PHYSICAL REVIEW B VOLUME 60, NUMBER 16 15 OCTOBER 1999-1I

Electronic and optical properties of Si_,C, alloys
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We investigate the electronic and optical properties of free-standing and epitaxially straingd, illoys.

We first determine the microscopic atomic structure of the alloys using the semi-grand-canonical Monte Carlo
method and empirical interatomic potentials. For the calculation of the electronic and optical properties of the
alloys we employ a supercell geometry and an empirical tight-binding model, which was fitted to reproduce the
relevant band structures obtained from first-principles calculations. Our approach allows for a thorough inves-
tigation of C alloying and strain effects on the band gap, the band offsets, the effective masses of the upper
valence and lowest conduction bands, and the optical properties. Our results are in very good agreement with
experiment[S0163-182609)01240-7

[. INTRODUCTION guments based on a linear interpolation scheme of the el-
emental band gaps indicate that the gap should increase as C
Binary group-IV semiconductor alloys have attracted con4is added in Sf. Orthogonal linear combination of atomic
siderable attention in recent years because of their usefulnessbitals calculations based on the virtual-crystal approxima-
in electronic devices. The quest for realization of such mation led to the same conclusidf.However, tight-binding-
terials is motivated by the desire to manipulate the band galike quantum molecular-dynamics calculations, based on lo-
of silicon, which can be achieved through alloying or by calized atomic orbitals and the local-density approximation,
creating strained-layer superlatticéSL’s). A prototypical indicated that the $i,C, alloys do not follow a mean-field-
and extensively studied system is silicon-germaniumike (virtual crysta) behavior, as $i,Ge, alloys do, and
(Si,_,Ge) alloys and SL's, usually grown on @00 that the gap actually decreases with C contéht.This re-
substrates. Another interesting case is the binary silicon- duction was attributed to the incompatibility of the Si and C
carbon (Sj_,C,) system. In thermodynamic equilibrium the bonding states which forces the C atoms to act as substitu-
only stable solid solutions that Si and C form are the equimotional point defects, and the C states to behave as localized
lar perfectly ordered, strain-free zinc-blen@C-SiO struc-  deep levels in the gap. Similarly, calculations based on the
ture and the various stoichiometric polytypes Nonsto- linear-muffin-tin-orbital(LMTO) method found a shrinking
ichiometric mixtures of these elements anetastableThe  of the gapt® The latter, LMTO studies, were limited to small
solubility of carbon in silicon under equilibrium conditions is cells (16 atom$ and so only high carbon contents could be
extremely small €2x 10 2 at. % at its melting poifl}, be-  considered ¥ 6%). This is a serious limitation, because the
cause of the huge lattice constant mismatch and the cost @mount of useful carbon which in practice enters substitu-
elastic energystrained bondsas carbon is incorporated into tionally into the bulk of the material is limited to below 3%.
the lattice. Therefore, experimental efforts to overcome thisAt higher concentrations, stacking faults and other extended
obstacle have been based on nonequilibrium methods, suckefects appear.
as growth of films by molecular beam epitdXyand chemi- These theoretical studies, although very useful, did not
cal vapor depositiofwhich exploit the less constrained en- actually focus orepitaxially strainedalloys, so the effect of
vironment and the higher atomic mobility on surfaces. Thebiaxial strain which is imposed by the substrate has not been
goal is to produce pseudomorphig SjC, layers on or in Si  studied and separated from the effect due to the chemical
which are free from extended defects, and where the posssubstitution. This makes the interpretation of experimental
bility for nucleation of 3C-SiC during growth is kinetically measurements, where both effects operate, complicated. Ex-
suppresseff:® perimental work, on the other hand, estimates the influence
The discussion of the electronic properties of SCy al-  of epitaxial strain on the gap indirectly by assuming that the
loys has been quite controversial. The possibility that incordeformation potentials of these alloyactual values are not
poration of carbon, which in the diamond bulk phase has &nown) are equal to those of Si, thereby introducing an un-
larger band gap than Si, might yield a wide-band-gap Sicertainty on what is the pure chemical contribution from car-
based material is appealing. It is, however, not obvious thabon substitution.
C incorporation will yield the desired effect. Theoretical ar- In this paper we investigate by theoretical methods both
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strain and chemical effects, and we separate their contribuiand two C atoms in the cell, respectivgland their equilib-
tions to the total variation of the band gap as a function ofrium structural properties can be thoroughly studied with
carbon content. Recent photoluminescence studies have prbtC simulations. This is described in Sec. Il A.

vided reliable information about energy shifts in pseudomor- It is also important to be able to study the electronic fea-
phic Si_,C,/Si multiple-quantum-well structurd§® In  tures of these systems using a dense grid of reciprocal-space
both studies the results were interpreted as indicating that theoints, so that dielectric functions, hole and electron masses
gap decreases linearly with C content aSEg(y) and optical properties can be accurately calculated. To this
=—y(6.5 eV). The carbon content in these structures wagnd, we have developed an ETB Hamiltonian, properly pa-
estimated using Vegard’s law, which demands that the latticeametrized to reproduce the electronic band structure of Si
parameters as well as the elastic constants adhere to a lineamd SiC at various lattice constants relevant to the structure
interpolation scheme of the elemental constants. Previousf the Si-C alloys. The use of the ETB method is advanta-
theoretical calculations by one of the autH8rs® showed geous over other methods since it makes it possible to study
that for a reliable estimation of the carbon content in boththe electronic structure essentially with the same accuracy as
bulk (unstraineg and epitaxially strained $i,C, and the method to which the ETB parameters have been fiited
Si;—x—yGeC, alloys, one has to take into account significantour case the density-functional theory with the local-density
deviations of lattice parameters and elastic constants frorapproximation, including corrections to the energy eigenval-
linearly interpolated values. Failure to do so results in conues for the conduction stajes his is described in Sec. I B
siderable overestimation of C concentration. These predicof the present part.

tions for deviations from linear rules were verified both

experimentally®?°and theoretically}? Here we thereforee-

interpret the experimental intrinsic energy shifts using the A. Equilibrium structure of Si-C alloys

corrected carbon content. We find that our theoretical results The alloys considered here are,$iCoow USINg a

on the behawor_ of the band gap are in very good agree;merg;jiasc1 supercell, and $iseCo oo USING @ Si,C, supercell.
with the red_uctlon of the gap suggested by photoluminesye considered two types of supercell@ cubic, free-
cence experiments. _ _ , _ floating, which models the unstrained case and allows us to
~We also considered in detail the optical properties Ofgyiract information solely about the chemical effect from C

Si,-,C, alloys. There is experimental work on this subjéct, incorporation;(b) tetragonally deformed with the lateral di-
but a theoretical treatment is lacking. We use for both thgnensions constrained to be those of the Si lattice, which
band gap and optical studies. an e_mpirical tight—bindin_gmode|5 strained alloys coherently grown on #08L) sub-
(ETB) method and supercells with periodic boundary condi-srate and allows us to extract information about both chemi-
tions. The input configurations to the electronic structure caly5| and strain effects.
culations are generated and equilibrated with a Monte Carlo Tpe supercells, and the microscopic structure which they
(MC) algorithm within Fhe empirical potential formalism. ~ simulate, have to comply with two well-established con-

The paper is organized as follows: In Sec. Il we outlineggraints. The first is the correct description of lattice constant
the methodology on which our calculations are based, givingng elastic constant deviations from the linear behavior. Spe-
details about the structural models and the ETB method. Se‘&ifically, the equilibrium lattice constardy(y) of the un-
tion Ill gives the results and the accompanying discussiongirzined alloys, and the perpendicular lattice constaify)
starting with the electronic properties and continuing withq the strained alloys, must be allowed to relax to their opti-
the optical properties. mal values, along with the atomic positions in the cell. Pre-
vious theoretical work has instead used Vegard’s law for the
determination of the lattice constarits:®

The second constraint has to do with the configurational

In order to study the physics of the systems of interest, idegrees of freedom. It has been independently shdf
is important that the calculations realistically reproduce certhat there is an oscillatory distribution of carbon-carbon in-
tain key aspects. Among these are the way in which C igeractions in the bulk of the alloy. Certain C-C distances are
incorporated in the Si lattice in the proper concentrationtotally absen{the first-nearest-neighb@NN) interaction is
Previous work treated §i,C, alloys as random! the occu-  energetically very unfavorablevhile other configurations
pation of a site by Si or C at a specific concentration wagmost notably C atoms at third-NN distangese favored.
chosen randomly, and then the system was geometrically rédore recently, first-principles pseudopotential calculations
laxed. Alternatively, the effects of ordering were taken intoverified this result, and in addition found that the third NN
account by considering smakight-atom cells (SiC,), but  arrangement is also the energetically most favored configu-
this corresponds to high C contert®2.5%9 and misrepre- ration in the subsurface layers of;SjC,(100) alloys?324
sents the strain field in the alldy:*? Our investigations are The bulk of the material in such semiconducting systems,
based on 64-atom cells. We concentrate on low carbon corwhere atomic diffusion near the surface is fast while bulk
tents appropriate for good quality epitaxial films. At suchdiffusion is negligible, is formed when surface geometries
contents the dominant mechanism for carbon incorporation iare frozen in during growth. It is therefore essential for the
at substitutional sitegWith increasing C content the amount present studies to consider this specific arrangement when
of interstitial carbon rises and, along with the appearance afere are two carbon atoms in the cell £E5).
stacking defects, seems to be responsible for the degradation In order to comply with the above two constraints we
in the quality of the material.The 64-atom supercells allow generated our cells, both free floating and epitaxially
for the proper C concentratiord.6% and 3.2%, with one strained, using a Monte Carlo algorithspecifically devel-

Il. METHODOLOGY
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oped to treat the insertion-removal-equilibration processes in [ e
alloys with large size mismatch between the constituent at- 12|

oms. These alloys atecally strained in the neighborhood of m
carbon insertions, even in the free-floating case. This algo- 8

rithm equilibrates simultaneously both positional and con- i

figurational degrees of freedom in the cell, and identifies the . *
most favorable geometries which minimize strain using the E i
semi-grand-canonicaénsemble. Details of the method are 3z
given elsewheré The energetics of the system are de- g: Al
scribed via the empirical interatomic potentials of Tersoff for W
multicomponent systenf§, which have been extensively
tested and applied with success in similar conté%i&2324
Predictions made in these works have been verified
experimentally:>2°2"The reliability of the empirical interac-
tions, especially in describing trends in total-energy differ-
ences, has been established by comparing to results fron ST
first-principles quantum-mechanical calculatiéhé?

In the strained case, the lateral dimensions are constraine:
to the lattice constant of bulk $ihe empirical potential used
here givesag=5.432 A). In the free-floating case, the re-
laxed unit cell dimensions yield equilibrium lattice constants —~
ap equal to 5.393 and 5.356 A for the ($k£o 016 and
Sig.06L0.032 @lloys, respectively. Use of Vegard’s law would
overestimaten,, giving 5.403 A for the first case and 5.373
A for the second. The theory of elasticity, in conjuction with
the free-floating Vegard values fa, and linearly interpo-
lated elastic constant§;'” for the perpendicular lattice con-
stanta, of the strained alloys, would give values of 5.374
and 5.319 A, respectively. These are significantly larger than 12
the MC relaxed values 5.352 and 5.271 A. Thus, use of the L r X UK r
linear rules underestimates the tensile strain in the alloys, FIG. 1. Band structure for the 3C-SiC compound with lattice
and as a result overestimates the carbon contents by abouﬁ;[nstams(a) 4.45 and(b) 5.2 A, calculated using the GDFT/LDA

o . ; . .
30%. Th'S. has important consequences on the discussion Er%ethod(+) and the ETB method@®), without taking spin-orbit
the experimental band-gap shifts.

- . . . coupling into account.
The interatomic distances in our cells are strongly af- Ping

fecteq in. th'e neighborhood of carbon insertions..Thus', whilggnces for the equilibrium 3C-SiC compound. Consequently,
the Si-Si distances are close to the corresponding distances gptain the appropriate tight-binding parameters for the al-
for bulk Si, the Si-C distances are considerably different thar?oys of interest we performed first-principles calculations for
the corresponding values for the equilibrium 3C-SiC strucyne pand structure of 3C-SiC compounds with lattice con-
ture. In particular, the first-, second-, and third-neighbor diS<tants 4.45 and 5.2 A. The calculations were based on the
tances 6 a C atom in 3C-SiC are equal t0,(C-Si)  gensity-functional theoryDFT) in the local-density approxi-
=1.87 A, ro(C-C)=3.05 A,' and r5(C-Si)=3.58 A (for  mation(LDA).28 The atomic cores are represented by nonlo-
asic=4.32 A with the potential used hereFor the Sj_,C,  ¢a| norm-conserving pseudopotentials of Bacheietl2?
alloys, with y=0.016 andy=0.032, our calculations give \ye yse plane waves with a cutoff of 48 Ry to expand the
that the distances betwea C atom and its first-neighbor Si \yave functions and the potentials and a grid of &< 6 k
atoms are distributed around the valuergt1.93 A, while  points of the Monkhorst-Pack typein the full Brillouin
the distances to the second-neighbor Si atoms are distributegy,e (BZ). As is well known, the energies of conduction
around the value of,=3.68 A. The fact that both distances states are not well reproduced by the DFT/LDA approch.
are larger than the 3C-SiC values reflects the strain inducefor this reason, we have used the recently introduced gener-
by carbon incorporation. By extrapolating to the 3C-SiCqjized density-functional theory(GDFT) correction to
compound, a distance of=1.93 A for the nearest neigh- DFT/LDA eigenvalues? A recent thorough study of the ap-
bors corresponds to a lattice constant of 4.45 A, while gjicability of GDFT®® concluded that it gives reasonable re-
distance ofr,=3.68 A for the next-nearest neighbors to agyits for the band gap of many semiconductor compounds
lattice constant of 5.2 A. Both of these values are considercontaining elements from the second to fourth rows of the
ably larger than the equilibrium lattice constant for crystal-periodic Table(accurate to about 10% of the experimental
line bulk 3C-SiC(4.32 A). values or bettér In particular, the GDFT corrections to
DFT/LDA eigenvalues work rather satisfactorily for the sys-
tem considered in the present worik®* The band structure
from the GDFT/LDA calculations is shown in Fig. 1. Spin-
The Si-C distances in the Si,C, alloys under consider- orbit coupling has not been taken into account in these cal-
ation are considerably different than the corresponding diseulations. For a lattice constaat=4.45 A the material is an

o

r X UK r

Energy (eV

~

B. Methods for electronic properties
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TABLE I. ETB model interaction parametes eV) for 3C-SiC at lattice constants 4.45 and 5.2 A. The
notation is that of Slater and Koster.

a=4.45 A a=52 A a=4.45 A a=52 A
ES, 0.8179 0.2142  E£(0.5,0.5,0.0) 0.38370 —0.00812
Efp 4.0145 3.3105  ES(0.0,0.5,0.5) —0.65192 —0.18688
E2, —9.9689 —7.5077 ES(0.5,0.5,0.0) —0.15261 0.07828
Ebp 3.0260 0.3765  ES,(0.5,0.5,0.0) 0.39595 0.32195
ES,(0.0,0.5,0.5) 0.11434 —0.07541
E.{0.25,0.25,0.25) —1.04358  —0.66784  E;(0.5,0.5,0.0) 0.12471 0.33869
E.,(0.25,0.25,0.25) 0.98851 1.29551 E,(0.0,0.5,0.5) 0.15909 —0.10041
E,<(0.25,0.25,0.25) —-1.57999  —1.06044 E2(0.5,0.5,0.0) —0.32872 —0.32229
E,»(0.25,0.25,0.25) 0.60537 0.30846 E2,0.0,0.5,0.5) —0.48714 —0.52365
E,y(0.25,0.25,0.25) 1.99905 1.33008 E2(0.5,0.5,0.0) —0.59686 —0.36154
E2(0.5,0.5,0.0) 0.14400 0.25805
E2,(0.0,0.5,0.5) —0.88910 —0.55811
E$,(0.5,0.5,0.0) 0.08043 0.14910
E5,(0.0,0.5,0.5) —0.46023 —0.35665

indirect gap semiconductor with a fundamental gaXaif ~ The values for the scaling indicegs, vs,, andv,, are
E'g=2.685 eV, and a direct gap &t of Eg(l“)=6.054 eV, taken equal to 3, 1.8, and 1, respectively, for both Si and C.
for a=5.2 A it becomes a direct gap semiconductor with aMoreover, Hamiltonian matrix elements between C and Si
gap equal tdE;=0.767 eV. orbitals localized on atoms at a second-nearest-neighbor dis-
Our intention is to use the ETB method as developed byiance cannot be obtained from the 3C-SiC interaction param-
one of the authors and his collaboratdts®’ in order to re-  eters, since in the latter case no second-nearest-neighbor
produce the GDFT/LDA results. This method is based on &-Si interactions exist. The corresponding C-Si Hamiltonian
model Hamiltonian, in the three-center representation, witimatrix elements are estimated as the mean value of C-C and
an orthogonab p® set of orbitals and interactions up to third Si-Si matrix elements at the appropriate distance. Finally, for
neighbor for Si and second neighbor for 3C-SiC. The inter-biaxial strain parallel to th€001) plane, a modification of the
action parameters of Ref. 35 are used for bulk Si, while theon-sitep-orbital integralsE¥ andEj for the p,, p,, andp,
values of the interaction parameters for 3C-SiC compoundsrbitals is taken into account by the linear formulas
with lattice constants of 4.45 and 5.2 A are determined by
fitting the band-structure results of the GDFT/LDA calcula- EpY=Ep+by(e—€.), Ep=E,—2by(e—€), (2

tions discussed above. The interaction parameters obtain%\% ; nd re the strain component rallel and per
in that way are listed in Table I. The resulting band structure’ 'c'¢ €| @nde, are the strain components parallel and per-
endicular to the biaxial plane. The paramedgiis taken to

from the ETB calculations for the above 3C-SiC compound .
is shown in Fig. 1. From this figure we conclude that the € 2 eV for Si and 1 eV for C atoms.
ETB model describes very well not only the valence bands
but also the lowest conduction bands. lll. RESULTS AND DISCUSSION
For the calculation of the electronic and optical properties
of Si; -, C, alloys, the ETB Hamiltonian matrix elements are ] ]
needed. The on-site matrix elemetasomic term valuesfor Band structureOur goal in studying the band structure of
Si orbitals are taken from the corresponding ones for bulk SiSii-yCy alloys is twofold: to examine if the general trend for
while those for C orbitals from the 3C-SiC compound with areduction of the fundamental band gap with increasing car-
lattice constant of 4.45 A. The resulting mean difference bebon content holdsas suggested both from experimérif
tween the Si and C atomic term valugsTV difference is  and by previous theoretical work'*?3, and to separate in
0.33 eV. The corresponding difference for the equilibriumthis variation the chemical and strain contributions. To ex-
3C-SiC compound % 3.4 eV, and that for isolated Si and C tract the pure chemical contribution from carbon incorpora-
atoms®is 2.3 eV. From these comparisons we conclude thation, we compared the band structure of crystalline Si, cal-
for Si;_,C, alloys a reasonable value for the ATV difference culated using also a 64-atom cubic supercedl, Swith the
is 3 eV, and the C atomic term values are accordingly shiftedpand structures of the free-floating S{C, cells described in
by the appropriate amount. In addition, for the SiC, al- Sec. Il. The band structure of crystalling.Sialong the sym-
loys, there is some randomness in the interatomic distanceBetry lines of the BZ of the supercell is shown in Figaj2
implying a modification of the Hamiltonian matrix elements (the BZ for the simple cubic lattice is given as insethe
between orbitals located on different atoms. This modificaPand structure of i is related to that of Si in the standard

tion is taken into account with the scaling formina’ fcc unit cell by zone folding. In Fig. @) we give the band
structure of the unstrainedree-floating Siy 9s¢Co 032- The

minimum of the conduction band in both cases is along the
Ha p(d)=H, g(do)(dg/d)"=s. 1 I'X direction, and the gap is equal to 1.052 eV for thgy Si

A. Electronic properties
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FIG. 2. Band structure for(@ bulk Si,, (b) unstrained
Sio.966C0.032, and(c) strained Sj 64 0,032, Calculated using the ETB
method, without taking spin-orbit coupling into account. The inset
are the corresponding Brillouin zones.

cell and 0.826 eV for the §idl 032alloy. The fundamental
gap for the unstrained §igdCp 032 alloy is smaller than the
corresponding one for §iby 0.226 eV. This confirms that

KELIRES, AND KAXIRAS

S,

PRB 60

alloy. For a reduction of the gap of 0.226 eV apnd 0.032
we havey=7 eV. This represents the chemical contribution
to the variation of the band gap of the alloy with C content.
A similar value is obtained from the investigation of the
free-floating Sj 950 015 all0y, y=7.6 eV.

Previous theoretical work also predicted reduction of the
gap with increasing C concentration. The work of Ref. 13
was performed using 16-atom cells, which are too small with
correspondingly high C content. Extrapolation to lower C
content is not possible from these studies. Some comparison
can be made with the work of Ref. 11, which was done for
unstrained alloys, using 64-atom cells. According to these
calculations, the $iso.016 @lloy exhibits conduction band
minima at thel” and R points of the BZ, and a reduction of
the fundamental gap relative toggequal to 0.45 eV, giving
v=28 eV, a value four times larger than that predicted by
our calculations.

By investigating the epitaxially strained alloys, where
both strain and chemical contributions are present, we are in
a position to deduce direct information about the epitaxial
strain effects through comparison to the free-floating case.
Let us focus on the strained 350 032 (S-Sbh.o6dC0.03) al-
loy. The band structure of-Si gsdo.032 IS Shown in Fig.
2(c) [the BZ of the strained material is tetragonal, shown as
an inset in Fig. &)]. Strain reduces the fundamental gap of
the material, which is located along th& direction. The
modification of the band gap, relative to crystalling,Siis
now AEg=—-0.53 eV, giving the valuey=17 eV. This
value includes both the chemical and the strain contributions.
Assuming that the two contributions are additive, we con-
clude that the strain contribution is 10 eV, that is, somewhat
stronger than the chemical contribution. For comparison, the
work of Ref. 12 predicts that the Siy g5L 016all0y exhibits
a deep-level conduction band, with a minimum at thand
R points of the BZ and a band gap smaller by 0.67 eV in
comparison to that of §j, giving a very large value foly
(y=43 eV). As stated by the authors of Ref. 12, the exis-
tence of such a deep-level band is difficult to be proven
experimentally, since many other defects display lines in the
region. In addition, our calculations do not predict such a
band. In the calculations of Ref. 12, the next conduction
band above the deep-level band is very similar to the lowest
conduction band of pure Si, with the corresponding band gap
found 0.26 eV smaller than their result forgSi giving a
value of y=16.25 eV, in excellent agreement with our re-
sults.

In the previous calculations, the mean value for the ATV
difference between Si and C atoms was taken to be 3 eV.
Since the exact value for this quantity is not known, calcu-
lations for y were carried out for a range of values for the
ATV difference, from 0 to 4 eV. The results of these calcu-
lations are shown in Fig. 3. The coefficieptincreases with
the increase of the ATV difference, going from 13.5 to 19.8
eV for values of the ATV difference from O to 4 eV.

Effective massesThe effective masses for the upper va-
lence and lower conduction bands were calculated using the
present ETB model. In order to estimate the accuracy of the
model, the effective masses for the heavy-h@ib), light-

the effect of adding carbon in the Si lattice is to shrink thehole (Ih), and spin-holgsh) states, and the electron state at
gap. The reduction is quantified by defining the coefficientthe minimum of the conduction band for bulk Si, were cal-

y=—AEqy(y)/y, wherey is the concentration of C in the

culated and compared with experiment. The results are
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FIG. 3. Calculated ratig=—AEg4(y)/y for a range of values of

the ATV difference between Si and C, from 0 to 4 eV. FIG. 4. The effective masses for the two upper valence bands

(vb’s) and the lowest conduction baiicb) for biaxially strained Si,
| asa function of the strain in the biaxial plargs= (a,—ag)/a,. We

shown in Table II. With the exception of the longitudina also include the effective masses for the two upper valence bands
effective mass at the conduction band minimumg; , the and lowest conduction bands ft8) S-Sig.ssiCo orc (M for the vb's

agreement between theory and experiment is excellent. FQl 4 A for the ch and (b) the s-Si 6o o3, (® fOr the vb's and¥
the case ofn , the present model underestimates the valug,, ihe ch.
of the effective mass by about 40%. In Table Il we list the
calculated effective masses for the alloyg o8iCq 916 @and
Sio.066C0 032, both unstrained and strainggbherently grown —band offset(CBO) for the Si(001)/Si-,C, interfaces. Be-
on a Si(001) substratg¢ For the unstrained case the Ih, hh, fore proceeding with the study of the Si(001)/SjC, inter-
and sh effective masses have very similar values. For th&ce, and for the verification of the accuracy of the method,
strained alloys, the sh effective mass in [a60] direction is  in Fig. 5 we present the results of the calculations, using the
close to that of the Ih, while in thgo01] direction it is close ETB method, for the variation of the top of the valence band
to the hh effective mass. as well as the minimum of the conduction band, for Si under

The effective masses in tH©01] direction for strained biaxial strain. The results are given as a function of the strain
alloys are also shown in Fig. 4, together with the effectivein the biaxial plane. In the same figure we also show the
mass of Si under biaxial strain. The valence-band effectivéesults of the deformation potential theory, produced using
masses are plotted as a function of the strain in the biaxighe value® b=-2.1 eV and=E3+3E;—a,=1.5 eV for
plane €)= (aj—ao)/ao, with a, the lattice constant of the the deformation potentials, and the vattief 1.8 eV for the
unstrained material ang the lattice constant of the strained absolute deformation potential,. The agreement between
material in the biaxial plane. For positive straig,>0, the ETB model and deformation potential theory is very
(negative straing<0) the highest valence band for Si is the good for the hh, Ih, and sh states. For the minimum of the
lh band(hh band. The results of the calculations show that conduction band along thf001] direction, A,, the ETB
for the alloys the |h effective mass is very close to that formodel overestimates the value of the reduction for the con-
strained Si under the same biaxial strain, the hh effectiveluction band minimum by a factor of about 1.5. From these
mass shows a small deviation from the corresponding one faiesults we conclude that the ETB model will provide good
strained Si, while the electron longitudinal effective mass isresults for the VBO of the Si(001)/5i,C, interface, but
strongly influenced by the C atoms. will overestimate the values of the CBO.

Band offsetsAn important parameter for applications is ~ The calculated band alignment for the Si(001)/$C,
the valence-band offs€VBO) as well as the conduction- interface is of type I, with holes and electrons localized in the

TABLE Il. Si;_,C, effective masses, in units @i, for the Ih, hh, and sh bands along 00| and
[001] directions, and longitudinah} and transversen} electron effective masses at the minimum of the
conduction band in the directidi®01] (A,).

y (%) Mir[100] mg[100] mg{100] mf{[001] mpi,[001] m5[001] mi(A;) my(A,)

0.0 (unstrainegl 0.147 0.533 0.234 0.147 0.533 0.234 0.567 0.173
[Expt. (Ref. 39]  0.153 0.537 0.234 0.153 0.537 0.234 0.916 0.191

1.6 (unstrained 0.220 0.244 0.236 0.220 0.244 0.236 0.744 0.173
(strained 0.176 0.517 0.182 0.108 0.580 0.518 0.767 0.167

3.2 (unstrainegl 0.210 0.270 0.240 0.210 0.270 0.240 0.802 0.180
(strained 0.175 0.56 0.18 0.103 0.640 0.623 1.045 0.165
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the C concentration according to the relatiory

i =—AEy(y)/y=17 eV, and that the relative ratio of chemi-
cal to strain contribution is 7/280.7. In addition, we found

b that the ETB method overestimates the reduction of the
] conduction-band minimum due to strain by a factor of about
] 1.5. For the case of the strained, §io 016 alloy, the cor-

. rected CBO is equal to 130 meV, and the corrected reduction
of the band gap 209 meV, which leads to a corrected value
v=13 eV. The free-floating cells, however, from which the
4 chemical contribution toy of 7 eV is extracted, are also

1 locally strainedaround the C atoms, with a certain fraction
of the bonds deviating from their equilibriutunstretchegl
values. Therefore, a similar correctigto the reduction of
the conduction band minimumas made above, should also
(@,-a,)/ax100 be applied in the free-floating case. This would lead to some
reduction of the chemical contribution too. It is not straight-
forward in the ETB model to estimate this reduction because
strained Si. The points in the figure represent values obtained frorH1e FWO effects, atom replacement ar-ld intrinsic local etraln,
the ETB model, while the lines represent values from deformatiorfi'® intertwined. We can make an estimate of the strain con-
potential theory. tribution to y by using deformation potential theory, which
for the Sj 950 0162ll0Y gives the contribution of 8 eV. Then

Si,_,C, layer. Figure 6 gives the results for the values of thethe chemieal cont.ribu.tion_is 5 eV, and the ratio of the chemi-
VBO and CBO for the Si(001)/$bsCo o016 interface, pro- cal to strain contrlbut_|on is now 5#80.62, reaspn_ably clqse
duced by the ETB method. The results are given as a fund® the previously estimated value of 0.7. This is consistent
tion of the ATV difference between Si and C. From theseWith the experimental photoluminescence stutfieswhich
results we conclude that the VBO is independent of the ATVfind a strain contribution larger than the chemical one.
difference, while the CBO increases with increasing ATV ~ To make a more quantitative comparison with the experi-
difference. For a reasonable value of the ATV differencemental findings, we must take into account that the experi-
equal to 3 eV, we obtain a VBO of 60 meV and a CBO of ment is done with a Si(001)/8i,C, quantum well
200 meV. On the basis of preceding results for strained Sidevice;**® e.g., a multiple-quantum-well structure with a
the calculated value of the CBO is expected to be overestiSiy,C, width of 52 A. Accordingly, we must extrapolate
mated by a factor of about 1.5; taking this into account, weour results to make them compatible with such a multiple-
obtain a more realistic value for the CBO of about 130 meV.well structure. For the case of a Si(001)/&iCo 016 quan-
In conclusion, the calculations imply type-1 band alignmenttum well, we found that the electrons and holes are confined
with a CBO about 70% of the total band offset. in the alloy layer, with the electron well having a depth of

Comparison with experimenErom the preceding calcu- 130 meV and the hole well a depth of 60 meV. Because of
lations, we found that the band gap of the strained I,  quantum effects, the electron energy lies above the bottom of
alloys coherently grown on a ®01) substrate varies with the well, and the hole energies below its bottom. For a quan-

tum well width of 52 A and an electron effective mass of

y ' ; . " T y . ] 0.92m,, the increase of the energy level of the electrons in

TN, ] the well, due to quantum confinement, is equal to 15 meV,

Energy (eV)

04 |

02|

00 [

-0.2

FIG. 5. Energies of the three top valence states af thpmint,
and the lowest conduction states &} and A,,, for biaxially

025 - : ] while for the light hole with an effective mass of @ng the
Si $-Siy 66, Coo1s ] decrease of the energy level is 40 meV. Then the reduction

of the gap in the quantum-well structure will be 154 meV,

T 0B fpe——— " 1  giving a valuey=9.6 eV. The reported measured value for
T T ] the multiple quantum well structure with an alloy-well width
5ok e ] of 52 Ais y=6.5 eV. As mentioned in Sec. |, however, this
© LT e CBO ] value is deduced from the photoluminescence energy shifts
3 ——VBO ] using carbon contents which averestimatedby about

010 b ] 30%. If we correct for this overestimation, the experimental

value becomes=19.3 eV, very close to our result. Although
s ] there are some uncertainties in both our theoretical approach
0.05 : ! : > . : . , and the interpretation of the experimental results, we con-
ATV-difference (eV) S|der this as an excellent agreement between theory and ex-
periment. Finally, we have predicted that about 70% of the
FIG. 6. Absolute values for the valence- and conduction-band’@nd offset is located in the conduction band and 30% in the
offsets for the Si(001)/SbsCo 016 interface as a function of the Valence. This is in excellent agreement with the experimental
ATV difference between Si and C, calculated by the ETB model.results of Williamset al*> On the other hand, the experimen-
The inset shows the band alignment for the Si(003MSCoos  tal results of Kimet al®® indicate that there is almost no
interface. measurable VBO.
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B. Optical properties 5 L L L B B

Finally, we discuss the optical properties of the alloys. - @ I\ 2:64 C
For the calculation of the imaginary pag;(w), of the di- “or Si°‘984o°-°‘6 ]
electric function we use the expresstbn AVZAN 0.988 0,032
Ame? 2
eal0)= o 3 [ = fkclp-alkv)F
mw* cv J (27) €
X 8] Egy(K) —fw]dk, (3)

wherelk,c) and|k,v) are the wave functions of the conduc-
tion and valence bands, respectively, (k) is the energy
difference between the(conduction andv (valence bands,
P is the momentum operator, aralthe polarization unit T T
vector. In our ETB scheme the momentum matrix elements
are expressed in terms of the Hamiltonian matrix elements
and distances between localized orbif8l8>*°The integra- ————
tion in the BZ of the supercell is performed within the linear or
analytic tetrahedron meth®d® by using a uniform mesh of ol ®
8X8Xx8 k points. The real part of the dielectric function, -
e(w), is obtained by a Kramers-Kronig analysis. 30 -
The dielectric function of bulk Si with the present ETB [ y
was investigated in detail by Tserbak al.>* where it was 2or P
found that the results of the calculation are in good agree-g 10 [~ s
ment with experiment. In the present work we have calcu- I ey
lated the dielectric function of Si using a cubic supercell of 0
64 atoms (Si,). The results of the calculations are given in I

4 5

~ m e T

Fig. 7(a). In the same figure we also give the dielectric func- e b964Coots ]
tion for the unstrained $bso 016 aNd Sk 95dCo 032 alloys, 20 | -mm- 8-Si) 066G 0,022 .
calculated with the use of a 64-atom cubic supercell. The T

consequences of the disorder in the alloy, are apparent in th
dielectric function: disorder leads to broader peaks and intro-
duces a tail ine, below the direct gap of Si at 3.4 eV. In FIG. 7. (a) Calculated real and imaginary parts of the dielectric
addition, we found that disorder shifts tkg peak, located at function for bulk Si,, unstrained SigedCoo32, and unstrained
4.3 eV, to lower energies while the position of tBg gap,  Sip.esdCo032all0y. (b) Same as irfa) for the strained alloys. For the
located at 3.5 eV, remains more or less unaffected. strained alloys the average dielectric function for the three different
For the strained $i,C, alloy grown coherently on a polarizations is given. The inset i) shows the polarization an-
Si(001) substrate, with a tetragonal crystal structure, the diisotropy in the dielectric function for a strained, §iCo 016 alloy,
electric function exhibits a small anisotropy between polar-for polarization paralle(solid line) and perpendiculafdotted ling
izations parallel and perpendicular to the growth direction© the biaxial plane.
The dielectric function averaged over the two polarizations i
shown in Fig. Tb) for the strained Siggfp 015 and
Sig.06L0.032 alloys, together with the dielectric function of
crystalline Si,, while the inset shows the anisotropy be-
tween the parallel and perpendicular polarization for the first

alloy. The polarization anisotropy is relatively small, with  This work has been supported in part by the Greek Gov-
the strongest part between at the critical poilﬁgsand E,. ernment Secretariat for Research and Technology. E.K. is
The characteristics of the dielectric function curves are simigrateful to the Foundation for Research and Technology Hel-
lar to those for the unstrained alloy. In particular the positionlas (FORTH), where part of this work was performed, for its
of the E, peak shifts with carbon content to lower energies inhospitality and to the Physics Department of the University
agreement with experimental d&fawhile we predict that of Crete, Heraklion, for the use of resources of the Compu-
the position of theE; gap remains relatively unaffected. In tational Center.

Energy (eV)

She latter case the experimental data show a small shift to
higher energies with carbon contéhf?®
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