JOURNAL OF APPLIED PHYSICS VOLUME 88, NUMBER 11 1 DECEMBER 2000

A theoretical study of stability, electronic, and optical properties of GeC
and SnC

Ravindra Pandey?®
Department of Physics, Michigan Technological University, Houghton, Michigan 49931

Michel Rérat and Clovis Darrigan
Laboratoire de Chimie Structurale, Universitke Pau, France

Mauro Causa
Dipartimento di Chimica Inorganica, Universita di Torino, Italy

(Received 18 January 2000; accepted for publication 26 May)2000

We present the results of a first principles study on the ordergdGgso and SR 54Cq 50 cubic

alloys. A linear combination of atomic orbitals approach in the framework of density functional
theory is employed for total energy calculations in the zincblende phase. A fitting of the energy
surface to the equation of state yields the lattice constant of 4.61 and 5.17 A and the bulk modulus
of 181 and 119 GPa for GeC and SnC, respectively. Analysis of band structure suggests a crossover
of the nature of the band gap from indirect to direct in going from SiC to GeC to SnC. Although
both alloys predicted to be unstable with respect to their elemental components at zero pressure and
temperature, GeC appears to become stable at higher pressure. It appears that both the lattice
constant and bulk modulus of the ordered alloys do not follovgard’s linear rule, though the
calculated dielectric constant of the cubic alloys is approximately the average of the dielectric
constant of their elemental components. 2000 American Institute of Physics.
[S0021-897€00)03117-G

I. INTRODUCTION Gey 58y 50 alloy. In this work, we will now report the re-
sults on the ordered GefCq 50and S sdCo 50 alloy systems.
Group IV semiconductor alloys have immense potentialoyr aim will be(i) to investigate stability of the ordered SnC
for applications in the next generation of Si-based electronigloy with respect to its elemental components and predict its
and photonic devices? It has been suggested that Ge—C andstructural, electronic, and optical propertié) to predict
Sn—C alloys and ordered compounds may have particularlgptical properties of the ordered GeC alloy together with a
unique optoelectronic properties for applications such as @omparison of the present study with previously reported
high band gap semiconductor on Si. Moreover the Ge—C angtudy’ on its structural and electronic properties. Further-
Sn—C alloy systems on Si appear to provide a wide range ahore, we will use the calculated results on SiC to judge the
tunable band gap energies, in principle, spanning from theeliability of the computational parameters used here due to
infrared to the near ultraviolet region of the spectrum. Al-availability of extensive theoretical and experimental studies
though the constituents of Ge—C alloys are immiscible undeon the cubic SiC.
equilibrium conditions in the bulk, epitaxial stabilization of The rest of the article is organized as follows. In Sec. I,
these alloys have been explored by various workers. For exwe briefly describe the computational model used in this
ample, Krishnamurthyet al® have studied the epitaxial work. Results and discussion of the structural parameters,
growth of Gg_,C, films with C concentration in the range band structure, dielectric constant, and stability will be pre-
x=0.2—0.8. They have obsen/eta C-related change near sented in Sec. lll, and a summary of the work will be given
the E, critical point in Ge together with the Raman signaturein Sec. IV.
of the Ge—C local mode in epitaxially films grown on Ge
(100 substrates. The structural and electronic properties of
GeC was first reported by Sankeyal.,® though we are not Il. COMPUTATIONAL METHOD
aware of any theoretical studies on the cubic SnC alloy. The computational method is based on a generalized gra-
Knowing that a knowledge of stability of an alloy sys- dient approximatioh® (GGA) to the density functional
tem in conjunction with its electronic and optical propertiestheory (DFT). A linear combination of Gaussian orbitals are
is critical in promoting alloy thin films for device applica- ysed to construct a localized atomic basis from which Bloch
tions, we have initiated a detailed theoretical study of grougunctions are constructed by a further linear combination
IV semiconductor alloys. In an earlier article, we had re-with plane-wave phase factors. The Gaussian basi¢'Sets
ported the results of a theoretical stﬁldtyn the ordered used in the present study are theetwo p-, and ad-type
shells for C(i.e., a 621/21/1 sgtfour s-, threep-, and two

aAuthor to whom all correspondence should be addressed: electronic maif-type shells for Sii.e., a 8841/841/11 sgtfive s-, four p-,
pandey@mtu.edu and twod-type shells for Gdi.e., a 97631/7631/61 setand
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T TABLE |. Structural propertiegi.e., lattice constanta), equilibrium vol-
ume (V), bulk modulus(B) and its pressure derivativd()] of SnC, GeC,
4r SiC, and the constituent elements.
o 3r a® V@A) BGP3 B
= 2F snc This work(GGA) 5.17  34.61 119 4.3
= Sic
s GeC This work(GGA) 461 2445 181 4.2
0 LDA pseudopotentidl  4.49 22.63 218
SiC This work(GGA) 4.40 21.30 206 5.3
r 7 Expt. 436  20.72 224 -
T S R B L LDA pseudopotentidl  4.28 19.60 245
15 20 25 30 35 40 4
5 10 s a-Sn This work(GGA) 6.65 73.38 42 51
v (&% Expt. 6.49 6834 26 -
FIG. 1. The energy surface of cubic SiC, GeC, and SnC. Hekejs the Ge This work(GGA) 574  47.28 71 51
enthalpy of formation an¥ is the unit cell volume. Theegativevalue of Expt. 5.66 45.33 7
AH indicates the stability of the alloy with respect to its elemental compo- LDA pseudopotentidl  5.60 43.90 72
nents.
Si This work (GGA) 5.45 40.51 96 4.1
Expt. 5.43  40.03 99 -
LDA pseudopotentidl  5.43 40.03 96

sevens-, six p-, and threed-type shells for Sn(i.e., a
9763111/763111/631 9etSuch basis setéwhich include  © This "‘I’E‘;rkt(GGA) 2217 1111267 1242 Al
one function fpr the. core and tweandp functions for gach LDA pseugolpotentiél 356 1108 488
valence atomic orbital supplemented by d-type polariza-
tion function has been demonstrated to be very good in pro=See Ref. 6.
viding accurate and reliable predictions of structure and en-
ergetics of both bulk and surfaces of covalent materials such
as Si, C, BN, and Ga®:1*

For calculations, we use the program packagestaL'®
in which the tolerance on the total energy convergence in th

Table | also includes the results of a theoretical stysr-
iterati luti f the Kohn—Sh i i L 110 formed using pseudopotentials in the local density approxi-
lterative solution ot the rohn-sham equations IS Set to mation (LDA) which we use to compare the results of the

Ha}rtreg and a 9”0,' of 28 .p0|r.1ts IS useq in the irreducible present study. Overall, the calculated structural parameters
Brillouin Zone for integration in the reciprocal space. Over-¢liow the expected trend; the lattice constant is overesti-
all, the residual numerical uncertainty is estimated to bef'nated by GGA and under,estimated by LDA. For example
aboz\tno.cl)l ev perlat(?m_. f th dered all the GGA value is 1% larger and the LDA value is 2%
electron calculations of the ordered alloys are per-gq.,jjor than the experimental value in SiC. This variation in

formed to ]? bta|.n thef poTenthl er?ergy sblfrfa((;:e., rt]otal €N the lattice constant is also reflected in the calculated values
ergy as a function of volumean the zincblende phase, con- of the bulk modulus of these materials.

sidering that structure and local bonding of the ordered alloy For GeC and SnC. the calculated lattice constants are

is expected to be similar to the constituent elements. We NOt® 61 and 5.17 A respectively while the bulk moduli are 181
here that the elemental components of the alloys considere d 119 éPa }espectively It therefore appears that both

here(i.e., C, Si, Ge, and-Sn) can have diamond structure. GeC and SnC alloys do not obey ¥ard's rule sinceAa
At ambient pressure, Si and Ge have diamond structurFeg acec— (1/2)(aet ac)] comes out to be-0.065 A for
while C crystallizes in the graphite phase. Tin occurs in twoGéC" aﬁ?ﬂio 04 A f(;? SnCC Thenegativedeviati(;n for GeC
phases, namely-Sn andg-Sn. The equilibrium structural o ginyijar 16 that observed for SiC and was attribéfed the

palr an|1etedrs of the CL:Cb'C allo\)//§ are obt_amedf Sb%%gttt'ﬂg thecharge transfer from Si to C. In the present study, however,
calculated energy surface to Vinet equation o e the Mulliken population analysis indicates a charge transfer

equilibrium volume, the electronic and optical properties -0t about 0.€ from metal cation to C in these materials,

cIudi.ng band structurg, dielectric constant, and index of refhough the lattice constant of SNC does not showrtbea-
fraction are then obtained. tive deviation from Vgard’s linear rule.
The calculated bulk modulus of GeC and SnC are 181

11l. RESULTS AND DISCUSSION and 119 GPa suggesting that SnC is much softer than GeC,
as expected. Interestingly, the variation of the bulk modulus
with the lattice constant in SiC, GeC, and SnC follows

Figure 1 shows the energy surface of SiC, GeC, and Sn€losely with Cohen’s propositidfiwhich states that the bulk
which is fitted to the equation of state to obtain their equi-modulus in group IV elements mainly depends on the cova-
librium volume(i.e., lattice constait bulk modulus, and its lent character of the bond. The application of the proposed
pressure derivative in the zinchlende phase. The calculateglationship® of B=19721"3° results the values of 207,
structural parameters are listed in Table | together with thos&75, and 117 GPa for SiC, GeC, and SnC, respectively
of the elemental components obtained in the cubic phasevhich are very close to the calculated values of these alloys

A. Structural properties
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FIG. 2. Band structure of GeC. The zero energy reference is at the top of the
valence band. FIG. 3. Band structure of SnC. The zero energy reference is at the top of the

valence band.

(Table ). On the other hand, the bulk moduli of the ordered

alloys do not fall on the straight-line average of the constitu-calculations predict SnC to be a direct-gap alloy with the
ent elements. The differencéAB) between the calculated band gap of 0.75 eV. This is in contrast to the Soref's
bulk modulus and the average valBg, [i.e., (1/2) Bgesn estimatio® suggesting the gap to be indiredt L) with

+ BC)] is very large for both alloys and the ratio AB/Ban the value of 1.20 eV. For GeC, the calculated results find the
is predicted to be 27% in GeC and 49% in SnC. This is inminimum energy gap to be indirect with a value of 2.46 eV
contrast to the resuftgor the ordered GeSn alloy where the (Table 1)). Previously, the LDA-pseudopotential cal-
ratio is about 6%. The bond strength in the ordered GeC angulation$ reported GeC to be indirect gag’¢X) alloy.
SnC therefore appears to be significantly different from theSimilarly, calculation&" using the virtual crystal approxima-
average of that in their elemental components, though théon found the minimum gap to be indirect for £8Co 35 In
bond character remains the same. We note here that valué@ble II, we have also reported our results for SiC for which
for the pressure derivativB, are typically between 4 and 5 the calculated results are in agreement with previous calcu-
for most solids. It is seen in Table | that the tabulaf lations and experiment in predicting SiC to be an indirect

PR :16,22,23
values fall within this range. gap (C—-X) material: N _
A crossover of the nature of minimum energy gap in

going from SiC to SnC can be explained in terms of the
conduction level splittings. The lowest two conduction levels
The band structure of the cubic GeC and SnC alloys arat I (i.e., I'{ andT'{y) in these materials represest and
displayed in Figs. 2 and 3. In the absence of the spin—orbip-like antibonding states. In going from SiC to GeC to SnC,
interaction terms in these calculations, the top of the valencéhe s-like antibonding states of heavier cations, being non-
band consists of the triple degenerhtg level. Thep states  zero at the nucleus, are expected to move down relative to
of Ge (Sn) and C forms the upper valence band while the thep-like states af’, leading to an increase in the splitting of
states of GESn) and C form a band at about 13 eV below these levels. This is what we have found in the calculated
the top of the valence band. As expected,dhmnds in both  band structure of SiC, GeC, and SnC where the respective
alloys are atomic-like with a negligible dispersion appearingsplitting atI" is 0.92, 2.76, and 4.94 eV. On the other hand,
at about 25 eV in GeC and at about 23 eV in SnC below theéhe conduction levels & are mixeds- andp-like states and
top of the valence band. their splitting does not therefore show such a variation in
The minimum of the conduction band is found to bd'at going from SiC to GeC to SnCTable Il). Furthermore, a
in SNC while that in GeC is aX. Thus, the present GGA small variation in the splitting aX suggest¥' that the degree

B. Electronic properties

TABLE Il. The minimum-energy direct and indirect band g#jmseV) and splitting of the conduction levels at
I', and X of the cubic SnC, GeC, and SiC.

Direct gap(I')  Indirect gap {-=X) AE(T'§s-T'5) AE(X5-X))

SnC This work 0.75 2.0 4.94 2.96
GeC This work 3.3 2.5 2.76 3.26
LDA pseudopotentil 4.9 1.4
SiC This work 6.1 1.6 0.92 3.14
Experiment 7.4 2.41F
LDA pseudopotentiél 6.7 1.22
LDA-LMTO (ASA)° 6.56 1.38 1.15 291
aSee Ref. 6.
bSee Ref. 22.
‘See Ref. 23.
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TABLE llI. Optical properties of the cubic SnC, GeC, and SjNote: For TABLE IV. The enthalpy of formation £H) for the cubic SnC, GeC, and

SiC, the experimental valugef. 28 of € is reported to be 6.2—-6]7 SiC.
Static Dielectric Index of Plasmon AH (eV)
polarizability constant refraction energy -

a (Rd e(A—) n(A—) E, (eV) SnC This work 1.28

snc 34.57 136 37 15.0 GeC This work 0.54
GeC 12.08 72 27 18.0 LDA pseudopotentiél 0.18
SiC 10.28 7.1 2.7 22.0 sic This work —0.46
LDA pseudopotentiél -0.34

aSee Ref. 6.

of ionicity remains almost the same in SiC, GeC, and SnC,

as also indicated by the calculated Mulliken charges. . . L
The complex dielectric response function is now used to

calculate the plasmon energy corresponding to the maximum

of the ELF function. The calculated plasmon energy values

are 22, 18, and 15 eV for SiC, GeC, and SnC, respectively.
It is well known that the conduction bands are not well The value for SiC compares very well with the experimental

described by density functional theory, though their use injalue® of 22.1 eV and a previously calculated vaitief

polarizability calculations yield satisfactory values of dielec-22 4 ev.

tric response functions in semiconductté® In this work, a

sum over state§SOS method is used to calculate the real -

and imaginary parts of the polarizability from which related P- Phase stability

functions such as the dielectric constant and energy loss Finally, we address the question of the phase stability of
function [i.e., ELF=—Im(1/e(w))] can easily be obtained. the ordered GeC and SnC alloys with respect to their el-
The SOS method requires calculationgw#rtica) transition  emental components by calculating the enthalpy of formation
moments and energies between the valefeeupied and  (AH) of the cubic alloys” For GeC and SnCAH is found
conduction(unoccupiedl states and does not take into ac-to be 0.27 and 0.64 eV/atom, respectively. The results there-
count of the Coupling between vertical transitions for differ- fore predict the instab”ity of GeC and SnC at zero pressure
ent wave vectorg, responsible for the field-induced electron and temperature. On the other hand, the expected stability of
reorganization effect® The gap, which is not well described cubic SiC is reproduced by our calculatiofsee, Table V.

by density functional theory, can be corrected by a scissoNote that the LDA-pseudopotential calculatibralso re-
operator. However, we have not applied the scissor operat@jorted the instability of GeC at zero pressure wihi of

in this work. 0.18 eV/atom.

In the SOS calculations, we have used the velocity op-  We now explore the possibility of high-pressure synthe-
erator to describe the electric field perturbation in the dipolesis or epitaxial stabilization of GeC and SnC and investigate
approximation. The velocity operatoW (V), replaces the the effect of pressure on the stability of these alloys. Em-
electron positiom or length operatofL) in the framework of  ploying the equation of state obtained earlier in Sec. lll A, a
the hyperviriel theorem as follows: variation of the Gibbs free energy with the pressure can eas-

(E,—Eg)(0[r|n)=(0|V|n), (1) ily be determined for poth alloys neglectipg the temperature

dependent term. In Fig. 4, we plot the Gibbs free energy of
where|0) and|n) are eigenvectors of the unperturbed Hamil- the alloy with respect to that of the elemental components

tonian operatot. (AG) in which the negative value aiG indicates the sta-
Furthermore, the use of the velocity operator leads to the

replacement of the transiton momentsj|r|j), by

(ilVI]j)«/(€jx—€i). Here,[i), and|j), are occupied and 15 . ‘ .

unoccupied crystalline orbitals fde point of the reciprocal

space(i.e., eigenvectors of the Kohn—Sham equations with v

the associated eigenvalueg and ey, respectively. 0.5% v _
The SOS resulfd of static polarizabilty, dielectric con-

stant, index of refraction, and plasmon energy are collected

in Table 11128 Accordingly, the optical properties of GeC are 05L |

predicted to be similar to those of the cubic SiC having the ' . sic

same dielectric constant and index of refraction. However, -1k " . s

SnC is predicted to have significantly larger dielectric con-

stant and index of refraction as compared to those of SiC and o 10 20 30 40

GeC. We note here that our calculated values are close to the P (GPa)

S_oref’s empirically estimated Vallj’esqueStmg that the op- FIG. 4. A variation of Gibbs free energy with pressure for SiC, GeC, and

tical constants of the ordered alloys are average of those i§nc. Thenegativevalue of AG indicates the stability of the alloy with

the elemental components. respect to its elemental components.

C. Optical properties

AG (eV)
o
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