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Electronic structure of ordered silicon alloys: Direct-gap systems
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Density functional theorywithin the local density approximatigis applied to minimize the total energy of
a set of Si{group 1V) ordered alloys and to calculate the associated electronic band structures. A series of fully
relaxed Si/Sn alloys show direct gaps when constructed ol®@ surface of silicon in cubic-based super-
lattices, with the band gap of the Si/Sn alloys decreasing nearly linearly with increased atomic Sn fraction.
Equivalent calculations performed with Ge and C substitutions are predicted to have direct and indirect gaps,
respectively. Ternary alloys of Si/Ge/Sn and Si/Ge/C have band-structure features dominated by either the Sn
or C substitutions having band gaps of the respective binary alloys. The magnitude of the conduction-band
curvature(the effective magsat the zone center of these alloys shows a strong variation dependent on the
particular substitution. Energy barriers of the minor constituents are computed to estimate the stability of the
binary alloys with resulting barriers near 0.25 eV for Sn and Ge atoms in a silicon matrix.
[S0163-18206)07831-9

I. INTRODUCTION culations of 5<5 and 7x 7 layered SL systemgrown on a
(100 Ge substrate surface predict a resultant direct gap, but
Silicon is the prime example of a semiconducting ele-these direct-gap systems still pose the problem of low Si
ment, and it dominates the semiconductor industry. A sigfractions due to the large Ge content. Other layered struc-
nificant reason for this dominance is silicon’s well- tures modeled on Si substrates have consistently produced
established processing characteristics, which allow it tdndirect-gap materials that can be associated with Si
readily form insulating layers in device manufacturing. conduction-band minima states that are not folded by the
There is, nevertheless, a developing interest in finding artificial layering process. This is true for both00) and
semiconductor for which the silicon processing technology(111) SL structures examined withb initic®~*and empirical
can still be applied, but which has the added benefit of beingnethods>® SL systems grown as layered structures change
a direct-gap material(silicon has an indirect gap with the periodicity only in the growth direction resulting only in
valence-band maximum &t and conduction-band minimum limited folding of the original Si bands back into the SL
along the linel'-X about 80% of the way to the zone edlde Brillouin zone(BZ). The periodicity of the SL unit cell along
A material with these properties could offer important appli-the surface remains commensurate with the underlying Si
cations in photoelectric devices, especially if it could be in-substrate, and many of the band minimum states will not be
tegrated with modern silicon devices using current procesgolded back into the new BZ. In other words the original
ing technology. Relatively simple direct-gap materials existindirect gap is left essentially unchanged. In fact, production
of course; for example, GaAs is a commonly known direct-of the direct-gap materials mentioned above arises primarily
gap material but it lacks the favorable oxidation properties obecause of a combination of band folding in the growth di-
silicon. Ordered semiconductor alloys provide a means forection and biaxial strain from the 4% lattice mismatch im-
the creation of materials with new electronic characteristicposed on the Si by the Ge substrate. Work by Corkill and
such as smaller and larger band gaps or mobilities. One ide@oherf and Edwards and Ashcrdfon hydrostatic stress on
therefore is to work with semiconductor alloys that contain aSi and Ge shows the conduction-band minima in Si can be
large fraction of silicon, and search within this class for araised relative to the lowest conduction state atltrstate by
direct-gap material. Through selection of the real space cryssuch strain, even to the point of achieving a direct gap. Since
tal structure we may hope to take advantage of band foldinghe Si atomic layers in the Si/Ge SL’s are under biaxial stress
effects and bring the conduction-band minimum of siliconfrom the Ge substrate, Si band minima states along the sur-
into the zone center, &. We shall provide examples of such face direction are raised in energy above those states perpen-
structures below, some of which also have reduced gaps. dicular to the growth surfaceThe nonfoldingX symmetry
Extensive studies have been performed on Si superlatticegtates are therefore no longer the minimum conduction-band
(SL’s) with this intent, and Ge, as a second constituent, hastates and the gap then movesIip leaving a direct-gap
probably received the greatest attention in this quest. Ge/Snaterial. It is evidently difficult to find a Si/Ge heterostruc-
alloys have been studied as both random mixtures and layure of significant Si content with a direct gap.
ered SL's?>"® Random alloys show little promise of achiev-  However, as is well known, tin also comes in a semicon-
ing a direct gap; even a simple virtual crystal approximationducting form(grey tin), which possesses the diamond struc-
(VCA) predicts an indirect gdgor all alloy mixtures. Fur- ture. Si/Sn alloy gaps within the VCA exhibit a direct gap
ther there is theoretical evidence that some SL structureseyond 80% atomic tin compositions. Again the low silicon
produce direct-gap materials, for example, tight-binding calfraction is an evident technological problem in terms of pro-
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cessing. With a lattice constant of 6.4%Ref. 1) (compared conserving® properties replace the ion-electron interactions
to Si's 5.43 A tin has a significant lattice mismatch with and are expected to provide good results in a variety of crys-
silicon, and the ready formation of layered SL's with thesetal environments. The LDA exchange-correlation energy is
materials is perhaps not expected. Recently, however, agjiven by the Ceperley-Aldét result, and the crystal wave
other style of SL system has been examined by Horsfield anflinctions are expanded in a plane-wave basis set with a cut-
Ashcroft:® These SL's are not composed of the typical al-off energy determined as discussed below. We are cognizant
ternating layer scheme of the Si/Ge SL's; but instead, thgy the well-known LDA deficiency concerning band-gap cal-
proposed alloy is formed from submonolayer deposition ofcyjations(the underestimate by 30%—50% of the experimen-
tin onto a silicon surface creating an ordered surface reconiyy| pand gap in many semiconductgrbut the resulting
struction. Silicon is then grown on the partially filled surface {rendsin these ordered SL alloys are expected to be valid for
to complete the layer and further growth continued, a techipe true gaps as welsee discussion in Sec. JV
nigue that produces a larger unit cell both perpendicular and gqy each ordered alloy a SL is chosen to represent the
paraIIeI_ to the growth surface. The original work consisted ofconstruction on the §100) surface, which are simple tetrag-
theoretical SL's constructed on th@11) face of Si, and  ong|, simple cubic, or body-centered tetragonal. Lattice con-
although no direct gaps were discovered, the band gap Wagants along the growth surface are matched to silicon while
consistently reduced by the addition of relatively smallthe perpendicular lattice constant is determined by finding
amounts of tin in the SL. The lack of a direct gap is straight-the value that minimizes the total energy of the SL. An en-
forwardly explained by the band folding analysiss dis-  ergy cutoff of 20 Ry is used for this stage of the computa-
cussed aboye which occurs with these SL's grown on the tion, and a few(2 or 4) k points were chosen according to a
Si(111) surface. The SL structures are hexagonal in reakpecial point schenf@.Atoms within the SL are also system-
space(with hexagonal reciprocal space BZtending to fold  atically relaxed during this procedure, which includes essen-
the silicon states with the symmetry points into the center tjg| structural changes in the SL potential. The algorithm
of the new BZ. The conduction-band minima of silicon, nearaccomplishes this task through an iterative process during
X, are then likely to be translated near to the edge of the neyyhich the atomic forces are calculated at each stage and the
BZ, still leaving an indirect material. . atoms moved along paths, which further minimize the en-

Proceeding with SL systems on Si, we now wish to lookergy. This process is repeated until the atomic forces are
instead at thé100) face of Si, a natural extension from the (equced beyond a preset limitx3l0~# hartrees/bohr, which
(111) class. A number of elements have been deposited Oproduced bond lengths that changed by less than 1% in these
Si(100) to produce ordered surface reconstructions 'nClUd'”%yStems compared to a limit ofx810~3 hartrees/bohr. The
many group Ill metals for which the ordered phases of subsirycture is then considered fully relaxed for our purposes.
monolayer 1§grUS>tures have been mapped out Qquitgpe glectron density of the relaxed structure is obtained from
extensively:"'“ Tin has also been deposited onto 1100 the equilibrium atomic positions with an energy cutoff of 40
surface, producing a variety of reconstructions for submonoRy and a larger set ok points determined by the crystal
layer coverage$’™* Of particular note are the(4x4) re-  symmetry?
construction and the observation of regions &f2 ordering. One exception is the class of carbon-based alloys; the
These even valued surface orderings can produce simple Cdrength of the carbon potential causes the greatest deforma-
bic and tetragonal SL unit cells with the correct layering intion of neighboring bond lengths and consequently the total
the growth direction. By these means we expect to achieve gnergy calculation is computationally intensive. Because of
correct folding of the silicon bands through a judicious thjs and from a careful survey of preliminary resuits par-
choice of real space unit-cell geometry. We also expect tjcylar the persistent occurrence of an indirect band) giap
keep a fair silicon fraction within the SL cell, which can a5 not deemed necessary to completely relax the carbon
easily be controlled through the choice of the number of purgioy structure. Certainly the value of the band gap will
silicon layers. Although tin receives the greatest attentionghange further for the fully relaxed structure, but the main
we examine below the electronic band structure of a numb&goint is that the character of the band gap is unlikely to be
of Sif(group IV) ordered alloys in both binary and terary jtered because the difference between the LDA direct gap
forms. ) o (0.32 eV} and indirect gaj§0.01 eV is significant. Spin-orbit

In the context of practical utilization two concerns for any gp|itting is not included in any of the calculations; it is most
ordered SL are the issues of stability and formation of dejmportant in tin, but even then it is a small effect. The cor-
fects, and the ensuring effects of disorder on the bands. Ifsction will not be significant for these silicon-rich alloys in
Sec. lll we provide estimates of the barriers holding ouryhich the tin fraction is small.
substitutional elements in place and calculate disorder effects There are three main points in the BZ to be examined in
through the coherent potential approximat{@PA) method. assessing the new bands. First, we look at the dojmthich
contains new states folded from the old BZ. Second, the line
alongI'-X of the silicon BZ is examined to assess how the
original conduction-band minimum is altered with ordering

We apply density functional theory within the local den- of the alloy, particularly if it is folded into the zone center or
sity approximationLDA) (Refs. 15 and 1)to the electronic  onto the edge of the new BZ. Third, we look at what was
structure problem associated with the proposed SL struceriginally theL symmetry point, which is either translated to
tures. The method employs a preconditioned conjugate grahe pointM in the BZ of the tetragonal SL's systems, or not
dient algorithnt”*® to minimize the LDA total energyAb  folded at all for the simple cubic SL. The poihtis impor-
initio  pseudopotentials with nordf- and hardness- tant because it possesses a lower-energy conduction-band

IIl. METHOD
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state tharl” in silicon and may be altered by the SL pertur-
bation. Inspection of the bands and application of group
theory in determining whether light can be directly coupled
to new low-lying states gives us the character of the gap.
Once the band structure has been assessed for both band-
gap value and charactétirect or indirec), we proceed to an
estimate of the stability of these alloys using the total-energy
method. The minimized structure is formalipetastable
since it does not occur through normal thermodynamic mix-
ing, and it is important to examine the barriers that constrain
any diffusional motion of the substitutional atoms. Atoms in
these structures are bonded in a tetrahedral structure, so the
path of least energy would normally fall along the line that
passes through the equilateral triangle formed by three of the
nearest neighbors. Although the three silicon atoms do not
strictly form an equilateral triangle because the minimized
structure does not maintain the perfect diamond bonding
angles, the end product is extremely close in all cases. In any
event, the chosen atom is moved along such a path, and the
total energy of the unit cell is calculated at various stages. =
For this component of the calculation only okepoint at
I' is used to describe the electron density, which should serve
to determine the energgifferencesat each point along the
path. For small deviations the energy wells are quadratic as
expected and acquire higher-order terms further from equi-
librium. This well can be fit to a polynomial expression, and
an energy barrier for defect formation then determined.
Defects, in this case a substitutional atom that has moved
to an interstitial site, will invariably affect the band structure
of these materials. We study disorder in these systems
through the CPA, employing the method of Stroud and
EhrenreicR® based on the local empirical pseudopotential
method?® First we fit the band structure of the alloy’s con- ©
stituent species to their respective band structassfound
in Ref. 1). A VCA calculation is completed with the fitted FIG. 1. Brillouin zone of the tetrahedral structures is shown in
potentials to get the bands of an unperturbed alloy and dert@ with superlattice structure used for the Si/C, Si/Ge, and Si/Sn
sity of states needed for the CPA calculation. The density oflloys with a ratio of 15 Si atoms to 1 group IV atom (b). The
states is determined using the tetrahedral method of €henlarge grey sphere corresponds to the substitutional atom. The elec-
using 318k points in the irreducible part of the BZ, which tronic band structure of the @5)/Sn(1) alloy is given in(c).

are then interpolated on a grid 125 times as dense. The scainima as possible into the center of the new BZ. An obvi-

tering potential is modeled by a square well with a radius, 5 chojce for th¢100) surface is the simple tetragonal unit

equal to the average hard sphere packing radius of the W0y shown in Fig. 1b) with Si atoms at their normal loca-

cor}sélltflfJent Species. Th_|s| goes not completely descn(;xra] thfons except for the substitution of other group IV elements
real difference in potential between any two atoms used Nergy o axample, the center of the cell. Production of this unit

SO the spattering strength iS. Qetermined by tak?ng an averagg, requires a X 2 half monolayer, ordered surface deposi-
of t_he difference of the empmc_al pseudopotenna! param_eterﬁon onto the Si100) surface, then the addition of 7 full Si
as in Ref. 25. The CPA equations are solved with the iterag, ,nojayers, and repetition of the procedure. The BZ pro-
tive averageT matrix techniqué® for energies in the upper g ceq by this structure leads to a folding of the Si zone edge
half COT“%'EX plane and analyt_lcally continued back o thegiaiag fronX, near the conduction-band minima, otoThe
real 3)('32 hAS I;Ne shall see_,l_dlsor_derz]r sﬁects zr? not Ir‘:‘rg_ebands will primarily resemble those of Si since the number
pr<|JV| edthe a 03;] remglniﬂ icon rich, é’.t an obvious pnysl-ot 5 hstitutions in the supercell is one group IV replacement
cal requirement here is that corresponding mean free patli, o6y 16 silicon atoms. Although we do not directly fold

are large compared with the unit cell dimensions that estab[he minima into the zone center, we expect the perturbation

lish the superlattice. of the SL potential, produced by the substitutional atoms and
structural deformation, to split the folded, degenerate states.
Il RESULTS The splitting may depress some of the new folded states
below the original Si minimum, an effect that was observed
The approach we use in the choice of unit cell is gearedn the original Si/SnRef. 10 work. With enough Sn atoms
towards producing an optimal folding of the Si bands intoadded to the unit cell such splitting at the new BZ edge
the center of a new BZ. An optimal folding is one that bringscaused these zone edge states to drop below the original
as many of the original six degenerate Si conduction-bantband minimum states.

1

Energy [eV
3
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A. Si/Sn ordered alloys

The band structure of the g§5n,; ordered alloy is shown
in Fig. 1(c), which has the SL structure of Fig(l. The
geometry of the BZ associated with this SL, given in Fig.
1(a), indicates that bands from thé symmetry points in the
original Si BZ are folded ontd' from each coordinate direc-
tion. Bands along the perpendicular direction the direc-
tion of the SL growth fold back twice, and parallel bands
(i.e., those along the surface directidnld back once. The
lowest conduction band frofi-Z is nearly flat because the
multiple folding leaves the lowest-lying band composed of
the original Si band region near the symmetry po{ntThis
region of the Si conduction-band minimum is relatively flat ’ Sn,Si,
initially. The degeneratX symmetry states of silicon folded
ontoI" experience band repulsion, the splitting of this degen-
eracy, which leaves the lowest conduction band sloping up-
wards away fronT". The relative strength of the band repul-
sion is quantified by the energy difference among the lowest
six conduction-band statesIat being 0.31 eV. This splitting
turns out to be stronger than that found in the Ge case ex-
amined in Sec. IlI B and is responsible for the final band
curvature near these states being larger. States originally at
theL symmetry point in the Si BZ are translatedNbin the
new BZ, but only two degenerate symmetry states are
folded ontoM, and the splitting from band repulsion here is
about 0.05 eV, significantly smaller than the splitting seen at
I'. Overall, the band gap is thatirect

For an ordered alloy with one tin atom in eight there exist
two reasonable crystal structures. Simply taking the tetrago-
nal unit cell of Fig. 1b) and placing one tin atom at the top
and bottom center position we achieve a simple cubic unit
cell. This structure is imagined to be built just as the tetrag-
onal structure with the exception of placing three silicon lay-
ers to every one ordered tin layer rather than seven. Another FIG. 2. One possible §)/Sn(1) superlattice(@) with a body-
form achieving this silicon to tin ratio is depicted in Fig. centered tetragonal unit cell. Grey sphergs indicate a substitutional
2(a). In this case the successive ordered tin layers are offs@©m- The band structur@) shows an indirect gap &.
by half the lattice distance in both lateral directions creating
a body-centered tetragonal unit cell. Both of these Si-Snmany Si/Ge layered SL'’s in which the minimum conduction-
structures could be produced in principle by’@2 tin depo-  band state remains located neér For this alloy the band
sition process and serve to show the importance of the ordeminimum actually moves out to th¥ symmetry point as
ing in these SL systems. observed for Si111) based Si/Sn ordered alloys. When the

The simple cubic ordered alloy has a cubic reciprocaloriginal silicon symmetry is broken by the ordering process,
space BZ. This alloy experiences the folding of all 3ix the states at the zone edge are split, pushing the sta{e at
symmetry states similar to the $6n; ordered alloy with  below the original minimum. The two folded states Iat
each direction folded once, while thesymmetry states are exhibit minimal band repulsiof0.05 eV} that is much less
not folded into the new BZ. The band structure for this alloythan the splitting observed for the direct-gap alloy of the
is not shown here, but the splitting caused by the perturbasame tin fraction in which six degenerate states are folded.
tion of the SL potential is stronger in this system than in theThis is similar in magnitude to the splitting observed in the
Si;gSn; case as one expects from a larger tin fraction. Thewo degeneraté symmetry states, which were folded in the
energy difference among the lower conduction-band states &ttragonal ordered alloy.

wy [ev]

HNCE

I

(®)

I' is 0.65 eV(about twice that compared to the;§8n, or- A further set of Si/Sn alloys provides a sequence of band
dered alloy, and the bands disperse upward more steeplgaps versus tin concentration, so band structures for a
away fromI', leaving again a direct gap. SizSm, and Sj;Sry supercell have also been calculated al-

The second form of this alloy, existing as a body-centeredhough they are not shown; instead these results are simply
tetragonal unit cell, is shown in Fig.(@. The BZ of this summarized in Fig. 3, which shows the gap progression with
structure is more complicated than the cubic structure, butesults from the previous Q&ill) work also included for
we find that the twdX symmetry states in thel00) direction  completeness. For each distinct indirect alloy sequence, the
(along the imagined growth directipare folded ontd™, and  band gap decreases almost linearly with the addition of tin.
the remaining four degeneratestates sit at the edge of the There are only three direct-gap alloys to examine, two of
new BZ. The effect of band folding here is comparable towhich have a near zero band gap. If we begin with pure
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FIG. 3. Band gaps for all Si/Sn based alloys examined here. (@)

Normal Si in the diamond structure is shown at 0 tin fraction with a
gap of 0.52 eV. Open circles indicate previous work ofiLEl),
open squares indicate indirect gaps fof18D SL's, and filled
squares depict direct-gap SL’s built on(Hi0).

silicon, these gaps also proceed linearly with increased tin
fraction up to the SBn, alloy, but the band gap of the
SizSn, alloy does not decrease below zero to maintain the
linear relationship. It is well known that LDA calculations
cannot successfully predict excited states such as the conduc-
tion bands, and we might therefore expect that a correction
for these gaps would place then linearly much like the indi-
rect gaps. The $111) calculations on the other hand could
produce a negative gap because the conduction-band mini-
mum falls at a location itk space way from the valence-band
maximum atl’, which allows the conduction-band minimum

to sink below the valence-band maximum without any band
crossing. It is unlikely that the ordered alloy with only 1 tin
compared to 7 silicon atoms is metallic, so it is not easy to
fully interpret the direct-gap results. We note that the direct
gaps fall on a line consistently lower than indirect gaps of
similar tin fraction. Recalling that direct-gap materials re-
ceive an additional reduction in gap magnitude through FIG. 4. Electronic band structure of the Si/Gg and Si/C(b)
strong repulsion of folded states Bt this is to be expected. alloys based on the SL of Fig(K).

[eV]

Energy

silicon matrix in this case. The band gap is just barely direct,
unlike SiGe layered SL’s on &i00) in which fewer states
Carbon and germanium SL'’s of the style shown in Fig.are folded into the zone center.
1(b) were examined to determine the effect of other isoelec- The Si/C alloy based on the Fig(k SL exhibits a dis-
tronic elements. Figure (4 shows the band structure of tinct band ordering at thi! symmetry point unlike either the
Si;sGey. The lowest conduction bands ndarare somewhat Si/Ge or Si/Sn ordered alloys. Figuréb# shows that the
flatter than the tin alloy of similar constitution, which is lowest conduction-band statesMtare both nondegenerate,
readily explained by the weaker band repulsion of the foldedvhile the other binary alloys display a nondegenerate state
states in this alloy. The six degenerate Si band-edge statésllowed by a double degenerate set of conduction-band
folded from the pointX are split by 0.21 eV, less than the states. More importantly the lowest conduction band along
comparable tin alloy. Therefore, the conduction-band stateE-M reaches a minimum at the symmetry poMtleaving
atT" are less depressed, implying a weaker upward dispethe gap indirect. The conduction bands aldhg are folded
sion. We, of course, do not expect a significant perturbatiors in the previous ordered alloys showing the strongest split-
from the Ge substitution. CPA calculatidrfs predict very  ting, 0.35 eV, and upward dispersion away frdmof the
little band broadening from alloy scattering in random Si/GeSijsX; binary ordered alloys because of the perturbation of
alloys, and the length of the Si-Ge bond in this relaxed alloythe carbon potential both chemically and structurally. It may
differs from the Si-Si bond length by only about 1%, so therebe noted that thé1 symmetry point in these BZ's contains
is little chemical or structural deformation of the underlying states that originated &t in the original BZ. As mentioned

B. Related group IV substitutions



54 ELECTRONIC STRUCTURE OF ORDERED SILIQ®O. . . 14 485

in the Introduction, SL alloys built on th€l11) Si surface 15
tend to fold states frorh into the BZ, which suggests that a
Si/C alloy on S{111) may be promising. This state may also

arise from a carbon statéorming an impurity type bandn 127 |
the tight-binding sense, which would then negate the band - - S £
folding argument. 100777 1

Beyond these binary ordered alloys we can also imagine
forming ternary SL compounds. It may be advantageous to
work with ternary alloys in order to reduce strain in the SL
by altering the offset of consecutive submonolayees, not
placing each submonolayer directly in line with the previous
one) In terms of band-gap engineering, ternary alloys also
offer greater flexibility for manipulating band-gap magni-
tudes and curvature. The SL'’s are styled as in F{g) @ith
the corner atoms replaced by one substitutional species and 0.0
the central atom by the second substitutional species. In the
case of a single substitutional species this SL produced a
body-centered tetragonal unit cell and gave an indirect-gap
material. In the ternary form we again create a tetragonal un'g

cell and produce significant band folding of Si minima Statestering. Horizontal dashed line indicates the shift in the gap magni-

Two examples of this type are 1$5,elsnl and 8,14Gelcl' tude, and the vertical line separates the silicon-rich alloys studied
The Si/Ge/Sn alloy produces a direct gap similar to theyere from those with greater atomic tin fractions.

Si;sGe and SisSn; alloys while the Si/Ge/C alloy reveals

the same indirect gap as .the 1S3, glloy, which is not growth) would exhibit even less broadening of the band edge
shown. The Ge addition mainly contributes weakly t0 Stron-giates than shown here. The defect barriers calculated above
ger dispersion of the bands nelar indicate that decomposition of the ordered lattice after con-
struction would not be problematic for Ge and Sn substitu-
tionals with the larger barriers and reasonable thermal ener-
gies. So a silicon-rich system has encouraging characteristics
We have applied the total-energy algorithm to estimateeven in terms of disorder.
defect formation energies. The nearest-neighbor distance
from the substitutional atoms in the relaxed structures are
2.49, 2.37, and 2.07 A for Sn, Ge, and C, respectively. The V. CONCLUSIONS
maximum barrier heights are 0.265, 0.242, and 0.11 eV oc- Clearly the focus is on band gaps, and it is precisely these
curring at distances of 1.18, 1.12, and 0.96 A away fromguantities that are least well predicted by the local density
equilibrium. For reasonable temperatures we therefore exapproximation in the density functional theory. For example,
pect the Sn and Ge batrriers to be large enough to sufficientlyDA gives very good structural parameters for’Sijet the
contain them. Experimental work with $fijn which Sn was  predicted band gap is 0.52 €¥%3' some 0.65 eV below the
deposited on $100) and annealed at 500 °C, showed negli- experimentally determined value of 1.17 eV. Given this state
gible movement of the Sn atoms into the underlying sub-of affairs there is some uncertainty about #i#solutequan-
strate from their bonding sites. The C atom obviously formditative predictions we have given. Nevertheless it is impor-
the strongest bonds with the Si atoms, drawing them withifant realize that the LDA can reprodutendsin the band
2.07 A, yet in these silicon-rich systems it has the loweststructure fairly successful§%3* We have shown, for ex-
energy barrier to shifting away from equilibrium. The reasonample, that the band gap of the Si/Sn ordered alloys changes
is that the Si/C alloy is a more open structure than either th@early linearly with increase in tin fractiofsee the discus-
Ge or Sn types, which push the nearby Si atoms aftlag ~ sion above about the direct-gap resylemd gaps of a direct
normal Si-Si bond length is 2.35)AThe carbon atom there- nature are consistently smaller than indirect gaps produced
fore has more space at the interstitial site to which it is beindy alloys of similar Si/Sn ratios. We find also that, unlike the
moved, and therefore is actually being pushed through a re5i/Ge layered superlattices, which tend to fold states from
gion of lower electron density, different from that expectedone coordinate direction and produce indirect-gap systems,
in the ordered compound Si-C. Other carbon-based materiataultiple band folding increases the band repulsiofi atre-
(i.e., 3C-SiC with a lattice constant of 4.36%&aImost 20%  ating a direct gap even for the Si/Ge ordered alloy. Accord-
smaller than Siwould likely have higher barriers due to the ingly it would appear that simple direct-gap materials based
larger electron density of the tightly packed atoms. on the group IV elements can be found that are composed
Figure 5 shows the band-gap shift and broadening foprimarily of Si. They do require far more complex growth
random Si/Sn alloys as calculated within the CPA. For sysmethods than are currently used for Si/Ge layered SL'’s, but
tems with complete chemical disordgandom placement of the benefit is the possibility of a silicon-rich system directly
the Si and Sn atoms on a diamond lattjcéne broadening coupling to light. As a great deal of work has been accom-
becomes significant for larger Sn fractions. We expect thaplished with the growth of thin layers of Ge and Si, it would
an ordered alloy such as we have imagined constructinghnake an ordered 22 surface deposition of Ge the next
(with some small amount of disorder caused by defects irevolutionary step towards an ordered alloy. Progress on Sn

Band gap [eV]
o
[s2]

0 - - O Coherent Potential Approx.
— Virtual Crystal Approx.

e
&)
T

0.8 0.9 1.0
Silicon fraction

FIG. 5. Coherent potential approximation applied to random
i/Sn alloys. Error bars indicate broadening from incoherent scat-

C. Alloy defects
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