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Electronic structure of a stepped semiconductor surface: Density functional theory
of Si(114)-(2X1)
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Ab initio density functional theory calculations, based on pseudopotentials and the plane-wave formalism,
have been performed to investigate the equilibrium geometry, bonding, and electronic structure of the
Si(114)-(2x1) surface, characterized by three prominent surface featdmeers, tetramers, and rebonded
atoms. Several surface states are found in and around the bulk band gap. Mixing of the orbitals of the
rebonded atoms with those of the dimers leads to a small band-gap surface.

DOI: 10.1103/PhysRevB.69.085303 PACS nuniger73.21-b, 68.35.Bs, 71.15.Mb
I INTRODUCTION formed along[110] by the atoms labeled. A tetramer is
_ . formed between atom€ and D, where atom<C form an-

High index semiconductor surfaces, such adB), are  qinerB type dimer(called a tetramer bridgeand the bond
technologically important and fundamentally interesting as,anveen atom€ and D (called tetramer armscan be con-
many of these facets lie between the primary growth andjgered asA-type dimers. In addition, atoms label@&lare
cleavage planes. Such surfaces may display a variety of inmponded atoms. The formation of dimers is in close analogy
tricate and subtle surface properties that may profitably bgith the (2x 1) reconstruction of thé001) surface, whereby
exploited in future scientific and industrial applications. the A-type (B-type) dimers are perpendiculéparalle) to the
These features range from innate electronic propertiestep edge. The dimer formation reduces the number of un-
through to surface deposition sites for layer growth. Thesaturated dangling bonds, thus lowering the surface energy.
morphology of high index surfaces is intimately correlatedin addition, the rebonding decreases the surface energy fur-
with the angle of orientation away from the densely-packedher by saturation of extra dangling bonds at the step edge,
lower index planes. Large angular offsets produce groovedollowing the proposal made by ChatliThe surface thus
sawtooth-like surfaces, whereas small angles lead to vicinaxhibits a series of DLB-type (001) terraces separated by
surfaces made up aD0l)-terraces separated by occasionalrebondecand nonrebonded steps. This is schematically illus-
stepst For surfaces with an orientation greater than 5° awayrated in Fig. 1. It is interesting to note that the density of
from the low index(001) surface, as is the case witthi14  dangling bonds on the Si(114)%2l) surface is almost
surfaces, a large proportion of the resultit@p1) terraces identical to that of the common Si(001)2) surface at
possess dimers orientated parallel to the step edgagge  0-064 and 0.068 db/Arespectively, indicating the potential
terraces Stable Sil14) surfaces have been observed on etcHor Si(114)-(2<1) to form a stable surface. Figure 2 pre-
pits formed on SD0Y) and also cylindrical silicon sampl&s. sents a schematic illustration of the atomic geometry of this

Between the primary growth and cleavage planes of SfUface. .

[i.e., the(100 and(111) planes respectivelynumerous dif- To the best of our knowlgdge, there_are no prewously
ferent surfaces may be formed, with varying degrees 0f:)ubhshed results for_the detailed e_Ie_ctronlc structure, density
stability> The S{114) surface is canted from tH®01) plane of states, or bonding characteristics of Si(114)D.

by 19.5° in the direction of th¢11l) plane, and comprises This wqu presents a StUdY of the surface geometry,
(001)-type terraces separated by double lag@t) steps? electronic structure and density of states for this surface.
Indeed, the surfaces frof®01) through to(117) generally In addltlon the.bondlng nature of the surface orbitals are
display (00D-type terraces separated by steps, the danglin&rovIded and discussed.

bond density and surface stress being lowered by the forma-
tion of rebonded atoms. A schematic representation of the
(114) and(117) planes is given in Fig. 1. The surface energy
is reduced further by the introduction of nonrebonded atoms
at the step edge on the surfaces betwéEtv) and (114)
inclusive. This combination of rebonded and nonrebonded
atoms leads to a highly stable surface geometry. Surfaces
beyond(114) through to theg(111) surface exhibit facets and
sawtooth structuresbut Si114) itself has a planar geometry
that is thermodynamically resistant to faceting.

The Si{114) surface exhibits a(2x1) reconstruction, FIG. 1. A schematic representation of a few planes o)
whose structure has been proposed by Erefral® As  through to (111 for a tetrahedrally bonded crystalline material.
shown in Fig. 2, the basic ingredients to this reconstructiorsingle and double widttD01) terraces are indicated by the numbers
are dimer formation and rebonding. B-type dimer is 1 and 2, respectively. DL represents a double layer step.

Si(114) = DL + 2x(001) + DL + 1x(001)
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FIG. 2. A schematic representation @ a top and(b) a side
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view of the supercell used in our calculations modeling the

Si(114)-(2x 1) surfaceA, dimer atomspB, rebonded atoms; ard

and D form a tetramer C, dimer atoms and, nonrebonded at-

oms. Other symbols are explained in the text.

Il. METHODOLOGY
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TABLE |. Calculated valuesin A) of the key structural param-
eters shown in Fig. 2 for the Si(114)-%2l) surface.Ap, Aqp,
Anr, and Ay are the vertical bucklings for the dimer, tetramer-
dimer, nonrebonded, and rebonded atoms, respectively. The two
values reported correspond to the low/high buckling models.

This Work Erwinet al (Ref. 5
d, 2.26
Ap 0.23 0.17
d, 2.34
Atp 0.10/0.25 0.00/0.30
t 2.22
Anr 0.00/0.08 0.00/0.15
r 247 and 2.43
Ag 0.14 /0.40 0.18
e 2.41
e, 2.35

@Higher rebonded atom

are a dimer Q); rebonded atomsH); and a tetramer@ and

D). It is well documentetf that the Sj001) surface under-
goes a reconstruction and atomic relaxation whereby the
dangling bonds become saturated or empty due to the forma-
tion of dimers. The same driving force is responsible for the
formation of the dimefA) features for th&€114) surface. The

The results qf all calpulations presgnt_ed in this paper argebonded atom¢B) arise from one of the two inequivalent
based on density functional theory within the local-densityDL step edges within the unit cell. Upon reconstruction each
approximation (LDA). The parametrized Perdew and rebonded atom saturates one of its dangling bonds with a

Zungef form of the Ceperley-Aldér electron correlation

neighboring dangling bond. Finally, the tetramer arises from

scheme was used, and electron-ion interactions were deke combination of a dimefC) and the nonrebonded step
scribed by the norm-conserving pseudopotentials of Troullieedge atoms ). These three surface components, viz. the
and Martins’ The relaxation of atomic and electronic de- dimer, the rebonded atoms, and the tetramer, characterize the
grees of freedom was achieved by solving the dynamig114) surfaces of zinc blende as well as diamond-structure
Kohn-Sham equations by a Car-Parrinello-like approachsemiconductord? All the surface features described above

within a plane-wave basis s&t!!

show some degree of buckling. Electronic charge transfer

The surface was modeled in a periodic slab geometry, thlom an unsaturated dangling bond to an adjacent dangling
unit cells having the natural periodicity of the surface and arbond leads to such tilting and thus gives rise to a local
invoked artificial periodicity normal to the surface. Twelve minimum-energy configuration.
layers of Si with an equivalent 12 layers of vacuum were Variations in the surface geometry were explored to inves-
modeled. The “active” surface was investigated while thetigate the minimum surface energy. In particular, multiple
opposite face of the slab was passivated with hydrogen. Onigitial geometries with various degrees of surface buckling

layer of silicon atoms, adjacent to the passivatimgdrogen

were consideredi.e, the geometries featured tilted dimers

atoms, was kept frozen in the bulk position and all otherand tetramers, together with vertically asymmetric rebonded
atoms were allowed to relax into their minimum-energy con-atomg. Upon relaxation, only two distinctly different local

figuration. The surface geometry and electronic structure wastructural minima were located, with essentially equal ener-
obtained using a 12 Ryd kinetic energy cut-off. Test runs agjies, corresponding to a more or less “flat tetramer” struc-
8, 10, 12 and 14 Ry cutoffs revealed that the structural angure and a rather more strongly “buckled tetramer” structure.
electronic parameters were well converged at the 12 Ryhese correspond to the two regimes of tetramer buckling
value. The theoretical bulk lattice constant of 5.42 A wasdescribed in the work of Erwiet al® In each case, we find

used in the surface calculations. Four spekigbints were
used throughout for the sampling of the Brillouin zdRe.
Il. RESULTS
A. Atomic Structure

The structural relaxation of the Si(114)%2) surface is

that the sense of the dimer tilt relative to the tetramer tilt has
essentially no influence upon either the overall energetics or
the local geometry of these features. This implies that the
mechanism by which the surface saturates dangling bonds
and releases strain is a predominantly local effect.

Structural parameters characterizing the relaxed surface
are listed in Table I. The previous theoretical structural pa-

characterized by three main features in accordance with theameters calculated by Erwiet al® are also listed for com-
model proposed by Erwiet al, as shown in Fig. 2. These parison. It can be seen that the dimer tilt, in both the present
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the S{001) surface. According to our calculation the dimer
buckling is much smaller at 0.23 A. Our calculations also
suggest that the back bond linked to the “upper dimer”
atom, lengthe,, is 2% longer than the back bond linked to
the “lower dimer” atome,. The inequivalence of the back

bond length is a consequence of the dimer tilt and has alsc o0 =~ 1

and the earlier study, is lower than that of the dimer tilt on 1

o
n

Energy (eV)
ot
o]
Energy (eV)

been identified for the Si(001)-¢21) surface'®

The “dimerlike” bond of the tetramer, marked), in Fig. _05]
2, the so-called “tetramer bridge,” is rather longer than that o @
of a common(001) dimer; some 4% larger in fact, due to the D«zn};ﬁggiﬁgtes
tension |n“the bonds marlfed in Fig. 2. The t bonds, the FIG. 3. Calculated band structure and density of states for the
s_o-called tetramer arm_s, ar_e formed between each d'merSi(114)-(2>< 1) surface. The surface bands are shown as heavy
like tetramer atom and its adjacent “nonrebonded” tetramergqjig (occupied and dashed(unoccupiedl lines against the
atom. The rather short lengths of the tetramer arms indicatg x 1)-projected bulk structure for @i14). The Fermi level is la-
that they are strongly bonded. It appears that the tetramefeledEs .
arms are, in effect, similar té-type (001) dimers, and that
the tetramer bridge is a weakenBetype dimer. energy*® “structural reconstruction’(i.e., the formation of

The bonds t,” formed by the rebonded atoms, are 5% the three surface featupeand “atomic relaxation”(i.e., the
longer than bulk Si-Si bonds. These extended bonds areuckling of these features alorid14] as well as displace-
caused by the highly strained nature of the rebonding nedpent of these with respect to the corresponding bulk posi-
the step edge. Although the bond is exceedingly strainedions). Our calculations suggest that the formation of the
throughout the calculations performed on this surface iSi(114)-(2<1) surfaces with the above mentioned features
showed no indication of breaking. The fact that various startfésults in a reduction of the surface energy by 6.9 eV per
ing geometries of highly buckled rebonded atoms resulted if2< 1) surface unit cell, relative to the ideally terminated
rather small forces and little change in overall energy indi-surface.
cates that this particular surface feature has a somewhat We have attempted to deduce the energy gain from each
“spongy” character (i.e., a very flat contribution to the of the three surface reconstruction features as follows. Rela-
potential-energy hypersurfacerhe two buckling regimes of tive to the ideally bulk-terminated surface, the simple pro-
the tetramer and the spongy property of the rebonded atogess of the dimer reconstruction formationaintaining the
together introduce the possibility of numerous distinct metadimer layer at the bulk-terminated height, i.e., the dimer
stable forms of the Si(114)-(21) surface. The highly height was constraingavas found to result in an energy gain
bucked rebonded atoms g=0.40 A) and the highly buck- ©f 1.40 eV. A similar consideration for the tetramer recon-
led tetramer A1p=0.25 A) was found to be the minimum- Struction rgsulted in an energy gain of 1.48 e\/.. Likewise, the
energy configuration. Table | indicates the range of the tiltingen€rgy gain from both rebonded atom formation was found
found for the rebonded atoms. The existence of a variety of® be 2.30 eV. A further gain of 1.7 eV results from the
metastable geometries fooththe tetramer and the rebonded relaxation of the three reconstructed features. The relaxation
atoms was firmly established by considering a thicker slagnergy is the difference between the sum of the individual
and employing a higher kinetic-energy cutoff than that usedeconstruction energies and the final structure total energy. A
in the previous theoretical calculations. significant part of this comes from the relaxation of the cen-

Scanning tunnelling microscop@TM) images obtained ter of mass of each of these features along the surface nor-
by Erwin et al® revealed two types of local reconstructions mal. A much smaller contrl_butlon comes f_rom the relaxation
of (2x1) andc(2x2) symmetry. Thec(2X2) symmetry arou_nd the center of magse., from buckling of t_he sym-
differs from the (2<1) symmetry by the shifting of the sur- metrically reconstructed featupeNo extra energy is gained
face features by half a primitive surface lattice vector in theffom the presence of nonrebonded atoms as they do not par-

[110] direction. Erwinet al® calculated the total energies of ticipate in any new bond formation. The combination of re-

. : onded and nonrebonded steps is a compromise between sur-
both reconstructions and found a difference at the level o ace stress and surface enerav. Two rebonded steps would
only 1-2 meV/&K between the two. This is too small an ay. P

. mgive an extremely stressed surface whereas two nonrebonded
energy difference to favor one structure over another fro

their work. A Si(114)e(2X 2) structure was similarly found steps would give a high density of dangling bonds.

to be of a comparable energy with Si(114)X2): a differ- _

ence of~1 meV/A? in favor of the Si(114)-(X 1) recon- B. Electronic Structure

struction over the Si(1143¢2X 2) reconstructior{again no The electronic structure of Si(114)-¥21) features a rich

preferential structure can be deduced from this energy differspectrum of surface bands within the silicon bulk band gap,

ence. Details of our results for the Si(114) 2% 2) surface  as shown in Fig. 3. The slab used in the band calculation was

will be published elsewhere. the “highly buckled tetramer” and “highly buckled reb-
As is well established, there are two main driving pro-onded atoms” system. There are four occupied surface bands

cesses for a nonpolar semiconductor surface to lower itof which one lies wholly above, and others partly above, the

=05

6 «
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r c X then generate the nondegenerate dispersionless pair of states
Rebonded Vi N Rebonded . —
— —_— B V,; andC; seen in the calculated band structure betwgen
e . o and M. It is energetically more favorable to localize elec-
S8 Y . oS g TR e trons in the dangling bond of the high-lying rebonded atom
/ ° }: oty ¢ / ° ’f““.u)a P . . .
Tetramer °°° 9 ° & Tetramer *¢” [0 o than in that of the low-lying one, as one might expect from
}'" g 3_" e simple electrostatic arguments. The well-separated orbital
"o e lobes of the G state at thd™-Y axis provide a reference for

FIG. 4. Three-dimensional charge-density plots of the highesE[he average energy oft_hese dangling bonds, and the splitting

occupied and lowest unoccupied states at fheoint and thex ~ Of V1 andC, at theX-M axis is notably nearly symmetric
point for Si(114)-(2<1). The characteristic surface features areabout this |EV9|-_The dOWHW_ard ﬂ5per5i0n of Mgstate in
indicated. The isosurfaces are drawn at threshold charge densities gbing fromX to I' (and fromM to Y) is likewise no mystery,
2.0x107° e/A®. corresponding to the onset of the in-phaseinteractions
which constitute the dimer bond.
bulk valence-band edgand two unoccupied surface bands  Although we have focused upon what one might term the
(one lying partly below the bulk conduction-band edge and‘frontier” surface stategi.e., the highest occupied and low-
the other wholly above It can readily be seen that the high- est unoccupied surface statesther characteristics of the
est occupied state 2t (V4) and the lowest unoccupied state surface band structure were also investigatedy. 5. Al-

atV(Cl) almost overlap in energy. Although this gap less-though these nonfrontier electronic bands have relatively
ens somewhat with decreasing tilt of the rebonded atoms little dispersion, these states nevertheless undergo complex
changing the tilt from 0.40 A to 0.14 A decreases the gapchanges in morphology with respect to changes in wave vec-
from 0.1 eV to 0.0 eV, the chemical potential nevertheless tor. In order to simplify matters, only surface states at special
remains pinned between thg maximum and theC; mini-  symmetry points will be discussed.

mum. This demonstrates that Si(114)X2) can range from At the M point it is clear that six bands are surface local-
a near zero band gap through to a small band-gap semicoired, while at other points several of these are in resonance
ductor of 0.1 eV in response to the metastable geometry ofiith the bulk. As seen in Figs.(8 and 5b), the banadv, at

the rebonded atoms. We note, however, that a quasiparticie X point is predominantly characterized by bonding
calculation (beyond the scope of the present wowould  petween the dimer atoms with a littfe, contribution from
increase the band gap and may turn the surface into a Somg.- higher rebonded atom. At thé point, however, it dis-

what larger band gap semiconductor. ;
. | X plays 7= bonding along each of the tetramer arms, bath
'The highest occupied state/_;() is due to an elaborate orbitals being spatially well separated. The valence band la-
mixture of the states from the dimer and the rebonded atoms. L VI o -
At the T point this state sh intr bonding bet eledV; in Fig. 3 at theX point has similar characteristics to
€1 panttnis state shows mainky bonding between ) bandVv, at theM point, as shown in Fig.(8). At the M

the dimer atomsFig. 4). At the X point, V, is mainly de-  noint, however, the nature of thé, band is bonding along
rived from thep, orbital of the highest rebonded atom, with the dimer, albeit with the majority of the charge being local-
only a small contribution f@m the higher-lying dimer atom ;a4 on the higher atorfFig. 5(d)]. The fact that/, andV;
(Fig. 4. TheV, state at theM point has the same character- more or less swap identities along the high-symmetry direc-
istics as those at th¥ point, while theY point is similar to  tion betweenX and M is indicative that there may be a

T, but with a little more contribution from thp, orbital of ~ degree of anticrossing between these bands. The Warad
the lower rebonded atom. the M point is a weakw bond along the tetramer bridge
The lowest unoccupied stateC{) is always predomi- bond, biased somewhat towards the higher-lying $fig.

nantly localized on the rebonded atoms. Examining Fhe 5(€)]. Finally the conduction ban@,, at both theX and the
point again,C; is formed from in-phase,-like orbitals on M points, is7 antibonding along the higher-lying tetramer
both of the rebonded atoms. At the point C, is localized ~arm[Fig. &(f)]. It is important to note here that all the surface
predominantly on the lower rebonded atom, with a smallPands have an underlying rebonded atom contribution. This
out-of-phasep,-like contribution from the lower-lying dimer ~contribution, although weak in comparison to the dominant
atom. As with theV, state, theM point displays the same features .descnbed aboye, plays a crucial rgle when it comes
, —— , ) to sampling the bands in the form of STM images.
orbital structure as th¥ point and the partial density at the o calculated density of states for the Si(114)<(D)

Y point is similar to that at thé" point. surface is also indicated in Fig. 3. Several dense peaks have
Clearly, folding the band structure of the unreconstructecheen indicated, labeled, 3, andy, close to the bulk band-
(1x1) surface onto the (1) Brillouin zone ought to re-  gap region. The simulated as well as experimental STM re-
sult in a degenerate pair of dispersionless states along thgilts of Erwin et al. for the occupied surface states were

high-symmetryX-M direction corresponding to linear com- investigated with a bias of-1.2 eV. Their STM image at

binations of the dangling bonds of the rebonded atoms. Splitthis bias shows a large contribution from the rebonded at-
ting of these states, due both to Bragg scattering at the zormams, with secondary features from the tetramer and the
boundary and to the buckling of the rebonded atoms, wouldlimer atoms. From our density of states calculation a bias of

085303-4



ELECTRONIC STRUCTURE OF A STEPPED. . .. PHYSICAL REVIEW@D, 085303 (2004

thus in our density of states results. It can therefore be said
that our density-of-states calculations are supportive of the
experimental STM results. Such an agreement also exists
between our density-of-states result and the STM results for
the unoccupied states. A bias of 1.7 eV was used in the
calculation by Erwiret al.and their STM plots show a domi-
nant contribution from the rebonded atoms to the unoccupied
bands with a smaller contribution from the tetramer. With the
consideration of the shifting of our unoccupied bards
compensation of around 0.6 eV for the shortfall of the unoc-
cupied electronic bands of silicon within the LDAhe bias
of 1.7 eV would capture the peak labeled This peak is
from the band<€C; andC,, which, as mentioned before, have
charge associated largely with the rebonded atoms and the
tetramer. With such an agreement between our density-of-
states results and the STM work by Erwehal, we can be
confident of the validity of our band-structure result.
Although the electronic structure of the Si(11e()2
X 2) surface has not been calculated, it is expected to exhibit
properties similar to the Si(114)-¢21) surface, in view of
the apparent structural independence of the surface features.
That is to say that the shifting of the rebonded atoms by half

of a primitive surface lattice vector in thel10] direction

will not affect the structural parameters, and hence the fea-
) tures of the electronic band structure associated with the
physical features of the atomic structure are expected to be
largely unchanged.

(a) (b)

(©

IV. CONCLUSION

In conclusion, this paper presents resultsabfinitio cal-

FIG. 5. Bonding characteristics of the Si(114)X2) surface  culations of the geometry, electronic structure, and orbital
bands. The ban¥,(X) (meaning band/, at theX point) is con-  bonding nature of the reconstructed Si(114)<(R) surface.
tributed by(a) the 7 bonding of the dimer an¢b) the p, contribu-  This high index surface appears to support a variety of meta-
tion from the higher rebonded atorft) shows thew bonding be-  stable relaxation patterns, due to the elastic nature of the
tween one-half of the tetramer dimer and its adjacent nonrebondetbonded atoms and the tetramer. A rich array of surface
atom for bandsv,(M) and V4(X), with an identical plot for the states have been shown to result from a complex mixture of
other half of the tetrame(d) represents ther bonding of the dimer  dangling bonds, and the surface LDA band gap ranges from
for bandV4(M). (e) depicts am bond for the tetramer fov,(M), ~ near zero to around 0.1 eV dependent upon the particular
again with an equal plot for the other half. Finall§) signifies a ~metastable geometry adopted. The dispersion and character
weak 7r-bond for only one-half of the tetramer, the highest dimer, of the frontier surface states may be explained in terms of the
and its adjacent nonrebonded component, for the l&andt both  dimer bond interactions and the splitting of rebonded atom
the X andM points. dangling bonds. The calculated density-of-states result is
supportive of the STM work presented by Ervénal.

—1.2 eV would capture the peaks and 8. These peaks
originate from the surface bands,, V,, V3, andV,. As
described before, although these four bands have charge den-R.D.S. gratefully acknowledges financial support from the
sities associated with the tetramer and the dimer, the undeEPSRQUK). S.J.J. is grateful to the Royal Society for finan-
lying rebonded contribution is dominant to these bands andial support.
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