our interest focuses on the small but clear satellites near
lattice of non-neutral ions. This effect can be most directlythe Si-C peak in Fig. 2. Not unexpectedly, inspection of the
treated within a rigid-ion modéf To specify the ion charge phonon eigenvectors shows that these are also Si-C vibra-
for a site in the disordered alloy, we assume that all Si-Gions. We associate the satellites with specific arrangements
bonds have the same polarity and count the Si and C nearest carbon pairs as indicated in the figure. To demonstrate
neighbors. In our geometries each C atom is surrounded bijis, we have done additional calculations for supercells con-
four Si atoms and thus has the same chagez*. A Si  taining a single carbon atom and for two carbon atoms at
atom can have from zero to four C neighbors, giving avarious distances. The lower part of Fig. 3 shows the calcu-
chargez¥; equal to—1/4z* times this number. For cubic SiC, lated Raman spectra for these cases. For a pair of carbon
the rigid-ion model predicts the splitting of the TO and LO atoms, the six vibrational modes are arranged in several sub-
modes af’’, which can be used to fix the effectivéynami-  Peaks, which can be Raman active, infrared active, both, or
cal) chargez*. The absorption coefficient for infrared light Neither, depending on the symmetry. Of the Raman-active
is given by the imaginary pai, of the dielectric function. Subpeaks, some typically lie close to the isolated impurity
Again using Lorentzian broadening, can be expressed us- fréquency but one can be shifted by a considerable amount,

ing the eigenvectors’” of the atomic displacement as fol- Iead?ng to the visible satgllites in the alloy spectrum. This is
confirmed by the comparison to the alloy spectrum of Fig. 2,

lows:
redrawn at the top of Fig. 3 for convenience.
or In a more detailed manner, we can assemble the alloy
OCE (02— 2)2 e 22 z\ Z§ uj,ujp. (3  spectrum from the spectra of the C impurity and the different

C-C pairs by a suitable weighting procedurex|fs the car-
The effective charge* enters as an overall multiplicative bon concentratiory is defined as +x, andN, is the num-
constant and does not have to be specified for our purposelser of sites in thenth shell around a selected site, then
It should be mentioned that the charge transfer from Si to @j,=y"n is the probability that no carbon atoms are found in
causes long-range electrostatical interactions, which are néhis shell. Consequentlg,=q,q,---q, is the probability
glected in the Keating potential but which can be added exthat no carbon atom lies in shells 1 through Since
plicitly in a modified modet’ r,.=1-—q, is the probability that at least one carbon atom is
in the nth shell, the relevant quantity is

= =(1—=yNn)yNat---+Ny3
A typical calculated Raman spectrum for a pseudomor- Wn=FnSa-1= (1YY ' @
phic SiggdCo.01 layer on a SI001) substrate is shown in Fig. This is the probability that the closest carbon neighbor lies in
2. The strong peak at 530 cm is due to Si-Si vibrations. Its the n-th shell. Eachw,, is used as the weight factor for the
position is close to the Raman peak in pure Si, which in oulRaman spectrum of the associated C-C pair, where we have

D. Discussion of the Si-C modes
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: : : around an isolated impurity. Consequently these bonds are

Si 0sC o1 stiffer, as is described by Gneisen’s parameter, producing
vibrational modes at a higher frequency. Conversely, pair
configurations with a repulsive interaction are associated

random alloy with longer Si-C bonds, reduced bond stiffness, and lower

- vibrational frequencies. Inspecting Fig. 3 from this viewpoint
£ | superposition shows clearly that the position of the splitoff Raman peak
; closely follows the binding energy of the corresponding C-C
@ single C pair. . . .
= Due to the mass difference, the Si neighbors of a carbon
= |2m atom hardly participate in vibrations with a large amplitude
g on the C site. The vibrating system thus consists essentially
& ompar AN of a single carbon impurity in an unsymmetric environment.
This environment is mainly determined by the position of the
4nn pair closest carbon neighbor, as was anticipated in the calculation
of the weightsw,,. The direct vibrational interaction of the
son pair_J\_J"\ two carbon atoms is much less important. In a systematic
550 800 850 manner, those pair configurations that are bound relative to

Frequency (cm") the |solateq impurities lead to peaks shifted to higher ener-
gies, and vice versa.

FIG. 3. Top: calculated Raman spectrum for a Si-C alloy con-
taining 1% carbon, as obtained using simulations with 512-atom
supercells and a random occupation of the lattice sites. Second A. Sample preparation

curve: the spectrum for the same alloy, obtained by a suitable The lavers were arown in lid rce mol lar-beam
weighted sum of the spectra for C-C pairs arranged as second-, y 9 a solid-source molecular-bea

third-, etc., nearest neighbors and the isolated C impurity. The pargpitaxy apparatus using a pyrolytic graphite-filament subli-

tial spectra for these configurations are shown in the lower part ofnatio,n Ce”_ asa SQI!d carbon SOUVC‘?- The growth procedure is
the figure. described in detail in Ref. 8. The size of the samples was 18

mm X 25 mm. During growth one part of the sample with a

included terms up ta=22. The weight factow; was setto  Size of approximately 4 mnx 4 mm was covered by the
zero in order to prohibit strongly repulsive nearest-neighbogample holder and thus could be used as reference piece for

C-C pairs. Finally, the spectrum of the isolated C impurity isthe Raman and absorption measurements. The carbon con-
given a weight centrations were monitored by x-ray diffraction and

secondary-ion-mass spectroscopy.

IIl. EXPERIMENT

Wo=1— 2 w; . (5)
i B. Raman spectroscopy
The spectrum assembled in this way is displayed as the sec- The Raman measurements were performed with a Dilor
ond curve in Fig. 3, showing that the relative heights of the" xy” micro-Raman spectrometer. The spectrometer was
peaks are reasonably well reproduced by the weighting proequipped with three identical 1800 grooves/mm gratings that
cedure. Note that in calculating the weighyt, we have not had a focal length of 500 mm. The first two gratings were
considered whether the closest carbon atom to the selecteted in subtractive arrangement as a double monochromator.
carbon site has itself other carbon neighbors that are closdihus a spectral resolution of 3.2 ¢rh was achieved. In
than nth-nearest neighbor. This definition of,, while at  special cases a triple additive arrangement was used yielding
first sight incorrect, is appropriate in view of the discussiona spectral resolution of 1.1 cit. The samples were excited
in the next paragraph. through a confocal optical system with the 514.5-nm line of
We consider it a central result that the vibrational frequen-an Ar*-ion laser and a power of 20 mW. A microscope ob-
cies of the substitutional C-C pairs at different coordinationgective with a 0.95 numerical aperture collected the scattered
(Fig. 3 are directly related to the C-C binding curifeig. 1) intensity. After passing the spectrometer, the inelastically
which was discussed in Sec. Il B. It was noted above thascattered light was detected by a cooled charge-coupled de-
one of the Raman-active peaks generally lies either signifivice matrix. The Raman spectra were investigated in back-
cantly above or below the frequency of the isolated C impu-scatteringz(x,y)z geometry.
rity. (This discussion proceeds in the same way if the infra- The contribution due to the carbon vibrational mode to
red modes or the total phonon density of states ighe total Raman signal is expected to be small for the con-
considered.The distribution of the frequencies is contrary to sidered carbon concentrations less than 1% and layer thick-
the experience that an interaction generally splits the peaksesses of about 100 nm, which is only 1/10 of the penetra-
in a manner that maintains their average value. To undettion depth of the laser light in silicon. If we assume that the
stand the situation here, consider the third-nearest-neighb&aman scattering efficiency of the carbon related local vibra-
configuration, which is bound by about 0.14 eV. The bindingtional modes in the alloy is similar to the scattering effi-
energy is mainly due to the fact that some of the short Si-Ciency of the Si-Si vibrations it can be estimated that the
bonds are less strongly stretched in this configuration thanarbon-related signal is only 1/1000 of the intensity of the



1306 RUCKER, METHFESSEL, DIETRICH, PRESSEL, AND OSTEN 53

Energy (eV)

@ 8 ——~ Si.094Co.006
T\ S . Si substrate 0.05 0.070 0.075 0.080
> \ ,’\\m— Difference o L T T T T T
£ \ /i‘E < » L SipL,Cy
« ! ) - -
~ N [ T = 300 K
- ~~
€ £0.20
5 I
£ : [
_D -
E 5 0.15
550 600 650 >
Frequency (cm™) @
o 0.10
2
=
FIG. 4. Raman spectra of the (3b/ 00dSi(001) heterostruc-
ture and the Si substrate taken under identical experimental condi- 0.05 I
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tions. The lower curve is the difference between the two spectra and L
gives the contribution from the pseudomorphic silicon-carbon alloy
layer.

560 580 600 620 640 660 680

Wave number (cm™")

FIG. 5. Infrared absorption spectra of the vibrational mode of

Si-Si vibrational mode. Thus, it is important to distinguish sypstitutional carbon in three different SiC samples with carbon
carefully between the contributions of the;S|C, layer and  concentrations 0.2%, 0.5%, and 1.2%.

the silicon substrate.

The separation of the $i,Cy and Si signals is compli- |ation (Fig. 2. From the calculations, we could determine
cated since the Raman spectrum of the Si substrate is n@iat these are Si-Si modes and that they are related to the

smooth in the interesting region of the local vibrational softening of the stretched Si-Si bonds near the C impurity. A
modes of carbon but shows a weak peak near 615%cm shoulder near 470 cit was also seen by Tsareg al®

This peak is due to a combination of one acoustical and one
optical phonon. While the selection rules for the employed
scattering geometry prohibit two-phonon overtones, the peak
near 615 cm? is the only two-phonon combination ob-  The infrared-absorption measurements in the optical re-
served in bulk silicort® gion at about 600 cm! were performed with a BOMEM

To separate the carbon contribution to the measured R&>A8.02 Fourier-transform spectrometer, which was evacu-
man signal a silicon spectrum was subtracted from the totahted during the measurements. The light source was a globar,
spectrum as demonstrated in Fig. 4. The upper two spectnahich was warmed up for more thal h togain stability. A
are measured spectra from a sample region covered with tH€BR beam splitter was used for detection. The light was
pseudomorphic SigeLg 006 layer and from the uncovered detected with a Si bolometer. In the range of the vibrational
Si-substrate region in the corner of the sample. Both spectraode of substitutional carbon the silicon substrate has strong
were measured successively under identical experimentahultiphonon absorptions. Thus, differential spectra are re-
conditions for equal measuring periods in triple additive ar-quired. To obtain the spectra of the;SiC, layer we have
rangement. They were normalized to the peak intensity of theubtracted the absorption spectrum of the substrate part of
Si-Si mode before the Si spectrum was subtracted. The réhe sample, which was not covered with & SiC, layer
sulting difference is shown in the lower curve of Fig. 4. Theduring growth, from the absorption spectrum of the
difference spectrum shows the well-known peak of local vi-Si; _,C, layer with the substrate. To check the stability of
brational modes of carbon at 605 crh Additionally, a sat- the apparatus all the measurement were repeated several
ellite peak near 625 cm' was resolved in this and a series times. For example, the absorption spectrum of the substrate
of similar Si;_,C, samples. It is clearly seen that the peakswith the Si;_,C, pseudomorphic layer was registered sev-
we identify as carbon-related are not artifacts due to the suteral times for more thm1 h and then the spectra were di-
strate. Furthermore, note that the half widths of the localized/ided by each other. The apparatus was assumed to be stable
carbon modes are smaller than those of the two-phonon peakhen the result of this division was a straight line.
from the substrate. Figure 5 shows absorption spectra of three different

We exclude the possibility that the observed satellite pealSi, _,C, strained layers grown on a silicon substrate with a
near 625 cm ! is caused by localized boron vibrations. To carbon content of 0.2%, 0.5%, and 1.2%, respectively. The
prove this we have measured the Raman spectrum for a puoarbon concentrations of these pseudomorphic layers were
Si layer deposited by MBE on a Si substrate under the samebtained according to Vegard’s law by x-ray diffraction
conditions. Although the process-induced boron contaminameasurementsThis method can only be used for strained
tion can be assumed to be the same as for the &, layers. The full width at half maximurFWHM) of the local
epilayer the peak near 625 crh was not observed for the vibrational mode of carbon in monocrystalline silicon is 5.9
pure Si epilayer. cm~! at room temperature. There have been various at-

We point out that the Raman measurement shows shoutempts to determine the concentration of substitutional car-
ders at 470 cr! and 495 cm ? to the low-energy side of bon from the the strength of this local vibrational modes, but
the Si-Si phonon mode. These are reproduced in our calcwll these methods have to be treated with ¢8rerather big

C. Infrared absorption spectroscopy
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problem as to determining the substitutional carbon concen-
tration arises for strained alloy layers, because the FWHM
increases already at a carbon concentration of 0.2% to more
than 11 cm * compared to the 5.9 cimt in monocrystalline
silicon. With rising carbon concentration and, therefore, in-
creasing strain, the FWHM increases up to more than 16
cm™ ! for samples with carbon concentrations of more than
1%. To determine the carbon concentration from the absor-
bance one also has to know the thickness of the layers. The
thickness of the layers in Fig. 5 as determined from x-ray
measurements was about 540 11012%), 350 nm (0.5%), 550 600 , 650
and 100 nm(1.2%), respectively, with an error of about 5%. Frequency (cm™)
For more exact values of the thickness one has to use a
transmission electron microscope. Thus, the determination of £\ 6. First-order Raman spectrum of Si-C vibrations in a
the carbon concentration from absorption measurements [sseudomorphic SissCo00s layer on Si001). The experimental
rather inaccurate. For better comparison the Raman, IR apectrum(full line) shown in the upper curve was obtained by sub-
sorption, and x-ray measurements were performed on thgacting the signals of the uncovered substrate from the signal mea-
same sample spots. sured for the heterostructufepilayer+ substratgas explained in
As discussed above for the Raman measurements, we alg@ main text. The arrow indicates the satellite peak at 625%m
observe in the IR absorption spectrum a definite satellitarising from 3nn C-C pairs. Calculated Raman spectra are shown
peak on the high-energy side of the substitutional carboifior a random Sj 9/Co.00s alloy (dash-dotted lineas well as for an
local vibrational mode and possibly weak indications on thealloy where the occurrence of bound 3nn C-C pairs was enhanced
low-energy side. The strength of the satellite peaks dependy a factor of 4 with respect to the random occupation while the
to some extent on the position on the sample. occurrence of unbound 2nn pairs was reduced by a factor of 4
All the MBE-grown samples have a boron background(dashed ling
doping of the layer below 1 cm™~3. Additionally, boron
atoms gather at the interface between the Si substrate and the The continuous line in Fig. 6 shows a typical measured

Si1-xCy alloy with a surface density of about ¥ocm™2.  Raman spectrum for a Sie/Cooos layer, obtained as de-
The maximum of the high-energy satellite peak at 625scribed in Sec. Il C. The measurements clearly show a satel-
cm™* (Fig. 5 lies close the vibrational mode of the substi- |ite peak at the high-frequency side of the spectrum at about
tutional boron isotope with mass number 11, which appeargos cm~t. This peak was observed in a series of samples
at 623 cm ! in monocrystalline silicon. But the attribution \with carbon concentrations ranging from 0.001 to

to boron can be definitely excluded for the following rea-x—0.012. The main Si-C peak of the S, 0os layer has
sons:(i) The boron peak should not be observed in a layelis maximum at 605 crt and a FWHM of 12 cm L.

only 300 nm thick.(ii) Boron has two isotopes with mass  The anharmonic Keating model predicts the main Si-C
numbers 10 and 11, which have a natural abundance of 20%eak at 612 cm. Considering the simplicity of the model,
and 80%, respectively. Thus one should observe at leastjs is in remarkably good agreement with the experimental
weak peak at about 645 cm, where the isotope with a yajye, showing the validity of the derived scaling for the
mass of 10 shows its vibration in monocrystalline silicon.force constants. For a better comparison we have shifted the
Our S|gl;(r)‘1al—t"c.:—n0|se ratio is good enough to exclude a peakajcylated spectra by 7 ¢ to lower frequencies. All spec-
due to™B. (iii) It has been shown that most of the interfacial {5 ,sed a Lorentzian broadeningIof12 cm  taken from
boron is not electrically activé, indicating that the interfa-  the measured width of the main Si-C peak. The lower
cial boron does not occupy substitutional lattice positions. Inyyrve in Fig. 6 is the calculated spectrum of the random
sum, the observed strong satellite peak must have a dn‘fere@ia99 Cooosalloy, obtained as a correctly weighted superpo-
origin and we attribute it to the third-nearest-neighbor carbonsjsion of the spectra for C-C pairs as described in Sec. Ii C.

pair. This spectrum shows only a very slight shoulder above the
the main Si-C signal(Note that the broadening is bigger
than in Fig. 2) Thus, the formation of an experimentally
well-resolved satellite at the frequency predicted for the 3nn
The results of the previous section show that both Ramag-C pair can only be explained when an increased concen-
spectroscopy and infrared absorption confirm the satellitération of these pairs is assumed.
structure in the local vibrational modes of carbon in Given the interaction function for the C-C pairs, it is con-
Si;_,Cy alloys that was predicted by the lattice-dynamical ceivable that diffusion during sample growth influences the
calculation. However, the experiments only detect the pealrrangement of the carbon impurities away from a purely
associated with the third-nearest-neighbor C-C pair. By comrandom occupation. To reduce the total energy, more 3nn
paring the theoretical and measured spectra, we can dedupairs should be produced while at the same time the ener-
that this shows an enhanced probability of third-nearestgetically strongly unfavorable 2nn should be avoided. This
neighbor pairs in the samples. Although a detailed underean be visualized as randomly deposited 2nn pairs that
standing of the MBE growth process is difficult to obtain, quickly separate to a 3nn position, although the true growth
such an enhancement is conceivable in view of the energgrocess is no doubt considerably more complicated. To
gain for this configuration of the carbon atoms. model such an effect in a rough way, a second spectrum was

Raman int. (arb. units)

IV. DISCUSSION
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V. SUMMARY

—— Experiment Si 998C 002 ) ) )
- -~ short range order DT In this paper, we have combined theory and experiment to
=== random alloy study the local carbon vibrational modes of substitutional
Si;_4Cy alloys. Due to the large difference in mass, the
surrounding Si atoms participate only to a very small extent
in these vibrations. Nevertheless, the calculations predict a

sizable interaction between carbon atoms even when these

. are further apart than second-nearest neighbors. This is not
550 o0 650 the direct interaction (_)f the vibrations on the two carbor)

Frequency (cm™) sites. Instead, the strain field around each carbon atom dis-

torts the environment around the second one. Because of the

FIG. 7. Infrared absorption in the frequency range of Si-C vi- large size difference between. Siand C atoms, these strain

brations for a pseudomorphic SkCo.00 layer on Siooy (ful  effects are much larger than in related compounds such as
line). As for the Raman spectra shown in Fig. 6, the dash-dotted lin&i-Ge alloys. A good description, therefore, is to consider
shows the theoretical spectrum for a purely random occupation anigolated carbon impurities, vibrating in an unsymmetric local

the dashed line shows the spectrum when the occurrence of thiréénvironment.

Absorbance (arb. units)

and second-nearest-neighbor pairs is enhar(cesbectively, re- Within this picture, a direct connection between the local
duced by a factor of 4. The arrow indicates the satellite peak due toyiprational modes and the pair-interaction energy of two sub-
3nn C-C pairs. stitutional carbon impurities emerges. The pair interaction is

) o due to elastic effects, whereby a bound configuratioota-
calculated with the number of 3nn pairs increased by afactoLr)ly the third-nearest-neighbor arrangemearises when the

of 4 and that of the 2nn pairs reducgd by the same factor. Thl%cal geometry permits a better relaxation of the Si-C bonds
calculated Raman spectrum for this partially ordered alloy;,

(Fig. 6 now shows a 3nn satellite peak comparable to thaEowards their short equilibrium length. These bonds are com-
seeﬁ in the measured spectrum paratively stiff, leading to vibrational modes that lie at higher

A similar analysis for the infrared spectra confirms thisfr_eq_uenmes compare_d to the mode of an isolated C Impurity.
procedure. In Fig7 a typical measured spectrum for a S_|m|larly,_ an energetically unfa\{orable arrangement is asso-
Sio.eeCo.002 layer is shown. Again, the experimentally ob- C|at<_ed with longer and softer Si-C bonds and a reduced vi-
served satellite peak near 625 cihcannot be reproduced by Prational frequency. _ .
calculations for the purely random alloy. Using the same Careful measurements using Raman and infrared spec-
enhancement and reduction factors for the 3nn and 2nn peak®scopy on MBE-grown dilute $i.xCy samples could de-
as before, a similar agreement between theory and expeiiect a satellite peak above the main C impurity peak at the
ment is obtained. frequency predicted for the third-nearest-neighbor C-C pair.

Overall, we are conscious that this interpretation of theThe experimental spectra were compared to theoretical re-
Raman gnd infrared spectra is far from quantitat_ive. Never$u|ts for alloys of the same composition, whereby a random
theless, it seems clear that the calculated attractive C-C Paiccupation of each site according to the stoichiometry was

interaction energy is confirmed by these results, demonstralsgmed. Interestingly, these calculated spectra show a much
ing that the third-nearest-neighbor configuration is substang ;e amplitude for the satellite peak than was found in the
tially enhanced in a MBE-grown dilute &i,C, alloy. For a

Sip 990,006 allOy and an enhancement by a factor of 4, al_experlment. Adequate agreemgnt between th_eory anq expert-
ready every fourth C atom is a member of such a 3nn pai. gnt could only be reached _|f the probability for fmdmg.
whereas this would be only about 1 in 15 for a purely ran-third-nearest-neighbor C-C pairs is enhanced by a factor in
dom distribution. Note that if the crystal were to contaifly ~ the vicinity of 4 relative to the purely random alloy. This
third-nearest-neighbor pairs, the main Si-C peak would stilleads to the conclusion that the carbon atoms in the samples
be twice as large as the satellite due to the unshifted sutshow a distinct short-range order with a high percentage of
peaks seen in Fig 3. Thus, the admittedly rather small sateBnn C-C pairs. Overall, we obtain a confirmation of the cal-
lite peak seen in the experiment indicates a distinct qualitaculated pair-interaction curve, which predicts a sizable en-
tive difference relative to the random alloy. ergy gain at this distance.
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