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Structure and lattice dynamics of Gg_,C, alloys using anharmonic Keating modeling
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The incorporation of substitutional C into Ge is studied theoretically with an anharmonic Keating model
fitted to recent experimental data and specifically adapted to the computation of the structural properties and
the lattice dynamics of Ge,C, alloys. In the range of physically realistic concentratioys<@%), the
change of lattice parameter due to substitutional carbon is found to agree with Vegard’s law of linear inter-
polation between germanium and diamond with a maximum relative deviation less than 0.03%. This result is
obtained in the case of a Gg,C, alloy either random, diluted, or with C mostly arranged in third nearest
neighbors. In the case of a pseudomorphic alloy on germafddi), the tetragonal distortion of the lattice is
well described(error <0.13%) if the elastic constants of the alloy are linearly interpolated between the
corresponding parameters of bulk Ge and C in the framework of macroscopic linear elastic theory. The position
of the localized vibrational mode of substitutional C in Ge depends on the distribution of carbon, and new
phonon modes appear for certain atomic arrangements. Carbon atoms in first nearest neighbor positions give
new modes around 425, 480, and 610 ¢émwhile a new GeC-like mode occurs at 487 ¢in C in third
nearest neighbaimost stablg arrangements induce an additional mode around 550'ci signature of the
fifth nearest neighbor configuration is calculated around 510%crThis study suggests that the content of
substitutional carbon in Ge,C, alloys can be estimated from the lattice constant by x-ray diffractiory for
<3%, and that the local order around C can be probed by Raman and infrared absorption spectroscopy.
[S0163-182609)04046-1

I. INTRODUCTION atomic potential was fitted to the calculatéenthalpy of

Substitutional carbon incorporation into Si-Ge alloys formation (AH~0.2 eV/atom) of the hypothetical zinc-
seems to be promising for expanding the versatility of IV-IV blende Ge-C alloy. The precision of this value might be
semiconductor compounds and devit&he Ge-Si-C alloy questionable, and this approach does not yield the precise
system is attractive for band gap and strain engineering dkttice parameter of carbon-free compounds. Alternatively,
heterostructures Meanwhile, the lattice mismatch between Ricker and MethfessHl fitted their anharmonic Keating po-
C and Ge is very higltabout 59%, the difference of elec- tential to the lattice parameters, elastic constants, and zone-
tronegativity is important, and the solubility of C in Ge is center optical phonon frequencies of the elementary com-
very low (1¢ atoms/cmi at the melting point of Gg’ pounds. This variant of the well-known Keating modes
Therefore, careful optimization of the growth parameters isadapted to the description of elastic properties, phonon fre-
required to obtain a material suitable for device applicationsquencies, and relaxed geometry when large distortions are
Several attempts to grow Ge,C, alloys have been involved. In comparison, a fulab initio calculation would
reported;*~" but it is clear that carbon is not always fully require greater computational effort. In our approach, we
substitutional in Ge. A theoretical analysis may help to pre-have kept the formalism and scaling laws of dRer and
dict the properties of the perfectly substitutional alloy, andMethfessel, but we have precisely fitted the force constants
several papers have addressed this i§SuEhe prior theo- to the lattice parameters ag.~=0.56576 nm, ac
retical work, however, lacked the availability of recent ex- =0.356 683 nm)(Ref. 19 and phonon modes of &eand
perimental datd.In this present contribution, our theoretical diamond’ [T 7o(I'25)ce=9.02 THz, I'1o(Tos)c
approach will be explained; then the results about the struc=39.9 THz]. The anharmonic Keating coefficients used are
tural effects of substitutional C in Ge and the correspondingisted in Table I. The very high precision and reliability of
localized phonon spectra will be successively detailed.  these experimental data, which can be obtained by x-ray dif-
fraction, Raman spectrometry, and absorption spectroscopy,
justify our approach. The calculated lattice parameters and
phonon modes are intended to have a precision of Xin

Theoretical modeling of $i,_,GgC, alloys must take and 0.1 cm?, respectively. Our potential has been also
into account the strong local distortion around C. Kelirestuned to fit the recently measuretlocalized vibrational
used a Tersoff potenti&l and Monte Carlo simulatiohsto  mode of C in Ge (531 cm') and the predicted lattice pa-
predict significant deviation of the structural parameters fronrameter ége0d of the hypothetical zinc-blende GeC com-
linearly interpolated values. In Kelires’ approach, the inter-pound. We previously obtain& a value of agec

Il. THEORETICAL APPROACH

0163-1829/99/6(22)/151504)/$15.00 PRB 60 15150 ©1999 The American Physical Society



PRB 60 STRUCTURE AND LATTICE DYNAMICS OF Ge_,C, . .. 15151

o

1 2 3 4 5 6
ank in relative distance from reference atom

TABLE I. Anharmonic Keating parameterg and 8 used for €
the calculations. Force constants and lattice constants are given in £ ® (2 ®
atomic units. The values in parentheg&icker and Methfessel, £ 064 O (b) O
Phys. Rev. B53, 3 (1996] are given for comparison. ?; @
Q
aO o ,B % @
T 0.4 ®
C 6.7424(6.68 0.143 (0.137) 0.101 (0.101) £
Ge 10.695 (10.66) 0.0555 (0.049) 0.015 (0.015) 2
GeC 8.54(8.54) 0.0742(0.08) 0.031(0.03) 8
c
3
a

~0.45176 nm using a method similar to Ref. 19. The cor-
responding values found in the literattit@are also close to
0.45 nm. To simulate the structure, molecular dynamics re- FIG. 1. Relative distance between nearest neigbors computed
laxation is calculated from a 512 atom cubic supercell byfor (8 pure Ge,(b) one substitutional carbon atom surrounded by
time increments of 3 fs, until the total potential energy G€ in & cubic supercell of 512 atoms.

reaches a stable minimum. To model the fully relaxeel,

virtually substrate-freealloy, we have computed isotropic length increases to elastically accommodate the carbon-
relaxations, where no external pressure is applied to the conffduced perturbation. It is clear that the carbon distortion is
putational box. In addition, we have investigated pseudomorlocalized, and there is a local departure from a perfect trans-
ph|c Gqucy a”oys on GéOO]_) to compare with recent ex- lational symmetry, 'WhICh IndUCQS a challzed \./|brat|0'n.a|
periments. By definition, the parallel lattice parameter of the?honon mode studied below. This localized strain modifies
supercell is maintained to the value of Ge here. In a furthethe size of the supercell, and the average size aJo0g]
stage, the local phonon density around carbon is compute@,ives the perpendicular lattice parameters represented in Fig.
using the recursion method detailed in Ref. 20. With stan2- In the case of isotropically relaxed allojSigs. 2a) to
dards notations, if the Green function for a given aoamd ~ 2(d)], the evolution of perpendiculatand parallel lattice

sl

directionx is given by parameters follows Vegard’s lagwithin 0.03%9 up to 3% C,
whatever the atomic distribution of C. This might appear
surprising, since the lattice parameter of the reference zinc-

G(w?)={1ix S[hX ), (1)  blende GeC compoundag.c~0.45176 nm) is smaller
D-lo than the linear interpolation between Ge and C

then the local phonon density of state is define@ by (=0.46122 nm). Actually, for the GeCy s alloy, we found
that the statistical distribution of C has a strong influence on

.1 - the lattice parameter. By comparison, the departure from Ve-
Y(o)=——lim ImM[G(o"+id)]. (2 gard’s law is maximum around 50% Ge in Si-Ge alloy. The
o0 probability to form the SiGe ordered structufaith a
The recursion method permits to compute in a few steps amaller lattice parametemay explain the measured devia-
continuous fraction which approximates the Green functiontion. For GeC alloys, Vegard's law does not apply to the
thus enabling a convenient computation of the local phonon
density of state for each atom. The calculated spectra can be
compared with absorption spectroscopy and Raman spec-
trometry data after application of the proper selection rules.
Several carbon distributions have been tested: random, di-
luted, and 3nn. By definition, the diluted distribution is ob-
tained when the minimum distance between two carbon at-
oms is above 1 nm. The 3nn distribution corresponds to
carbon atoms mostly in third nearest neighbor arrangements.
This latter configuration is the most stable, in agreement with
Refs. 13 and 9. The results presented here are typically av-
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IIl. RESULTS AND DISCUSSION Substitutional carbon concentration (%)
A. Microstructure FIG. 2. Evolution of the perpendicular lattice parameter after

. . . . incorporation of substitutional C in Ge. Several statistical distribu-
The extension of the local distortion around an individualions of C are considereda) C replacing Ge in a random allogh)

C in the cubic supercell of 512 atoms is depicted in Fig. 14 giluted alloy, defined as when the interatomic distance between
The average distance between C and its first Ge neighbors §&o carbon atoms is superior to 1 nie) for carbon atoms mostly
0.21362 nm, which is about 13% smaller than the Ge-Gén third nearest neighboré8 nn), the most stablélowest energy
distance in pure Ge. The distortion is visible at the secondonfiguration;(d) the linear interpolation of the lattice parameters
nearest neighbor, but is attenuated after the third. Betweesf Ge and diamondVegard's law. Curves(e)—(h) are analogous,
the second and the third nearest neighbor, the Ge-Ge borgcept that the layer is pseudomorphic on(@®d).
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zinc-blende(1:1) compound, but this interpolation is reason-
ably accurate around Ge and diamond. Therefore it is pos-
sible to estimate accurately the substitutional carbon content
of Ge _,C, alloys of low carbon content<{3%) by mea-
suring the lattice parameter with x-ray diffractioi??In the
general case, the deviation from Vegard’'s law may depend
on atomic distributions, especially around the regions of pos-
sible ordered compounds. This trend is exacerbated in the
case of pseudomorphic layers on @91). From Figs. 2e)
to 2(h), it is clear that the perpendicular lattice parameters
(hence the elastic constants of the allajepend on the )
atomic distribution of atoms; therefore the atomic distribu- . : |
tion of C modifies the relaxation process in the pseudomor- 400 500 600 700
phic lattice. Experimentally, the atomic distribution of atoms Wavenumber (cm”)
may depend on the growth process; therefore the elastic con- . .
stants might also depend on the sample preparation. In all)l FIG. 3. Log:ahzed phon_on density spectra around_ C calculated
cases, a linear interpolation between the elastic constants al 4 the recursion method in the case of an isotropically relaxed
! L s gupercell containing two carbon atoms. Cur¢&sn—(6nn) are cal-
lattice parameters within the frame of macroscopic linea

. ) . . . 'culated for increasing distance between C. With standard notation,
elastic theoryFig. 2h)] gives the perpendicular lattice pa- “1nn” means that the two carbon atoms are arranged in first near-

rameter within a reasonable errow0.13%). This means gt heighbors. The width of the peaks can be numerically tuned: it is
that the relationship between the relaxed, parallel, and pegiyen for comparison purposes only.

pendicular lattice parameterad, a;, a,) may be expressed
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Localized phonon density (arb. units)

as result of complex conjugated elastic interactions involving
1+Ka/a close neighbors. Th.e wave.numbers erend slightly on t.he C
a,=a, il Iy , (3) content and the lattice strain. The shift of the main localized
1+K vibrational mode(LVM) of subtitutional C in Ge(around
Where 530 cm ') depends upon the atomic distributi¢Rig. 4).
The local order may depend on the growth parameters, and
v Ci there is noa priori shift of the mode with substitutional C
K=21_ = Cw (4)  content. In all cases, for low carbon contents, the LVM wave

number of the pseudomorphic lay&round 529 cm?) is

. . . . . H =1\ 5,6
is the elastic correction factor andthe Poisson ratio of the lower than its relaxed counterpafaround 531 cm-),

Ge, _,C, alloy (with y<3%). Thedeparture from this law is which is observed experimentally.
maximum for the diluted alloy, where carbon atoms have

nearly no interaction with each other. We conclude that the IV. SUMMARY
proximity of carbon atoms affects the global distortion of the

pseudomorphic lattice. The cooperative effect of two close In summary, we have performed molecular dynamics
carbons seems to be Superior to the sum of the effects of tW@'muIations using a valence force field model to simulate the
isolated ones. The most probal8nn) configuration gives a  incorporation of C into substitutional sites of Ge. In the case
lattice parameter close to linear interpolation. The extrapolaOf relaxed alloys, the lattice parameter follows Vegard's law
tion to higher carbon concentrations increases the statistical

spreading in lattice parameters and the subsequent deviations 560 o @) —e—(d)
from Vegard’s law, especially around the concentrations of

) —O—(b) —X—(¢)
possible ordered compounds. 5501—+—(c) —O— (f)

/
5401 o—=
,//g@'//o

530 { B¢

B. Phonon spectra

The computation of phonon spectra is a further basic tool
to investigate this new material. In Fig. 3, the localized vi-

Phonon wavenumber (cm™)

brational spectra around C are computed in the case of an X
isotropically relaxed supercell containing two substitutional ><\x\><
carbon atoms, for increasing C-C distance. In a way similar 0 1' é é

to Si,_,C, alloys, novel modes appear for certain configura-
tions. Localized vibrational spectra are sensitive to the local

order and provide a powerful profbef the bonding configu- FIG. 4. Frequencies of localized phonon spectra around C cal-

ration. The 1nn configuratiofimprobablg gives new modes  ¢yjated by the recursion method for increasing C content and vari-
at 425, 480, and 610 cnt. GeC-like modeg2nn) are char- oy statistical distributions of substitutional C. Cunyas—(c) are

acterized by signatures at 487 and 540 ¢miThe 3nn addi-  calculated for a random, diluted, and 3nn configuration, respec-
tional mode is around 550 cm. Another additional feature, tively, in the case of an isotropically relaxed alloy. The homologous
provided from the 5nn configuration, is situated aroundcurves(d)—(f) are computed for a pseudomorphic layer or((B4).

510 cm 1. Physically, these spectra can be considered as The lines are displayed to guide the eyes only.

Substitutional carbon content (%)
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with a good accuracyless than 0.03% errpup to at least distribution. This study provides reference analytical formu-
3% C, whatever the substitutional carbon distribution. Hencéas applying to the perfect Ge,C, substitutional alloy. The

the carbon content can be successfully estimated through theedicted phonon spectra are a fundamental basis to probe
measurement of lattice parameters by x-ray diffraction. Thehe local order in this new material, which might play an
linear interpolation of elastic constants and lattice parameterisnportant role in future IV-IV microelectronics and opto-

of Ge and diamond gives a valuable estimagror electronics.
<0.13%) of the perpendicular lattice parameter of the alloy

within the framework of macroscopic linear elastic theory.

The influence of the distribution statistics increases with C
concentration, and a departure from Vegard’s law is obtained We gratefully acknowledge support for this research by
around the region of possible ordered compouftile zinc- the ARO under Grant Nos. DAAH04-95-1-0625 and
blende GeQ@ The relative position of carbon neighbors in- AASERT DAAG55-97-1-0249, by DARPA under Contract
fluences the localized phonon spectrum, and the shift of thélo. F49620-96-C-0006, and by the ONR under Grant No.
LVM wave number with C strongly depends on the carbonN00014-93-1-0393.
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