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We
�

show that alloying silicon with a few percentof carboncan renderthe bandgap direct with
strong� opticalabsorption,providedthecarbonatomsareordered.Theadditionof carbonintroduces
a� significant s� character� into the conductionband minimum, resulting in a large dipole matrix
element.	 First-principlescalculationsof the optical absorptionin orderedin Cx
 Si

�
1 � x
 alloys� for x
� 1/54 and1/32 showa nearbandedgeabsorptioncoefficientabouthalf that of GaAs. © 1999

�
American Institute of Physics. � S0003-6951

� �
99
���

03845-0
� �

With
�

silicon as the workhorseof the semiconductorin-
dustry,
�

the possibility of obtainingdirect gap in silicon has
enormous	 technologicalimportancefor applicationssuchas
silicon-based� lasersandoptical computing.In the past,sev-
eral	 studiespredicteda possibility of direct gap in a super-
latticemadeof indirectgapmaterials,Si andGe.1–4 A direct
gap� wasobservedin strained,short-periodSiGesuperlattices
and� wasexplainedin termsof zonefolding in the superlat-
tice
�

direction.5–8
�

However, the optical coupling of the va-
lence
�

bandmaximum � VBM
� �

to
�

the conductionbandmini-
mum�  CBM

! "
was# foundto beweak.Theseobservationswere

explained	 as follows in terms of zone folding, strain, and
chemical� disorder.

In
$

anappropriate% 100& -oriented,one-dimensionalsuper-
lattice ' SL

�)(
with# Si andGe, the bandsin * -X direction

�
fold

into new ‘‘mini’’ Brillouin zone + BZ, and� the the two
equivalent	 conductionbandminimum - CBM

! .
are� broughtto

the
�

zone center. The in-plane strain lifts the other four
equivalent	 minima to a slightly higher energy,resulting in
direct
�

gap material. Although the new gap is formed at
gamma� from zone-foldedSi X

/
states,� the optical matrix ele-

ment connectingthe CBM statesto valanceband state is
larger than that in Si, becauseof alloy inducedmixing of
s� -typestatesto theCBM. However,dueto relativelysmaller
alloy� potential 0 about� 1 eV 1 ,2 themixing is limited andonly a
small� increasein the absorptioncoefficient is observed.8 In
addition,� becauseof neardegeneracyof thedirectCBM with
indirect
3

minima in the transversedirections, the indirect
character� dominatesthe absorptioncurves.8

Hence,it is realizedthat for the direct gapto be useful,
we# needthat 4 a�65 the

�
other indirect stateshave to be suffi-

ciently� separatedin energy and 7 b8:9 the
�

lowest state at ;
should� havea mores� content� for increasedabsorptioncoef-
ficient.

In
$

this letter, we showthat an orderedC in Si hostsat-
isfies
3

bothrequirementsabove.Thethree-dimensionalorder-
ing providesa well defineddirect gap and the very large

difference
�

in term valuesbetweenSi and C addsconsider-
able� s� content� to the lowestconductionbandstate,leadingto
a� largedipole couplingof the VBM to the CBM. We show
that
�

a true direct gap in Cx
 Si
�

1 < x
 alloys� is possiblefor two
concentrations� x
>= 1/32 and 1/54 with the carbon atoms
forming anorderedstructurein thesilicon host.Explicit cal-
culations� of theopticalmatrix elementsbetweenvalenceand
conduction� bandstatesshowthat thefundamentalabsorption
coefficient� nearthebandedgeis comparableto that in GaAs.

Theelectronicstructurecalculationswerecarriedout us-
ing
3

the local densityapproximation? LDA
@ A

as� implemented
within# the full-potential linearizedmuffin-tin orbitals B FP-
LMTO C basis.

8 9–1
D

1 Thelatticewasrelaxeduntil thecalculated
forces
E

weresmall.Only relaxationsretainingthe cubic sym-
metry� were considered;the relaxationswere found to be
large with the Si-C bond length at 2.05 Å. We identified
several� Cx
 Si

�
1 F x
 alloys� thatproducea directgapwhencarbon

atoms� form a specificsuperlattice.Figure1 showscalculated
energy	 bandsfor a supercell in a body-centered-cubicar-
rangementwith primitive lattice vectors of length G aH ,2
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FIG. 1. Band structureof orderedalloys L aM CSi31

N in the body-centered-
cubic arrangementand O bPRQ CSi53

S in the face-centered-cubicarrangement.
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where# aH is the latticeconstantof thesilicon host.This super-
cell� contains31 silicon atomsandonecarbonatom.We see
that
�

the conductionbandhasa minimum at T with# an LDA
gap� of 350 meV, with severalsatelliteminima within a few
meV of the CBM. For comparison,the LDA band gap of
silicon� is 410 meV.

Figure
U

1 also shows the bands for Cx
 Si
�

1 V x
 with# x
W 1/54. In this case,the carbon atoms were orderedin a
face-centered-cubiclattice, with primitive lattice vectors
three
�

times thoseof the usualzinc blende.The bandgap is
nowX direct with all satellite minima raised considerably
higher
Y

in energy.The LDA gapis 250 meV.12 Note
Z

that the
band
8

gapdecreaseswhenC concentrationis decreased.This
is consistent with another theory13 and� experiments14,15

where# the band gap reduction is observedat very low C
concentrations� and explained15 in

3
termsof the competition

between
8

thesetwo mechanisms—atendencyto widen the
gap� becauseof the wider C gapandto narrowthe gapfrom
the
�

strain. While this is one effect, there is additionally a
‘‘superlatticeeffect’’ for the orderedstructures.Band gaps
are� quitesensitiveto theparticularway atomsin analloy are
configured� in the lattice.16,17

The
[

analysis of the site-decomposedtotal density of
states� \ DOS] showed� that prominent featuresin the DOS
neartheCB edgearedueto carbon.TheDOSfrom theshells
farther
E

than the third shell aremostly Si like. A further de-
composition� of the total DOS into s,� p,2 and d

^
contribution�

clearly� showedthat the CBM is substantiallys� and� VBM is
predominantly_ p` in character.

To
[

identify the origin of C-s� dominated
�

chemicalbond
epitaxy	 a CBE

! b
,2 we considerthe randomC0.025

c Si
�

0.975
c alloy�

within# the molecular coherent potential approximationd
MCPAe ,2 using a hybrid pseudopotentialtight-binding

Hamiltonian.
f 18,19 The

[
s� term
�

value of carbonis lower than
that
�

of silicon by 6.5 eV andthe correspondingp` difference
�

is 1 eV. Figure 2 showsthe calculatedspectraldensity of
states� at severalwavevectorsalong the g direction.

�
These

spectra� have beendecomposedinto A1 h s� likei and� T2 j p`
likek symmetries.� At l ,2 the highestvalencebandstatesand
the
�

lowest conductionbandstateshaveT
m

2
n symmetry.� This

trend
�

continuesask
o

x
 ,2 thex
 component� of thewavevector,is
increasedin the p direction.

�
As k

o
x
 approaches� theX point_ of

the
�

Brillouin zone q BZ
rts

,2 the A
u

1 contribution� to the lowest
conduction� band becomessignificant. This figure clearly
shows� that the lowest conductionband edgeof this disor-
dered
�

alloy is at X and� is fully A1 in character.This is in
strong� contrastto the casefor pureSi, for which the s� con-�
tribution
�

to CBM is absent.Thus, both the MCPA and the
orderedv supercellcalculationsshowthat the lowestconduc-
tion
�

bandis of A1 orv s� character� asa resultof interactionof
the
�

silicon conduction band states with the C-derived s�
states.� Becauseof extremelystrongdisorderscatteringaris-
ing from the largedifferencesin atomics� levelsof C andSi,
a� smallamountof C is sufficientto split-off thehigher-lying
conduction� band.Thesplit-off s� -rich CB becomesthe lowest
CB
!

nearX and� theappropriatezonefolding movesthemini-
mum to the w point_ of the BZ. The finite curvatureof the
lowest
�

CB seenin Fig. 1x b8zy ,2 clearly indicatesthat the calcu-
lated
�

s� character� in thatbandis not{ fortuitous
E

coincidenceof
C
!

deepstateswith the CB.
The aboveanalysissuggeststhat, for the orderedstruc-

tures,
�

the optical absorptionshouldbe large,becausewith a
sizeable� s� component� to theconductionbandwavefunctions
there
�

is a sizeabledipolematrix element.Theopticalabsorp-
tion
�

coefficient, | as� a function of photon energy E was#
calculated,� within theLMTO methodandtheatomicspheres
approximation,� for the relaxed32- and 54-atomstructures
indicatedabove.} Theenergybandstructurewasfoundto be
very~ similar to thoseof theFP-LMTO calculations.� Phonon
and� local field effectswerenot includedin the calculations.
The
[

imaginarypartof thedielectricfunction � 2 is
3

obtainedin
perturbation_ theoryfrom the interbandmomentummatrix el-
ements,	 and a simple relationship leads to the absorption
coefficient.�

The calculated � are� shown in Fig. 3. The solid line
corresponds� to the calculateddirect absorptionin pure sili-
con� with two atomsper unit cell. When the cell size is in-

FIG.
�

2. Calculatedsymmetry-decomposedspectraldensity of statesfor
C0.025
� Si0.975

� random� alloy at various points along the � direction in the
Brillouin Zone.

FIG. 3. Calculatedabsorptioncoefficientin silicon supercellsand in CSi31
N

andCSi53
� orderedalloys.
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creased� to 54 atoms,512 k
o

points_ areusedin theBZ sumof
opticalv matrix elementsto minimize the band-tailingeffect
onv the absorptioncurve. The calculated � in

3
the ordered

CSi
!

31
� and� CSi53

� alloys� are shown in Fig. 3 as dashedand
dotted,
�

respectively.A strongdirect absorptionat the band
edge	 of theseorderedalloys is clearly seen: � increases
sharply� with photonenergy,to � 3000

�
cm� 1 within# 0.1eV of

the
�

band edge. In particular, the CSi53
� alloy� exhibits the

steepest� increase,reachinga peakvalueof about3500cm� 1

within# 70 meV of theCBM. This peakvalueis about40%of
the
�

correspondingexperimentalvalue in GaAs20,21 and� a
couple� of ordersof magnitudehigher thanwhat is observed
in bulk Si.22

n
If we assumethe correctionto the LDA gapin

the
�

CSi53
� alloy� is thesameasthat in Si,23

n
we# predicta strong

direct
�

gapat 0.95 eV. Owing to the uncertaintyin the LDA
gaps,� the predictedvalue of the gap may be somewhatin
error,	 but of thequalitative� picture_ of C-derivedstatesin the
vicinity~ of the bulk silicon gapwe canbe fairly confident.

We
�

haveshownthat a true direct-gapabsorptioncanbe
obtainedv in silicon by adding2% to 3% carbonin anordered
arrangement.� The large bond-lengthmismatchbetweensili-
con� � 2.35

�
Å � and� carbon � 1.55 Å � limits

�
the solubility of

carbon� in silicon to approximately� 0.001%
�

at the melting
point_ of silicon. Only with nonequilibriumtechniques,much
higher concentrationsof carbon ��� 3

�
% at best2

n
4–27� have

been
8

substitutionallyincorporatedinto silicon hosts.These
practical_ limitations on carbonconcentrationsin silicon re-
stricted� our searchfor direct gapCx
 Si

�
1 � x
 alloys� to low con-

centrations� of C. It may be possibleto grow orderedstruc-
tures
�

by exploiting superstructuresintroduced by either
surface� reconstructionor ledgeson the Si growth surfaces
combined� with surfactants26

n
and� monolayercontrol of the

growth.�
In
$

conclusion,we haveshownthat orderingof low con-
centrations� of carbonin silicon canproducea slightly lower
and� direct

^
gap� with ordersof magnitudeincrease

�
in optical

absorption� when comparedwith that in Si. The direct gap
originatesv from thezonefolding of anorderedsuperlatticeof
carbon� atoms,and the increasein � results from a large
infusion of s� character� into statesnearthe CBM. This latter
derives
�

from the stronginteractionof the deepcarbons� or-v
bital
8

with Si conductionband, giving rise to considerable
s� -like contentin thevicinity of theCBM. Owing to thevery
large differencein term valuesbetweenSi and C, a small
amount� of C is sufficient to causethe material to have a
direct
�

gap with large optical absorptioncoefficient.Clever
experimental	 techniquessuch as surfactantsand surface
relaxation-driven� orderingmaybeneededto incorporatecar-

bon
8

in silicon with thespecificlong-rangeorderingidentified
here.
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odorou,H. Presting,E. Kasper,and K. Thonke,Phys.Rev. B 57, 9128¸
1998¹ .

9
º
M.
»

Methfessel,Phys.Rev.B 38
£

, 1537 ¼ 1988½ .
10M.
»

Methfessel and M. van Schilfgaarde, NFP Manual 1.01, ¾ IHP
¿

–
Frankfurt/Oder, 1997À ; obtainable by electronic mail from
Methfessel@ihp-ffo.de

11O. K. Andersen,O. Jepsen,andM. Sob,in Electronic
Á

Band Structure and
its Applications, editedby M. Yussouff Â Springer,Heidelberg,1987Ã , p. 1.

12The
«

alloy lattice constantis only 0.5%smallerthanthat of Si. While the
band
P

gap changesslightly with the choice of the lattice constant,the
valley orderingremainsunchanged.

13A.
¬

A. DemkovandO. F. Sankey,Phys.Rev.B 48, 2207 Ä 1993Å .
14K. Brunner,K. Eberl, andW. Winger,Phys.Rev.Lett. 76

Æ
, 303 Ç 1996È .

15D. V. Singh, K. Rim, T. O. Mitchell, J. L. Hoyt, and J. F. Gibbons,J.
Appl. Phys.85, 978 É 1999Ê ; 85, 985 Ë 1999Ì .

16S.-H. Wei andA. Zunger,Appl. Phys.Lett. 56, 662 Í 1990Î .
17We
Ï

alsoseea strongconfigurationdependencein thegap.For example,a
32-atomsupercellproduceda zerogap in the CuPtstructureand0.5 eV
gapin the fcc structure.

18A.-B. ChenandA. Sher,Phys.Rev. B 23, 5360 Ð 1981Ñ .
19S.Krishnamurthy,A. Sher,andA.-B Chen,Phys.Rev.B 33

£
, 1026 Ò 1985Ó .

20M.
»

Sturge,Phys.Rev. 127, 768 Ô 1962Õ .
21S. U. Dankowski,D. Streb,M. Ruff, P. Knüpfer,Ö andD. H. Döhler,
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