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We showthat alloying silicon with a few percentof carboncan renderthe band gap direct with

strongopticalabsorptionprovidedthe carbonatomsareordered. The additionof carbonintroduces
a significants characterinto the conductionband minimum, resultingin a large dipole matrix

element.First-principlescalculationsof the optical absorptionin orderedin C,Si; _ alloys for x

=1/54 and 1/32 show a nearbandedgeabsorptioncoefficientabouthalf that of GaAs. © 1999

American Institute of Physics. [S0003-695(99)03845-(

With silicon asthe workhorseof the semiconductoin-
dustry, the possibility of obtainingdirect gapin silicon has
enormougechnologicalimportancefor applicationssuchas
silicon-basedasersand optical computing.In the past,sev-
eral studiespredicteda possibility of directgapin a super-
lattice madeof indirectgapmaterials,Si andGel=* A direct
gapwasobservedn strained short-periodSiGesuperlattices
andwas explainedin termsof zonefolding in the superlat-
tice direction®~® However, the optical coupling of the va-
lence band maximum (VBM) to the conductionband mini-
mum (CBM) wasfoundto beweak.Theseobservationsvere
explainedas follows in terms of zone folding, strain, and
chemicaldisorder.

In anappropriatg100)-oriented,one-dimensionasuper-
lattice (SL) with Si and Ge, the bandsin I'-X directionfold
into new “mini” Brillouin zone (BZ) and the the two
equivalentconductionbandminimum (CBM) are broughtto
the zone center. The in-plane strain lifts the other four
equivalentminima to a slightly higher energy,resultingin
direct gap material. Although the new gap is formed at
gammafrom zone-foldedSi X statesthe optical matrix ele-
ment connectingthe CBM statesto valanceband stateis
larger than that in Si, becauseof alloy inducedmixing of
s-type stateso the CBM. However,dueto relatively smaller
alloy potential(aboutl eV), the mixing is limited andonly a
small increasein the absorptioncoefficientis observed In
addition,becausef neardegeneracyf the direct CBM with
indirect minima in the transversedirections, the indirect
characterdominatesthe absorptioncurves?

Hence.,it is realizedthat for the direct gapto be useful,
we needthat (a) the other indirect stateshaveto be suffi-
ciently separatedn energyand (b) the lowest stateat I
shouldhavea more s contentfor increasedabsorptioncoef-
ficient.

In this letter, we showthat an orderedC in Si hostsat-
isfiesbothrequirementabove.The three-dimensionadrder-
ing providesa well defineddirect gap and the very large
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differencein term valuesbetweenSi and C addsconsider-
ables contentto the lowestconductionbandstate Jeadingto
a largedipole coupling of the VBM to the CBM. We show
that a true direct gap in C,Si;  alloys is possiblefor two
concentrationsx=1/32 and 1/54 with the carbon atoms
forming anorderedstructurein the silicon host.Explicit cal-
culationsof the optical matrix elementdetweernvalenceand
conductionbandstatesshowthatthe fundamentabbsorption
coefficientnearthe bandedgeis comparabldo thatin GaAs.
The electronicstructurecalculationsverecarriedout us-
ing the local density approximation(LDA) asimplemented
within the full-potential linearized muffin-tin orbitals (FP-
LMTO) basis? ™ The lattice wasrelaxeduntil the calculated
forceswere small. Only relaxationsretainingthe cubic sym-
metry were considered;the relaxationswere found to be
large with the Si-C bond length at 2.05 A. We identified
severalC,Si; _, alloysthatproducea directgapwhencarbon
atomsform a specificsuperlatticeFigure 1 showscalculated
energy bandsfor a supercellin a body-centered-cubiar-
rangementwith primitive lattice vectors of length v3a,
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FIG. 1. Band structureof orderedalloys (a) CSk; in the body-centered-
cubic arrangemenand (b) CSis; in the face-centered-cubiarrangement.
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FIG. 2. Calculatedsymmetry-decomposedpectral density of statesfor
Co.0255lp 975 random alloy at various points along the A direction in the
Brillouin Zone.

wherea is the lattice constanbf the silicon host. This super-
cell contains31 silicon atomsand one carbonatom.We see
that the conductionbandhasa minimum at I with an LDA

gapof 350 meV, with severalsatellite minima within a few
meV of the CBM. For comparisonthe LDA band gap of

silicon is 410 meV.

Figure 1 also shows the bands for C,Si; , with x
=1/54. In this case,the carbonatomswere orderedin a
face-centered-cubidattice, with primitive lattice vectors
threetimesthoseof the usualzinc blende.The bandgapis
now direct with all satellite minima raised considerably
higherin energy.The LDA gapis 250 meV 2 Note thatthe
bandgapdecreaseshenC concentrationis decreasedThis
is consistentwith another theory® and experiment¥"1®
where the band gap reductionis observedat very low C
concentrationsand explained® in terms of the competition
betweenthesetwo mechanisms—adendencyto widen the
gapbecausef the wider C gapandto narrowthe gapfrom
the strain. While this is one effect, there is additionally a
“superlattice effect” for the orderedstructures.Band gaps
arequite sensitiveto the particularway atomsin analloy are
configuredin the lattice 1617

The analysis of the site-decomposedotal density of
states(DOS) showedthat prominentfeaturesin the DOS
nearthe CB edgearedueto carbon.The DOSfrom the shells
fartherthanthe third shell are mostly Si like. A further de-
compositionof the total DOS into s, p, andd contribution
clearly showedthatthe CBM is substantiallys and VBM is
predominantlyp in character.

To identify the origin of C-s dominatedchemicalbond
epitaxy (CBE), we considerthe random C; ,sSij 975 alloy
within the molecular coherent potential approximation
(MCPA), using a hybrid pseudopotentialtight-binding
Hamiltonian'®'® The s term value of carbonis lower than
that of silicon by 6.5 eV andthe corresponding difference
is 1 eV. Figure 2 showsthe calculatedspectraldensity of
statesat severalwavevectorsalong the A direction. These
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FIG. 3. Calculatedabsorptioncoefficientin silicon supercellsandin CSk;
and CSis; orderedalloys.

spectrahave beendecomposednto A; (s like) and T, (p

like) symmetriesAt I', the highestvalencebandstatesand
the lowest conductionband stateshave T, symmetry.This
trendcontinuesask, , thex componenbf the wavevectorijs
increasedn the A direction.As k, approacheghe X point of
the Brillouin zone (BZ), the A; contributionto the lowest
conduction band becomessignificant. This figure clearly
showsthat the lowest conductionband edgeof this disor-
deredalloy is at X andis fully A; in character.This is in
strongcontrastto the casefor pure Si, for which the s con-
tribution to CBM is absent.Thus, both the MCPA and the
orderedsupercellcalculationsshow that the lowest conduc-
tion bandis of A; or s characterasa resultof interactionof
the silicon conduction band stateswith the C-derived s
states Becauseof extremelystrongdisorderscatteringaris-
ing from the largedifferencesin atomics levelsof C andSi,
a smallamountof C is sufficientto split-off the higher-lying
conductionband.The split-off s-rich CB becomeghe lowest
CB nearX andthe appropriatezonefolding movesthe mini-
mum to the I' point of the BZ. The finite curvatureof the
lowestCB seenin Fig. 1(b), clearly indicatesthat the calcu-
lateds charactein thatbandis not fortuitous coincidenceof
C deepstateswith the CB.

The aboveanalysissuggestghat, for the orderedstruc-
tures,the optical absorptionshouldbe large, becausewith a
sizeables componento the conductionbandwavefunctions
thereis a sizeabledipole matrix element.The opticalabsorp-
tion coefficient, « as a function of photon energy E was
calculatedwithin the LMTO methodandthe atomicspheres
approximation,for the relaxed 32- and 54-atom structures
indicatedabove.(The energybandstructurewasfoundto be
very similar to thoseof the FP-LMTO calculations. Phonon
andlocal field effectswere not includedin the calculations.
Theimaginarypartof the dielectricfunction e, is obtainedn
perturbatiortheoryfrom the interbandmomentunmatrix el-
ements,and a simple relationshipleadsto the absorption
coefficient.

The calculateda are shownin Fig. 3. The solid line
correspondso the calculateddirect absorptionin pure sili-
con with two atomsper unit cell. Whenthe cell sizeis in-
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creasedo 54 atoms,512k pointsareusedin the BZ sumof
optical matrix elementsto minimize the band-tailingeffect
on the absorptioncurve. The calculated«a in the ordered
CSk; and CSis alloys are shownin Fig. 3 as dashedand
dotted, respectively. A strongdirect absorptionat the band
edge of theseorderedalloys is clearly seen: a increases
sharplywith photonenergyto >3000cm ! within 0.1 eV of
the band edge. In particular, the CSi; alloy exhibits the
steepesincreasereachinga peakvalue of about3500cm !
within 70 meV of the CBM. This peakvalueis about40% of
the correspondingexperimentalvalue in GaAs®?! and a
coupleof ordersof magnitudehigherthanwhatis observed
in bulk Si2? If we assumehe correctionto the LDA gapin
the CSi; alloy is the sameasthatin Si.>* we predicta strong
directgapat 0.95eV. Owing to the uncertaintyin the LDA
gaps, the predictedvalue of the gap may be somewhatin
error, but of the gualitative picture of C-derivedstatesin the
vicinity of the bulk silicon gapwe canbe fairly confident.

We haveshownthat a true direct-gapabsorptioncanbe
obtainedin silicon by adding2% to 3% carbonin anordered
arrangementThe large bond-lengthmismatchbetweensili-
con (2.35 A) and carbon (1.55 A) limits the solubility of
carbonin silicon to approximately<0.001% at the melting
point of silicon. Only with nonequilibriumtechniquesmuch
higher concentrationsof carbon (<3% at best*?") have
beensubstitutionallyincorporatedinto silicon hosts. These
practicallimitations on carbonconcentrationsn silicon re-
strictedour searchfor directgap C,Si; _, alloysto low con-
centrationsof C. It may be possibleto grow orderedstruc-
tures by exploiting superstructuresntroduced by either
surfacereconstructionor ledgeson the Si growth surfaces
combinedwith surfactant® and monolayercontrol of the
growth.

In conclusionwe haveshownthat orderingof low con-
centrationsof carbonin silicon canproducea slightly lower
anddirect gap with ordersof magnitudeincrease in optical
absorptionwhen comparedwith thatin Si. The direct gap
originatesfrom the zonefolding of anorderedsuperlatticeof
carbon atoms, and the increasein « resultsfrom a large
infusion of s characterlinto statesnearthe CBM. This latter
derivesfrom the stronginteractionof the deepcarbons or-
bital with Si conductionband, giving rise to considerable
s-like contentin the vicinity of the CBM. Owing to the very
large differencein term valuesbetweenSi and C, a small
amountof C is sufficientto causethe materialto have a
direct gap with large optical absorptioncoefficient. Clever
experimentaltechniquessuch as surfactantsand surface
relaxation-driverorderingmay be neededo incorporatecar-
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bonin silicon with the specificlong-rangeorderingidentified
here.
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