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Structural models of amorphous silicon surfaces
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Using Monte Carlo simulations within the empirical potential approach, we predict and analyze possible
models of the surface structure of amorphous silicon. This is a fundamental problem about which knowledge
is incomplete. We address the central question regarding the dominant type of nontetrahedral atoms at the
surface. Our investigations lead to two markedly different models of the surface structure. One of the models
exhibits a surface layer terminated by threefold- and fourfold-coordinated atoms. In general, threefold atoms
are on top and form mostly dimers and chainlike structures. The other model requires that the surface is
terminated by fourfold atoms and by fivefold atoms assembled in clusters of pyramidal shape, with both types
of geometries heavily distorted. We also use the tight-binding method to calculate the electronic density of
states of these two possible models. The electronic fingerprints of the nontetrahedral atoms within and near the
energy gap region are quite different. This distinguishes clearly the two models and could guide experimental
work to infer the microscopic picture of clean amorphous silicon surfaces.
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[. INTRODUCTION face energy and remove the excessive number of defect
states from the gap.

Knowledge about the surface structure of covalently The widely accepted model for the structureae®i is the
bonded amorphous semiconductors is important for the unsontinuous random networlCRN) model proposed origi-
derstanding of growth mechanisms and deposition processesally by Polk®>* In a random network structure the number
since these are determined by the mobility of atoms in theof nearest neighbors of every atom is such that satisfies the
near-surface environment. The central issue concerns taom’s chemical valence. Thus, farSi the Polk model re-
way that atoms at the surface discontinuity relax and reconquires that each atom has four neighbors arranged in a tetra-
struct to relieve the energy cost due to their missing neighhedral sp geometry. Bond lengths are distributed about their
bors. This is also the central problem for crystalline surfaces¢rystalline values with deviations of a few percent from the
but the issues are more complicated in the amorphous cag¥erage value. Similarly, bond angles are distributed about
because of the presence of a high degree of structural disof?® tétrahedral angle with average deviations~of-10°.
der and the loss of orientational symmetry. Even in the casf@ndomness in the network results from a statistical distri-
of amorphous silicon 4-Si), the most extensively studied bution of dihedral angles. Deviations from the CRN model

amorphous semiconductor, knowledge about the surfacg[]ect?):gnghséaggﬁfsgiﬁi 'thgstf![ﬁled gtﬁg?gpgéiitzeg'con'
structure is incomplete. '

Contrary to carbon that has the possibility to display ahave been quite controversial.

. . e - The experimental signature of the intrinsic defectifi
variety of bonding hybridizations ($psp?, and sp), silicon is the hyperfine line-splitting observed in electron spin reso-

naturally can only form single bonds in the sbgonflgqra- nance(ESR measurements, arising from the interaction of
tion. So, itis not surprising that treC network is a mixed o ynpaired electron spin with ASi nuclear spiff. The in-
phase of all three hybridizations, depending on density, angsrpretation of this experimental fact, regarding the origin of
that its surface has a tendency to form graphitelikelsmd-  the ESR signal, is a matter of strong debate. The original
ing arrangements? In the a-Si network, however, any de- idea is that the hyperfine splitting is produced by the un-
viation in the bulk from fourfold coordination constitutes an paired electron spin localized on a threefold-coordinated
intrinsic defect. Common sense dictates that the surface layetom, most commonly referred to as a “dangling bond”
is a natural place, and a nucleation center, for overconcen(DB).® An alternative interpretation was given by Pantelides
tration of atoms with non-fourfold coordination. The crucial who proposef that the ESR signal could as well be ex-
task is to clearly distinguish in the nontetrahedral atomsplained by the existence of fivefold-coordinated atoms,
those that form the natural reconstruction of the surfacecalled “floating bonds”(FB) due to their expected less lo-
Such atoms cannot be considered as defects with the usuealized wave functions, and who gave arguments that the FB
meaning that we give to the bulk intrinsic defects. A firstcould also explain the measured defect diffusion activation
naive picture of the unrelaxed amorphous surface would reenergies in hydrogenateatSi® Related experimental work
quire many undercoordinated atoms in the plane terminatingave support to this possibili® assuming significant lo-
the bulk network, most of them twofold coordinated. Thesecalization on one of the atoms, but the vast majority of ex-
would act as defects producing a large number of electroperimental work up to-date interprets the ESR signal as a DB
surface states in the energy gap of the material. The recomvith backbond weakenint}.

struction of this terminal layer is expected to lower the sur- On the other hand, every theoretical simulational work on
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a-Si that we know of, independently of the energy functionalrelaxed by Fedderst al,?* by removing the periodicity in
used to describe the interatomic interactions, predicts the exone dimension. They found that the surface consists of a
istence of both types of native defects, the relative ratio ofmixture of threefold and fivefold atoms, with threefold atoms
them being varied from case to case. Using Monte Carldeing more numerous, but they did not actually focus on the
simulations and two well known empirical potentigi$*Ke-  specific reconstruction of the surface. They considered the
lires and Tersoff suggest¥tthat the dominant native defect Surface region as being the layer with thickness 5.3 A below
is the FB, being more numerous than the DB, because it hd§€ top atom. This is a large portion of the size of the 216-
a lower formation energy in tha-Si network. Other simula- &t0m cell, and so surface and bulk behavior are mingled up.

tions based on empirical potentials also consistently findVe address these points by making a clear analysis of the
more FB's than DB'$5-Y7 Simulations based on a recently spatial distribution of atoms with different coordination as a

introduced empirical potentf&t'® find practically only function (_)f depth, from the topmost surface atoms to the
FB's2% Quantum-mechanical simulations of varying accu-Nner regions of our cells. There is also a recent work that
racy also predict the presence of FB'$2 Even the most reported preliminary studies of the problémWe discuss

accurateab initio simulational approach, the Car-Parrinello SOCMe Of its conclusions below.
molecular dynamics techniq@@,produces a considerable
fraction of FI_B’S in the amorphous netvyo%ﬂ(An effort was Il METHODOLOGY
made to decide between the two possible candidates for the
ESR active defect by calculating the hyperfine splittings with  We treat the interatomic interactions in ta&Si networks
tight-binding calculation®2% but the results are not conclu- in two levels of accuracy. For the generation of the amor-
sive. phous structures we use the empirical potential approach.

As the issue stands now and in order to be fair to bothThis is in principle less accurate than usklginitio or tight-
points of view we could say that, independently of whetherbinding approaches due to the lack of quantum-mechanical
dangling or floating bonds are the ESR active centers, ther@escription. On the other hand, advantages of this method are
arein principle two possible structural deviations from local the simplicity, the much greater statistical precision, and the
tetrahedral geometry ia-Si. Following this reasoning, we use of larger cells, which compensate in part the sacrifice in
attempt in this paper to investigate the surface structure aficcuracy. This is important in the present case where we
a-Si and shed some light into its reconstruction, identifyingneed large cells, deep enough to separate surface and bulk
the local configurations that prevail on the surface. We exbehavior. For the calculation of the electronic properties and
amine the influence that surface geometries have on the elette EDOS of the structural models produced with the first
tronic density of state$EDOS), especially in the band-gap approach, we use the tight-binding method.
region near the Fermi level. The nature of gap states will Our aim is to uncover the general trends in the qualitative
allow us to check whether different nontetrahedral surfacelescription of surface geometries, and their corresponding
geometries can be identified and distiguished. Such informaDOS, and so to distinguish betweeen possible surface re-
tion is useful in order to guide experimental efforts for aconstructions. We make a comparative study of different sur-
fundamental microscopic study afSi surfaces, that is pres- face structural models produced by three well-known empiri-
ently lacking. For this purpose, we do a comparative study otal potentials. The two of them, Tersoff’sand Stillinger and
different structural models prepared and/or relaxed withWeber's'® have been extensively used in the literature. They
three well known empirical potentials, and we calculate theipossess well known strengths and weaknessess. The third
EDOS within the tight-binding scheme. potential has been recently introduced by Bazant and

At present, we concentrate on a detailed analysis of th&axiras® and co-worker$??° This potential is termed EDIP
surface structure of cleamSi. We consider the understand- (environment-dependent interatomic potentiilretains in a
ing of the elemental system vital before addressing the sutarge extent the functional form of the SW potential, like the
face properties of hydrogenated amorphous sili@Bj:H, two-body term and the radial function of the three-body
for various reasons. For example, there is a need to elucidaterm, but with several modifications to account for changes
the characteristics of nontetrahedral configurations near thi@ the local atomic environment. It is reported that it can
surface discontinuity, since hydrogen incorporation or evoluproduce a high quality-Si bulk structure by direct quench-
tion is taking placevia this environment. A better under- ing from the liquid phasé® contrary to the SW potential
standing of the nature of such configurations will help towhich produces a reasonable structure only after artificially
approach the issue @ Si:H, where the role of defects is still strengthening the three-body interaction during the quéhch.
unclear. Also, the pure surface provides a crucial and probThere are three parametrizations of the Tersoff potential for
ably better benchmark, compared to bulk calculations, foiSi. We use the third on€l'3) that describes the elastic prop-
the identification of the possible non-fourfold coordinations.erties of Si reasonably accurately. In their sttfdgf a-Si

We have found only two previous simulationsa8i sur-  Kelires and Tersoff used the second parametrization, which
faces in the literature. Kiliaet al?” used a methdd incor-  gives however a not as good description of the elastic con-
porating a non-self-consistent versfor® of density func- stants. We have checked that the main conclusion of that
tional theory within the local density approximation, and work, namely that FB's have lower formation energies than
tight-binding-like local atomic orbitals to expand the wave DB’s, is still valid with T3.
function. They created a surface model starting from the The present investigations are based on continuous-space
Wooten-Waire-Winett (WWW) 216-atom cell ofa-Si, as  Monte Carlo(MC) simulations. The underlying statistical en-
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semble is the isobaric-isothermaN,(P,T) ensemble, in discontinuity. For this purpose, we follow a second proce-
which equilibration of a given structure is performed underdure to generate the Si surface networks, in the same way
conditions of constant number of atorhsin the system, used earlier by Kilianet al?” We start with the WWW
constant pressure, and constant temperatufe These con- modef! of a-Si, which is a completely tetrahedral network
ditions are the most appropriate as they mimic usual experieonstructed from the diamond lattice by a bond-switching
mental conditions in the laboratory. The implementation ofmechanism. We use both 512-atom and 4096-atom cells to
this ensemble for MC simulations is done through the Me-check for size effects. The latter cells are much larger than
tropolis algorithn™> We have two types of moves: random those used befor€,and are thick enough to separate surface
atomic displacementss{—s’N), wheresN is symbolic for ~ from bulk behavior. These specific bulk WWW cells have
the 3N scaled atomic coordinates in the cell, andbeen constructed by Djordjeviet al3” To form the surface
volume change¥’—V’'. These moves are accepted with aenvironment we remove the periodicity in one dimension,
probability going from an infinite bulk to an infinite slalgActually, the
cells are also periodic in the third direction, but a vacuum
Pace=min[ 1,exg — BAW) ]~e AWksT (1)  region on top and below is introduced, which is thick enough
so that atoms on the top do not interact with atoms on the
where bottom. This creates many twofold- and threefold-
NN , , coordinated atoms on the two as-formed surfaces because of
AW=AU gisp(s"—8"") + P(V' = V) = NkgT In(V'/V). the missing neighbors. The cells are then relaxed using the
2 empirical potentials by heating them up to 800 K and subse-

AUygqp is the change in potential energy due to the atomicduently cooling them slowly to 300 K. The annealing pro-

displacements both during the random moves and the volides the necessary energy for the atoms on the surfaces to
ume changes. The volume involving ternfhe last two rebond and reconstruct. In both the quenched slabs and the

termg operate only during the volume changes. WWW slabs we retain the two surfaces for improved statis-

We use two different procedures for the generation of thdiCS: instead of fixing the atoms in the “bottom.” In what
amorphous networks. The first approach is direct quenchinf!lows, the reported properties are averaged over the two
from the melt. This is the most commonly used simulationaSurfaces, except where it is noted otherwise. _
method for the generation of amorphous semiconductor The cutoff dlstanc_es for |dent|fy_|ng_the first nearest neigh-
structures due to its simplicity. The networks formed thisbors apd 'thu.s the dlffere.nt coordinations are_extracted from
way can simulate-Si structures prepared in the laboratory the pair distribution functiong(r) calculaped with _thg three
by the method of laser quenchiftydespite that the quench- Potentials at 300 Kinot shown. The maximum Si-Si bond
ing rates used in the simulations are much faster than in th€ngths are equal to the first deep minimum in gte). For
experiment. Because of the fast quenching rates, it has be@ll three potentials there is a well defined region wige)
often argued that the production of fivefold defects during!S Z€ro, and the cutoff distance is taken to be in the middle of
the simulations is an artifact of the liquid quench method. Inthat. It ranges between 2.85-2.9 A. Only rarely an atom can
other words, the overcoordinated liquidlike local geometriegluctuate from a threefold, or a fivefold, to a fourfold char-
freeze into the supercooled glassy structure when rapidiicter andvice versaThe vast majority of nontetrahedral at-
passing through the glass transition temperature during th@ms are well defined. .
quench(let us recall that the liquid has an average coordina- For the study of the electronic structure of the amorphous
tion number of~6.4). This argument can only be used to Surface models that are produced by the empirical potentials,
explain theexcessivaumber of defects in the network. It is W€ carry out static tight-binding calculations. Specifically,
not valid in general because FB's are also generated wheff€ Use the environment-dependent tight-binding potential
relaxing/annealing ideal tetrahedral CRN modelse below  for Si of Wang, Pan, and H8, which goes beyond the two-
with either empirical orb initio methods. center approximation and allows the tight-binding param-

In the liquid quench method the networks are generated i§ters to scale according to the bonding environment. In this
the following way: we start with a crystalline slab supercellWay the effects of nonorthogonality and multicenter interac-
of 750 atoms with two free surfaces. Periodic boundary contions are effectively introduced. The parameters were deter-
ditions in the lateral directions are applied to the cell. TheMined by fitting to the electronic band structures and the
initial configuration is liquified and equilibrated at 3000 K. A cohesive energy versus volume curves of various bulk struc-
number of amorphous networks are formed by quenchingures of Si. For the calcu!atlons to be feasible, we use the
this liquid structure to 300 K with cooling rates up t0185 WW surface models with 512 atoms and the quenched
(MC stepg/atom K. During melting and quenching the slab Surface models with 750 atoms.
supercells are put under slight pressure300 bars) to con-

tain the liquid. After quenching the pressure is removed and Il. RESULTS AND DISCUSSION
the cell densities are equilibrated.
We would like to completely bypass the problem of the A. Structure and energetics

fast/slow quenching rates in the simulations and the associ-
ated with it density of defects. Instead, we wish to concen-
trate our attention to the issue of the instability of the tetra- We first examine the surface models generated from the
hedral amorphous structure in the presence of the surfad®WW bulk models by effectively removing the periodicity

1. WWW-formed cells
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TABLE |. Relaxation-reconstruction energetics of the surface
layer and of the inner bulk portions of the “cleaved” 4096-atom
WWW cells using the T3, SW, and EDIP potentials. Energies are in
eV/atom.

(a)

T3 SW EDIP
Unrelaxed surface —3.872 —3.802 —3.990
Relaxed surface —3.987 —3.983 —4.228
AESurt —-0.115 —-0.181 —0.238 0 )
Unrelaxed bulk —4.398 —4.386 —4.441
Relaxed bulk —4.404 —4.397 —4.444
AEPuk —0.006 —-0.011 —0.003

itrary units)

in one dimension. In this process, there is a significant gainge

in energy when the network relaxes and reconstructs, espe®,

cially near the surface. To probe the surface energetics an—

separate it from that of the bulk, we rely on the concept of &=

local atomic energies. As shown previou¥y® the empiri- A~ 0

cal formalism embodied in the T3 and SW potentials allows

for the decomposition of the total energy into atomic contri-

butions. Quite similarly to the SW case, such a decomposi-

tion can be applied to the EDIP total energies. We considet

the surface region as having a width-e## A (the explana-

tion for this choice and a graphical presentation is given in

the following. From the atomic energies within this thin

surface region we compute an average surface energy. W

find an energy gain of 0.12 eV/atom when the surface recon- 0

structs with the T3 potential, while the bulk energy géial-

culated by considering in an analogous way the bulk, inner E(eV)

atoms is only 6 meV/atom. This shows that the relaxation-

reconstruction is confined in the surface region. For the SW FIG. 1. Probability distributions of atomic energies in a thin

potential the surface energy gain is somewhat larger, whiléurface layer having a width of 4 A prigsolid lines and after

the EDIP potential yields the largest energy gain. Table | listddashed linesrelaxation-reconstruction, calculated using tReT 3,

the relevant values calculated using the 4096-atom cells. Thé) EDIP, and(c) SW potentials. In all three cases, 4096-atom slab

512-atom cells give similar results. For all three potentialsce!ls generated from the WWW bulk models are used.

the bulk energy is~—4.4 eV/atom, 0.2 eV/atom higher

than the crystalline cohesive energy. involving threefold atomsthe latter are also formed by the
Another way of looking at the process is to analyze theremoval of periodicity. There are no fivefold atoms contrib-

distributions of atomic energies in the cells. A distribution of yting to the distributions at this stage.

atomic energies can be generated by computing the probabil- | the final spectrum of energies, following relaxation and

ity density of finding the atoms in the cells having a local rgconstruction, the common characteristic in all cases is the

(atomio energyE;. We focus our attention to the surface (3jmos) disappearance of the twofold-atom peak, since such

region where the relaxation effect is maximal. Figure 1n,ntetrahedral coordinations have too high atomic energies

shows the resulting distributions of the atomic ENErYI®Yy pe stable ingredients of the surface. There are, however,

within the thin surface layers of the 4096-atom cells usmgsigniﬁcant differences regarding the other two peaks. In the

the three potentials, both before allowing surface reIaxationT3 case. the fourfold peak widens and becomes less intense
i.e., for the as-formed surfaces, and after surface relaxation ’ P ’

and reconstructionAnalysis of the corresponding distribu- while its position remains unaltered. The threefold peak be-

tions from the 512-atom cells shows exactly the same trend%Omes more intense and is slightly shifted tg I_oyver values. In
with only minor modifications, mainly in the intensity of the the gap between the two peaks, observed |n|t|aIIy. before re-
peaks) laxation, energy states now appear that are mainly due to

The initial spectrum is similar in all three cases. It con-Neavily distorted fourfold atoms. In the SW case, a similar
sists of a high probability peak at the low-energy end;-at situation occurs with the two peaks retaining their distinct
—4.4 eV, which arises mainly from fourfold atoms in the nature, though the fourfold peak is more widened and shifted
thin layer, of a peak at the high-energy end, higher thanto higher values, and the threefold peak is more sharpened.

—3 eV, arising from twofold-coordinated atoms that are ar-The energy states in the gap are due to heavily distorted
tificially formed by the removal of periodicity, and of a fourfold atoms, but also due to some fivefold atoms created

middle wide-spread peak arising mainly from configurationsby the reconstruction.

ar

-5 -4.5 -4 =3.5 -3 -2.5 -2
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The remarkable finding in the EDIP case is the merging of
the two peaks into one broad, single peak centered- at (@)
—4.2 eV, considerably higher than the peak energies of
regular fourfold geometries in the network. This effect is the

result of the generation of numerous fivefold atoms in the O 2

; i - - RN\ ATS
surface region(details are given belowthat are strongly R 4 Z N1 2Pk
mixed up with distorted fourfold surface geometries, while eﬁi . 3 \:

the threefold atoms disappear. This indicates a major rear OGX
rangement at the surface, and it is consistent with the findinc
that the EDIP potential yields the largest surface energy gain i' =)
Note that the presence of the environment-dependent term

in the EDIP potential produces a more continuous distribu- ’./Ei\!'
tion of energies when geometries with different coordination "
interact.

The interpretation of the above results, based on the en ®
ergetics of the surface reconstruction, becomes more trans |y
parent and visualized by the graphical inspection of the mod- e
els and the associated coordination statistics. Ball and stict [§
representations of the three different slab models produce(
by the T3, EDIP, and SW potentials are portrayed in Figs. ‘.‘,3
3, and 4, respectively. We display the smaller mod8ik2 i
atoms for clarity. We remind the reader that the structures
have been produced by annealing at 800 K and subsequel
quenching to 0 K. Both the side and top views of the slab
models lead to an immediate observation: in the case of th
T3 potential, primarily, and of the SW potential, in a lesser (L
degree, the original as-formed WWW surface reconstructs @;%
into a threefold-rich network, especially in the topmost ’gh““.'/
“rough” surface layer. The basic units in this surface net-
work are dimers and chainlike structures composed of three
fold atoms. The network connectivity is established by bond-
ing these units to fourfold atoms that lie, in general, below
the topmost threefold atoms. Rings of different sizes are
found on the surface. There are some sixfold rings and many()
fivefold rings composed mainly of threefold atoms. There are |I
also rings of larger size, one of them in the T3 surface being
composed of thirteen atoms.

Remarkably, the picture shown by the model produced by
the EDIP potential is vastly different. The surface layer is
composed of fourfold and fivefold atoms, while threefold
atoms are rarely found. The local geometries formed by the
fivefold atoms resemble “hat” or “domed” units in which
such atoms have a tendency to cluster. The topmost fivefolc
atoms, especially, have a quite different structure than FB’s
in the bulk, since they are located by necessity at the apex o
the pyramidal units. Such a surface structure is unique. Pre
vious preliminary studies by Bernsteiet al3? using the
EDIP potential reported such a possibility, but only for cells

formed by liquid quenching. Their “cleqved Sampl_es',” hovy— FIG. 2. Graphical representation of the 512-atom slab cell gen-
ever, formed from bulk cells by removing the periodicity in oated from the WWW bulk model using the T3 potential. Dark
one direction, as done here, had surface regions composedflfeq circles show threefold-coordinated atoms, gray filled circles
fourfold and threefold atoms, with few fivefold atoms, in genote fivefold atoms, and open circles show fourfold atofas.
apparent disagreement with our results. This discrepancy iside view of the whole celi(b) Side view of the top surface layer
cleared out by noting that these authors did not relax/anneslaving a width of 4 A (c) View from the top of the surface layer.
the slab cells at elevated temperatures, as we did, but they

just relaxed the as-formed structures at low temperaturesvith many undercoordinated atorhwith energetics shown
Obviously, the surface is not well equilibrated this way and itin Fig. 1(b), solid line]. Annealing provides the necessary
is locked in the local minima of the potential. Actually, their energy to get out of this minima and reach the surface global
reported structure is what we call here “as-formed” structureminimum for the EDIP potential.

h<of Al an N e (b)
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FIG. 3. Graphical representation of the 512-atom slab cell gen- FIG. 4. Graphical representation of the 512-atom slab cell gen-
erated from the WWW bulk model using the EDIP potential. Dif- erated from the WWW bulk model using the SW potential. Differ-
ferent coordinations are denoted and panels show the same netwogkt coordinations are denoted and panels show the same network
views as in Fig. 2. views as in Fig. 2.

The coordination statistics for the three slab modelsslabs, the statistics within the thin surface layers of 4 A
(based on 4096-atom cellare given in Table II, and along (both surfaces are taken into accoyrand the statistics of
with the stick and ball representations make the distinctiorbulk WWW models equilibrated with the three potentials for
between the three cases clear. There are three entries for easmparison with the slab models. In the T3 case, the percent-
potential in the table, namely the overall statistics in theage of threefold atoms in the whole slab~+¥ % and this is
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TABLE Il. Coordination statistics of the 4096-atom WWW cells ;
using the T3, SW, and EDIP potentials. For each potential there are : @
three entries. Statistics over the whole slab cells are given in the lef 1
column. Statistics over the thin surface layers (4 A) of the slab
cells are given in the middle. Statistics over the bulk WWW cells
are given in the right column.

T3 SW EDIP

N; 6.8 42.0 0.0 39 241 0.0 04 24 00
N, 91.3 56.8 99.6 774 60.8 91.0 905 64.6 97.3
Ns 19 12 04 187 151 9.0 9.1 330 27

ties (arb. units)

all found in the surface where it composes 42% of the atoms=
We prefer not to name these atoms as DB'’s, but rather as th-2
natural nontetrahedral coordination induced by the surface &
discontinuity. The percentage of fivefold atoms #2%.
Most of them are found in the inner regions of the cell. In the
EDIP case, the total percentage of fivefold atoms-i8%.
Most of these atoms~80%) are found in the surface layer,
being one third of the total number of surface atoms. In the
SW case, we have an intermediate situation. In total, the
percentage of threefold atoms-is4% and they are all found
in the surface, as in the T3 case, being 24% of the total
number of surface atoms. The total percentage of fivefold
atoms is~19%, most of which (90%) are found in the inner
regions of the cell. There is an increased percentage of five
fold atoms in the surface region (15% of the total number of 0
surface atomscompared to the T3 case, but still they are less
than the threefold atoms and, most importantly, lie below the Depth Z (A)
topmost atoms.

Among the three models, the most stable structure upon FIG. 5. Position probabilities of threefold-coordinatésblid
the removal of periodicity and generation of the surface dis{ines) and fivefold-coordinate(tashed linesatoms as a function of
continuity is the T3 model with 91.3% tetrahedral coordina-the distance from the slab center, at zero, toward the two surfaces,
tion. Slightly less stable is the EDIP model with 90.5% tet-calculated using théa) T3, (b) EDIP, and(c) SW potentials. In all
rahedral coordination. Their marked difference is in thethree cases, 4096-atom slab cells generated from the WWW bulk
dominant type of nontetrahedral coordination formed, the T3nodels are used.
favoring threefold coordination, especially at the surface,
while the EDIP favors fivefold coordination. Less stable ising the position probabilities of these atoms. These are de-
the SW model with only 77% tetrahedral coordination. fined formally as the atomic position densities of states

It is interesting to compare this picture with the coordina-P(z)=dN/dz, wheredN is the number of threefold or of
tion statistics of bulk WWW modelgthird column of each fivefold sites lying in the vertical position interval between
potential entry in Table )Ithat have been relaxed with the andz+dz The resulting distributions for the three models
three potentials at 800 K and subsequently quenched to 0 Kare shown in Fig. 5. The center of the slabs is taken as the
The prominent characteristic of this analysis is that in allorigin of thez axis. It is clear that in the T3 case shown in
three cases the percentage of threefold atoms is zero, whifgnel(a) the probability of finding threefold atoms is sharply
that of fivefold atoms is not. The observation that the relaxpeaked at the surfaces, while in the EDIP case shown in
ation of a completely tetrahedral structure, such as theanel(b) it is the fivefold probability that is peaked at the
WWW CRN model, results in the generation of fivefold de- surfaces. In the SW case, we have maximum threefold prob-
fects leads us to conclude that the fivefold geometry is noability at the surfaces, as for T3, but we also observe peaks
just an artifact of the liquid quench method, as is often ar{from fivefold atoms near the surface layers. Overall, the five-
gued, but it rather is an intrinsic ground state property of thdold probability in the inner parts of the cell is higher in the
bulk amorphous network. Again, the most stable bulk modeSW case. Figure 5 also provides us with the choice for the
is the T3 structure with 99.6% tetrahedral coordination, fol-thickness of the surface layer (4 A) used above. It is appar-
lowed by the EDIP model with 97.3%, while the SW model ent that the thickness of the enriched with non-fourfold at-
has a 91% tetrahedral coordination. oms area in both the T3 and SW cases is about 4 A. For the

A nice way to show how the atoms of nontetrahedral co-EDIP, it is a bit larger, but we stick to 4 A for consistency.
ordinations are distributed in the slab cells, as a function oNone of the important conclusions reached in this subsection
the distance from the two surfaces, is provided by comput- changes if we increase the surface layer thickness.

Position propa
=]
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2. Quenched cells

a

As expected, the cells formed by liquid quenching contain @
a larger fraction of nontetrahedral atoms than the WWW-
formed cells. In order to be consistent and for purposes of
comparison of the structures produced using the three em

pirical potentials, we only prepared cells by direct quenching ®)

from the liquid to 300 K, without any further annealing.
Quenching was carried out for 500 000 MC steps in all three
cases, both for surface slab models as well as for bulk mod
els. For the latter models, we found that direct quenching
using the T3 potential yields 89.6% tetrahedral atoms, 0.2%
DB’s and 10.2% FB'’s. Using EDIP, we found 90.6% tetra-
hedral atoms, no DB’s and 9.4% FB’s. The fraction of tetra-
hedral atoms in this case is somewhat lower than the 95%
reported in Ref. 20, but presumably with a slower quench
this fraction will be reached(This is not important for our
discussion). Using the SW potential, we found only 60% of
atoms to be fourfold-coordinated, the rest being FB’s. This
was expected, since it is well known that without artificially
strengthening the bond angle forces during quenching the
SW potential produces a very defective amorphous structure
We therefore in the following concentrate on the T3 and
EDIP quenched structures.

Despite the similarity in the bulk structures produced by
T3 and EDIP, the surface models differ considerably. For T3, FiG. 6. Side and top views of the surface layer (4 A wjdth
83.5% of the atoms are tetrahedral, 10.5% are fivefolda 750-atom cell produced by liquid quenching using the T3 poten-
coordinated and 6% are threefold-coordinated. For EDIP, th@al. Dark filled circles show threefold-coordinated atoms, gray
analogous fractions are 80%, 19.9%, and 0.1%, respectivelfilled circles denote fivefold atoms, and open circles show fourfold
The latter potential again, as in the WWW-formed cells, pro-atoms.
duces more fivefold-coordinated and many fewer threefold-
coordinated atoms than the T3 potential. More importantly, The fundamental difference between the two pictures
in the T3 case the vast majority of threefold atoms is con-cannot be easily traced in the functional forms of the three
centrated on the surface, while the opposite happens in thempirical potentials used. The difficulty arises because the
EDIP case where the surface is heavily enriched with fivedisordered amorphous environment, especially near the sur-
fold atoms. Side and top views of the two surface models argace discontinuity, puts an additional burden for the compari-
shown in Figs. 6 and 7. These models are very similar to thson of parametrized potential functions that were fitted to
surface structures produced by the first procedure, shown ibulk structures and their properties. It is, however, reason-
Figs. 2 and 3, and we can therefore conclude that the markeable to assume that this dissimilarity is mainly attributed to
difference between the two models is independent of théhe treatment of angular forces, rather than of radial forces,
generation method. by each potential. While the implicit many-body character of

Considering the analogy with crystalline reconstructed Sthe T3 format makes it hard to compare with the other two
surfaces, the T3 amorphous surface model is not unexpectepotentials, a comparison can be made between the SW and
It involves in the top the familiar dimer pairing of underco- EDIP forms. The EDIP two-body term is quite similar to the
ordinated atoms as its fundamental structural unit. On th&W form, but it is modified with an extra function to incor-
other hand, the EDIP surface model involving in the topporate the effect of changes in the local atomic coordination
heavily distorted fivefold geometries is rather surprising. Iton the bond strengtff. More significant is the difference in
seems that threefold configurations in the amorphous phagbe three-body terms, where the radial parts are the same but
with dangling bonds pointing into the vacuum are quitethe angular parts are very different. The EDIP angular func-
costly for the EDIP potential. As pointed out above, the in-tion is strongly dependent on the local coordination and
teresting ingredient in the EDIP picture is a fivefold atomgives a considerably weaker interaction at small angles than
located at the apex of a pyramidal unit composed mainly othe SW form. It seems therefore that this strong dependence
other fivefold atomgsee Figs. 3 and)7The angles involved on the local coordination, that was introduced in the EDIP
in such a configuration are very different from those in aform to capture the transition from covalent bonding to me-
“regular,” bulk FB configuration where the fivefold atom is, tallic bonding, gives rise to the different response of the
more or less, at the center of a spherical shell. We also notemorphous network to the surface discontinuity.
that many of the fourfold atoms in the top surface layer as- At this stage, neither the comparison to the crystalline
sume similar distorted geometries deviating strongly fromcase nor any energetics arguments can allow us to choose
the tetrahedral arrangement. one of the two pictures as the most probable termination of a
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(a) &)

(b)

(b) 4

Electronic density of states (arb. units)

FIG. 7. Side and top views of the surface layer (4 A wjdth
a 750-atom cell produced by liquid quenching using the EDIP po- 0 4- “2 - = "‘2“‘—‘_’5‘;"?“-“"—‘;—"
tential. Different coordinations are denoted as in Fig. 6. -4 -2 -0 -8 - B 0

E (eV)
cleana-Si surface, given the lack of any experimental micro-
scopic input to this matter. The work of Kiliagt al>’ does FIG. 8. Electronic density of states of the bulk WWW model
not shed light into this discrepancy for the reasons mentionetglaxed with the() T3 and (b) EDIP potentials. The solid lines
in the Introduction. We thus proceed to study the eIeCtroni(,ShOW the total EDOS. Dotted, dashed, and dash-dotted lines denote

structure of the models. This can be used as an addition&d€composition of the total EDOS into partial contributions from the
; fourfold-, fivefold-, and threefold-coordinated atoms, respectively.
probe of the surface environment.

states in the gap. The decomposition of the total EDOS into
contributions according to coordination shows that these are
The existence of two distinctly different models for the mainly due to heavily distorted fourfold atoms rather than
surface structure of cleaaSi gives us the opportunity to due to the presence of FBs (2.7%). The latter type of atoms
investigate whether there is a marked dissimilarity in theirgive rise to additional states near the two band edges. We
electronic properties. This can guide experimental work tadiscuss this effect below. Similarly, in the T3 model, the very
distinguish between the two cases, if possible. We are mainlfew FB’s do not introduce any states in the gap, but deep in
aiming at the identification of the electronic signatures ofthe valence and conduction bafitiey are hardly noticed
nontetrahedral configurations in the EDOS. Since the SW The corresponding calculated EDOS of the WWW-
surface model is close to the T3 model, we present in théormed surface models are depicted in Figs. 9 and 10 for the
following the electronic structure of the T3 and EDIP mod-T3 and EDIP cases, respectively. The total EDOS are again
els. decomposed into contributions according to coordination.
As a test of the tight-binding scheme that we use, and’he two models exhibit the same overall behavior in the
before addressing the surface problem, we calculated thealence and conduction bands, but there is a remarkable dif-
electronic DOS of the bulk WWW models that were relaxedference in the EDOS near and within the gap region. While
with the T3 and EDIP potentials, as described above. Thé both cases the introduction of surface gap states is obvi-
EDOS are shown in Fig. 8. In both cases, the valence bandus, when compared to the EDOS of the “generator” cells
consists of two broad regions. The low-energy region isportrayed in Fig. 8, the shape of the profile is distinctly con-
mainly s-type while the high-energy broad peakpdype. trasting. The total EDOS of the T3-WWW model exhibits
The conduction band is nearly featureless. The two modelpeak behavior in the gap in the vicinity of the Fermi level,
differ in the gap region. Expectedly, the T3-WWW model while the total EDOS of the EDIP-WWW model has a mini-
exhibits a clean gap, which is consistent with the nearly permum in the gap. Let us emphasize that the excess DOS are
fect tetrahedral nature (99.6%) of the network. The EDIP-mainly surface states because, as we showed above, the sub-
WWW model, having 97.3% tetrahedral coordination, showsstantial modifications in the WWW models, when going

B. Electronic density of states
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remaining states in the gap originate from heavily distorted
fourfold atoms. Many of these atoms lie in the surface region
/\fvx \A and their distortions are associated with the strain induced by

the layer of threefold atoms on top. The few fivefold atoms,
that lie deeper in the slab cell, do not contribute any states in
the gap.

On the other hand, the contrasting picture of the EDIP-
WWW EDOS is attributed to the lack of any threefold atoms
on the surface. The states in the gap originate mostly from
distorted fourfold atoms and less from the fivefold atoms. In
, fact, the latter contribute more states deep in the top of the

Electronic density of states (arb. units)

e~ ~e/ ‘.\ el valence band and in the bottom of the conduction band,
eI Nt A S -~ o~ . . . . .. . ..
0 LoemazziZIZIZ0 = R et while the distribution has a minimum in the gap, as it is
-14 -12 -10 -8 -6 -4 =2 0 2

clearly depicted in the inset of Fig. 10. A further analysis of
both the fourfold and fivefold distributions shows that most

FIG. 9. Electronic density of states of the surface model gener-Of the states in the gap originate f.rom atom; n th“e th',f‘
ated from the WWW bulk model using the T3 potential. The Fermisurf‘.’jlce layer than from atoms that lie deeper in the “bulk
energy is at zero. The total EDOS is decomposed as in Fig. 8. ThBOft'Of?S _Of the slab_ ceff’
inset shows the EDOS of the threefold atoms further decomposed A similar analysis of the EDOS of the quen_ched cells
into contributions from isolated atonsolid line), dimers(dotted ~ ShOWs exactly the same trends and overall behavior. Also, the
line), and chaingdashed lingwithin and near the band gap. SW models produce expectedly EDOS of a quite similar pro-

file as the T3 models. We conclude that there is a universal
from the infinite bulk to the slab, occur in the thin surface @d fundamental difference between the EDOS of the two
region, and the vast majority of the nontetrahedral atoms argtructural models. This stems from the property of threefold-
generated in this region. coordmat_ed atoms to introduce peak_ed states in the gap near

The analysis according to coordination sheds light into thd"€ Fermi level, and the property of fivefold atoms to induce
origins of this difference. The peak behavianultiple peaks ~More states at the two outer band edges, rather than within
merging into one broad peak centered at the Fermi Jamel the gap. Distorted fourfold atoms also produce more gap
the T3-WWW model originates mostly from the threefold States than fivefold atoms. These are the key findings of our
atoms that are generated after the surface reconstrusgen MVestigations. This picture is in accord with the work of
Fig. 2. Most interestingly, a further decomposition of the Knief et al™ who found a similar behavior of the nontetra-
partial EDOS of the threefold atoms into contributions ac-hedral atoms in thezl?ulk af-Si. Itis also consistent with the
cording to their degree of clusteringiven in the inset of work of Kilian et al“" who found that most of the' localized
Fig. 9), shows that isolated threefold atoms contribute thestates m_the_gap are centered on threefold-coordinated atoms,
most to the peaked states in the gap, while paimers and Iocf'ihzatlon is less for states centered on fourfolq atoms,
chain structures contribute less. Thus, the less “dangling?/hile states centered on fivefold atoms are delocalized.
bond” behavior the smaller the peaked states in the gap. The However, there are seemingly some differences with two
of the previous studies. Bernste@ al.> proposed that the
electronic signatures of threefold and fivefold coordinated
atoms at the amorphous surface are difficult to distinguish.
This apparent disagreement with our results is explained
when taking into account that these authors chose to present
the excess EDOS of their two surface modelse threefold
rich, the other fivefold richwith respect to the amorphous
bulk EDOS, instead of plotting the direct EDOS for each
coordination. We verified that indeed this is the case by plot-
ting the excess EDOS of our models. The difference EDOS
are shown in Fig. 11. We find a very similar difference fea-
ture in the gap as found by Bernste#h al. Therefore, the
distinct signature of the non-fourfold coordinations cannot be
revealed with such analysis.

In the work of Kilian et al,?” who reported a surface

E V) model with roughly equal fractions pf threefold and fivefo[d
atoms, the EDOS do not show a midgap peak. Two possible

FIG. 10. Electronic density of states of the surface model genf€@s0ns could lead to this discrepancy with our findings. Ei-
erated from the WWW bulk model using the EDIP potential. Thether the fivefold contribution hides the peak of the threefold
Fermi energy is at zero. The total EDOS is decomposed as in Fig. &toms, or the resolutiotbroadening in their EDOS washes
The inset shows an enlargement of the region within and near theut this feature. Note that the total percentage of fivefold
band gap, focusing on the fivefold and threefold contributions.  atoms in their cell (4.6%) is significantly higher than ours

E(eV)

Electronic density of states (arb. units)
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amorphous semiconductors, that is to identify the micro-
scopic structural properties afSi surfaces and some of the
associated electronic properties. By using three well known
empirical potentials we ended up at two markedly different
structural models for the surface. We studied the energetics
of surface formation and the details in the structural charac-
teristics of both models, with emphasis on the question about
the dominant type of atoms with nontetrahedral coordination
that enrich the surface.

The first model requires that the surfaceae8i is termi-
nated by threefold and fourfold atoms, with the former oc-
cupying the top positions and forming mostly dimer and
chainlike local geometries. An “as-formed” cleaved surface,
starting from the bulk, that contains many twofold-

E (V) coordinated atoms is unstable and transforms upon annealing
and consequent relaxation-reconstruction into this threefold-

FIG. 11. Excess EDOS of the T3olid ling) and EDIP(dotted  rich surface. The second model, on the other hand, requires
line) surface models, plotted as the difference between the respethat the surface is terminated by fivefold atoms mostly clus-
tive slab cell EDOSportrayed in Figs. 9 and 10, respectivednd  tered in pyramidal units, as well as by fourfold atoms. The
the bulk amorphous EDO&hown in Fig. 8. fivefold atoms in these units are heavily distorted and their

' . topology is different from that of fivefold defects in the bulk.
(1.9%), despite that both cells were generated in the same We have also examined the electronic density of states

way (removing the periodicity in the bulk WWW cejlsThe  associated with the two structural models using the tight-
fourfold network is somewhat less stable under the approxibinding method. We found that the corresponding EDOS dif-
mateab initio method used by thertin total 10.2% nontet- fer substantially within and near the band gap region, be-
rahedral coordination compared to 8.7% found by us cause the two possible nontetrahedral types of atoms have
The different electronic signatures of undercoordinatediistinctive electronic signatures. The threefold surface atoms
and overcoordinated atoms at the amorphous surface, and tpeoduce states in the gap forming peaks in the vicinity of the
resulting dissimilarity of the EDOS in the gap region, canFermi level, the intensity of which depends on the degree of
serve as a guide for careful experimental studies of the mielustering of threefold atoms, while the fivefold surface at-
croscopic structure at the surface and its associated electronigns produce an excess of states at the outer band edges and
properties. The problem is of fundamental interest. Experideeper in the valence and conduction bands. Experimental
mental work with high resolution able to probe locally the work that could probe the EDOS locally at the surface will
surface environment will be very useful. be very useful to distinguish between these two possibilities.

Electronic density of states (arb. units)

-14 =12 -10 -8 -6 -4 -2 0 2
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