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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.

DOI: 10.1103/PhysRevB.64.125413 PACS number~s!: 68.35.Bs, 61.43.Dq, 71.23.Cq, 73.20.At
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I. INTRODUCTION

Knowledge about the surface structure of covalen
bonded amorphous semiconductors is important for the
derstanding of growth mechanisms and deposition proces
since these are determined by the mobility of atoms in
near-surface environment. The central issue concerns
way that atoms at the surface discontinuity relax and rec
struct to relieve the energy cost due to their missing nei
bors. This is also the central problem for crystalline surfac
but the issues are more complicated in the amorphous
because of the presence of a high degree of structural d
der and the loss of orientational symmetry. Even in the c
of amorphous silicon (a-Si!, the most extensively studie
amorphous semiconductor, knowledge about the sur
structure is incomplete.

Contrary to carbon that has the possibility to display
variety of bonding hybridizations (sp1, sp2, and sp3), silicon
naturally can only form singles bonds in the sp3 configura-
tion. So, it is not surprising that thea-C network is a mixed
phase of all three hybridizations, depending on density,
that its surface has a tendency to form graphitelike sp2 bond-
ing arrangements.1,2 In the a-Si network, however, any de
viation in the bulk from fourfold coordination constitutes a
intrinsic defect. Common sense dictates that the surface l
is a natural place, and a nucleation center, for overconc
tration of atoms with non-fourfold coordination. The cruci
task is to clearly distinguish in the nontetrahedral ato
those that form the natural reconstruction of the surfa
Such atoms cannot be considered as defects with the u
meaning that we give to the bulk intrinsic defects. A fir
naive picture of the unrelaxed amorphous surface would
quire many undercoordinated atoms in the plane termina
the bulk network, most of them twofold coordinated. The
would act as defects producing a large number of elec
surface states in the energy gap of the material. The re
struction of this terminal layer is expected to lower the s
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face energy and remove the excessive number of de
states from the gap.

The widely accepted model for the structure ofa-Si is the
continuous random network~CRN! model proposed origi-
nally by Polk.3,4 In a random network structure the numb
of nearest neighbors of every atom is such that satisfies
atom’s chemical valence. Thus, fora-Si the Polk model re-
quires that each atom has four neighbors arranged in a t
hedral sp3 geometry. Bond lengths are distributed about th
crystalline values with deviations of a few percent from t
average value. Similarly, bond angles are distributed ab
the tetrahedral angle with average deviations of;610°.
Randomness in the network results from a statistical dis
bution of dihedral angles. Deviations from the CRN mod
are a long-standing issue in the field of amorphous semic
ductors, and discussions about the intrinsic defects ina-Si
have been quite controversial.

The experimental signature of the intrinsic defect ina-Si
is the hyperfine line-splitting observed in electron spin re
nance~ESR! measurements, arising from the interaction
an unpaired electron spin with a29Si nuclear spin.5 The in-
terpretation of this experimental fact, regarding the origin
the ESR signal, is a matter of strong debate. The orig
idea is that the hyperfine splitting is produced by the u
paired electron spin localized on a threefold-coordina
atom, most commonly referred to as a ‘‘dangling bon
~DB!.6 An alternative interpretation was given by Pantelid
who proposed7 that the ESR signal could as well be e
plained by the existence of fivefold-coordinated atom
called ‘‘floating bonds’’~FB! due to their expected less lo
calized wave functions, and who gave arguments that the
could also explain the measured defect diffusion activat
energies in hydrogenateda-Si.8 Related experimental work
gave support to this possibility,9,10 assuming significant lo-
calization on one of the atoms, but the vast majority of e
perimental work up to-date interprets the ESR signal as a
with backbond weakening.11

On the other hand, every theoretical simulational work
©2001 The American Physical Society13-1
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a-Si that we know of, independently of the energy function
used to describe the interatomic interactions, predicts the
istence of both types of native defects, the relative ratio
them being varied from case to case. Using Monte Ca
simulations and two well known empirical potentials12,13Ke-
lires and Tersoff suggested14 that the dominant native defec
is the FB, being more numerous than the DB, because it
a lower formation energy in thea-Si network. Other simula-
tions based on empirical potentials also consistently fi
more FB’s than DB’s.15–17 Simulations based on a recent
introduced empirical potential18,19 find practically only
FB’s.20 Quantum-mechanical simulations of varying acc
racy also predict the presence of FB’s.21,22 Even the most
accurateab initio simulational approach, the Car-Parrinel
molecular dynamics technique,23 produces a considerabl
fraction of FB’s in the amorphous network.24 An effort was
made to decide between the two possible candidates fo
ESR active defect by calculating the hyperfine splittings w
tight-binding calculations,25,26 but the results are not conclu
sive.

As the issue stands now and in order to be fair to b
points of view we could say that, independently of wheth
dangling or floating bonds are the ESR active centers, th
are in principle two possible structural deviations from loc
tetrahedral geometry ina-Si. Following this reasoning, we
attempt in this paper to investigate the surface structure
a-Si and shed some light into its reconstruction, identifyi
the local configurations that prevail on the surface. We
amine the influence that surface geometries have on the
tronic density of states~EDOS!, especially in the band-ga
region near the Fermi level. The nature of gap states
allow us to check whether different nontetrahedral surf
geometries can be identified and distiguished. Such infor
tion is useful in order to guide experimental efforts for
fundamental microscopic study ofa-Si surfaces, that is pres
ently lacking. For this purpose, we do a comparative study
different structural models prepared and/or relaxed w
three well known empirical potentials, and we calculate th
EDOS within the tight-binding scheme.

At present, we concentrate on a detailed analysis of
surface structure of cleana-Si. We consider the understand
ing of the elemental system vital before addressing the
face properties of hydrogenated amorphous silicon,a-Si:H,
for various reasons. For example, there is a need to eluci
the characteristics of nontetrahedral configurations near
surface discontinuity, since hydrogen incorporation or evo
tion is taking placevia this environment. A better under
standing of the nature of such configurations will help
approach the issue ina-Si:H, where the role of defects is sti
unclear. Also, the pure surface provides a crucial and pr
ably better benchmark, compared to bulk calculations,
the identification of the possible non-fourfold coordination

We have found only two previous simulations ofa-Si sur-
faces in the literature. Kilianet al.27 used a method28 incor-
porating a non-self-consistent version29,30 of density func-
tional theory within the local density approximation, an
tight-binding-like local atomic orbitals to expand the wa
function. They created a surface model starting from
Wooten-Waire-Winer31 ~WWW! 216-atom cell ofa-Si, as
12541
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relaxed by Fedderset al.,22 by removing the periodicity in
one dimension. They found that the surface consists o
mixture of threefold and fivefold atoms, with threefold atom
being more numerous, but they did not actually focus on
specific reconstruction of the surface. They considered
surface region as being the layer with thickness 5.3 Å be
the top atom. This is a large portion of the size of the 21
atom cell, and so surface and bulk behavior are mingled
We address these points by making a clear analysis of
spatial distribution of atoms with different coordination as
function of depth, from the topmost surface atoms to
inner regions of our cells. There is also a recent work t
reported preliminary studies of the problem.32 We discuss
some of its conclusions below.

II. METHODOLOGY

We treat the interatomic interactions in thea-Si networks
in two levels of accuracy. For the generation of the am
phous structures we use the empirical potential approa
This is in principle less accurate than usingab initio or tight-
binding approaches due to the lack of quantum-mechan
description. On the other hand, advantages of this method
the simplicity, the much greater statistical precision, and
use of larger cells, which compensate in part the sacrific
accuracy. This is important in the present case where
need large cells, deep enough to separate surface and
behavior. For the calculation of the electronic properties a
the EDOS of the structural models produced with the fi
approach, we use the tight-binding method.

Our aim is to uncover the general trends in the qualitat
description of surface geometries, and their correspond
EDOS, and so to distinguish betweeen possible surface
constructions. We make a comparative study of different s
face structural models produced by three well-known emp
cal potentials. The two of them, Tersoff’s33 and Stillinger and
Weber’s,13 have been extensively used in the literature. Th
possess well known strengths and weaknessess. The
potential has been recently introduced by Bazant a
Kaxiras18 and co-workers.19,20This potential is termed EDIP
~environment-dependent interatomic potential!. It retains in a
large extent the functional form of the SW potential, like t
two-body term and the radial function of the three-bo
term, but with several modifications to account for chang
in the local atomic environment. It is reported that it c
produce a high qualitya-Si bulk structure by direct quench
ing from the liquid phase,20 contrary to the SW potentia
which produces a reasonable structure only after artificia
strengthening the three-body interaction during the quenc34

There are three parametrizations of the Tersoff potential
Si. We use the third one~T3! that describes the elastic prop
erties of Si reasonably accurately. In their study14 of a-Si
Kelires and Tersoff used the second parametrization, wh
gives however a not as good description of the elastic c
stants. We have checked that the main conclusion of
work, namely that FB’s have lower formation energies th
DB’s, is still valid with T3.

The present investigations are based on continuous-s
Monte Carlo~MC! simulations. The underlying statistical en
3-2
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STRUCTURAL MODEL OF AMORPHOUS SILICON SURFACES PHYSICAL REVIEW B64 125413
semble is the isobaric-isothermal (N,P,T) ensemble, in
which equilibration of a given structure is performed und
conditions of constant number of atomsN in the system,
constant pressureP, and constant temperatureT. These con-
ditions are the most appropriate as they mimic usual exp
mental conditions in the laboratory. The implementation
this ensemble for MC simulations is done through the M
tropolis algorithm.35 We have two types of moves: rando
atomic displacements (sN→s8N), wheresN is symbolic for
the 3N scaled atomic coordinates in the cell, a
volume changesV→V8. These moves are accepted with
probability

Pacc5min@1,exp~2bDW!#;e2DW/kBT, ~1!

where

DW5DUdispl~sN→s8N!1P~V82V!2NkBT ln~V8/V!.
~2!

DUdispl is the change in potential energy due to the atom
displacements both during the random moves and the
ume changes. The volume involving terms~the last two
terms! operate only during the volume changes.

We use two different procedures for the generation of
amorphous networks. The first approach is direct quench
from the melt. This is the most commonly used simulatio
method for the generation of amorphous semicondu
structures due to its simplicity. The networks formed th
way can simulatea-Si structures prepared in the laborato
by the method of laser quenching,36 despite that the quench
ing rates used in the simulations are much faster than in
experiment. Because of the fast quenching rates, it has
often argued that the production of fivefold defects dur
the simulations is an artifact of the liquid quench method.
other words, the overcoordinated liquidlike local geometr
freeze into the supercooled glassy structure when rap
passing through the glass transition temperature during
quench~let us recall that the liquid has an average coordi
tion number of;6.4). This argument can only be used
explain theexcessivenumber of defects in the network. It i
not valid in general because FB’s are also generated w
relaxing/annealing ideal tetrahedral CRN models~see below!
with either empirical orab initio methods.

In the liquid quench method the networks are generate
the following way: we start with a crystalline slab superc
of 750 atoms with two free surfaces. Periodic boundary c
ditions in the lateral directions are applied to the cell. T
initial configuration is liquified and equilibrated at 3000 K.
number of amorphous networks are formed by quench
this liquid structure to 300 K with cooling rates up to;185
~MC steps!/atom K. During melting and quenching the sla
supercells are put under slight pressure (;300 bars) to con-
tain the liquid. After quenching the pressure is removed a
the cell densities are equilibrated.

We would like to completely bypass the problem of t
fast/slow quenching rates in the simulations and the ass
ated with it density of defects. Instead, we wish to conc
trate our attention to the issue of the instability of the tet
hedral amorphous structure in the presence of the sur
12541
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discontinuity. For this purpose, we follow a second proc
dure to generate thea-Si surface networks, in the same wa
used earlier by Kilianet al.27 We start with the WWW
model31 of a-Si, which is a completely tetrahedral netwo
constructed from the diamond lattice by a bond-switch
mechanism. We use both 512-atom and 4096-atom cell
check for size effects. The latter cells are much larger th
those used before,27 and are thick enough to separate surfa
from bulk behavior. These specific bulk WWW cells ha
been constructed by Djordjevic´ et al.37 To form the surface
environment we remove the periodicity in one dimensio
going from an infinite bulk to an infinite slab.~Actually, the
cells are also periodic in the third direction, but a vacuu
region on top and below is introduced, which is thick enou
so that atoms on the top do not interact with atoms on
bottom!. This creates many twofold- and threefold
coordinated atoms on the two as-formed surfaces becaus
the missing neighbors. The cells are then relaxed using
empirical potentials by heating them up to 800 K and sub
quently cooling them slowly to 300 K. The annealing pr
vides the necessary energy for the atoms on the surface
rebond and reconstruct. In both the quenched slabs and
WWW slabs we retain the two surfaces for improved sta
tics, instead of fixing the atoms in the ‘‘bottom.’’ In wha
follows, the reported properties are averaged over the
surfaces, except where it is noted otherwise.

The cutoff distances for identifying the first nearest neig
bors and thus the different coordinations are extracted fr
the pair distribution functionsg(r ) calculated with the three
potentials at 300 K~not shown!. The maximum Si-Si bond
lengths are equal to the first deep minimum in theg(r ). For
all three potentials there is a well defined region whereg(r )
is zero, and the cutoff distance is taken to be in the middle
that. It ranges between 2.85–2.9 Å. Only rarely an atom
fluctuate from a threefold, or a fivefold, to a fourfold cha
acter andvice versa. The vast majority of nontetrahedral a
oms are well defined.

For the study of the electronic structure of the amorpho
surface models that are produced by the empirical potent
we carry out static tight-binding calculations. Specifical
we use the environment-dependent tight-binding poten
for Si of Wang, Pan, and Ho,38 which goes beyond the two
center approximation and allows the tight-binding para
eters to scale according to the bonding environment. In
way the effects of nonorthogonality and multicenter intera
tions are effectively introduced. The parameters were de
mined by fitting to the electronic band structures and
cohesive energy versus volume curves of various bulk st
tures of Si. For the calculations to be feasible, we use
WWW surface models with 512 atoms and the quench
surface models with 750 atoms.

III. RESULTS AND DISCUSSION

A. Structure and energetics

1. WWW-formed cells

We first examine the surface models generated from
WWW bulk models by effectively removing the periodicit
3-3
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in one dimension. In this process, there is a significant g
in energy when the network relaxes and reconstructs, e
cially near the surface. To probe the surface energetics
separate it from that of the bulk, we rely on the concept
local atomic energies. As shown previously,14,39 the empiri-
cal formalism embodied in the T3 and SW potentials allo
for the decomposition of the total energy into atomic con
butions. Quite similarly to the SW case, such a decomp
tion can be applied to the EDIP total energies. We cons
the surface region as having a width of;4 Å ~the explana-
tion for this choice and a graphical presentation is given
the following!. From the atomic energies within this thi
surface region we compute an average surface energy
find an energy gain of 0.12 eV/atom when the surface rec
structs with the T3 potential, while the bulk energy gain~cal-
culated by considering in an analogous way the bulk, in
atoms! is only 6 meV/atom. This shows that the relaxatio
reconstruction is confined in the surface region. For the
potential the surface energy gain is somewhat larger, w
the EDIP potential yields the largest energy gain. Table I l
the relevant values calculated using the 4096-atom cells.
512-atom cells give similar results. For all three potenti
the bulk energy is;24.4 eV/atom, 0.2 eV/atom highe
than the crystalline cohesive energy.

Another way of looking at the process is to analyze
distributions of atomic energies in the cells. A distribution
atomic energies can be generated by computing the prob
ity density of finding the atoms in the cells having a loc
~atomic! energyEi . We focus our attention to the surfac
region where the relaxation effect is maximal. Figure
shows the resulting distributions of the atomic energ
within the thin surface layers of the 4096-atom cells us
the three potentials, both before allowing surface relaxat
i.e., for the as-formed surfaces, and after surface relaxa
and reconstruction.~Analysis of the corresponding distribu
tions from the 512-atom cells shows exactly the same tre
with only minor modifications, mainly in the intensity of th
peaks.!

The initial spectrum is similar in all three cases. It co
sists of a high probability peak at the low-energy end, at;
24.4 eV, which arises mainly from fourfold atoms in th
thin layer, of a peak at the high-energy end, higher th
23 eV, arising from twofold-coordinated atoms that are
tificially formed by the removal of periodicity, and of
middle wide-spread peak arising mainly from configuratio

TABLE I. Relaxation-reconstruction energetics of the surfa
layer and of the inner bulk portions of the ‘‘cleaved’’ 4096-ato
WWW cells using the T3, SW, and EDIP potentials. Energies ar
eV/atom.

T3 SW EDIP

Unrelaxed surface 23.872 23.802 23.990
Relaxed surface 23.987 23.983 24.228
DEsurf 20.115 20.181 20.238
Unrelaxed bulk 24.398 24.386 24.441
Relaxed bulk 24.404 24.397 24.444
DEbulk 20.006 20.011 20.003
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involving threefold atoms~the latter are also formed by th
removal of periodicity!. There are no fivefold atoms contrib
uting to the distributions at this stage.

In the final spectrum of energies, following relaxation a
reconstruction, the common characteristic in all cases is
~almost! disappearance of the twofold-atom peak, since s
nontetrahedral coordinations have too high atomic ener
to be stable ingredients of the surface. There are, howe
significant differences regarding the other two peaks. In
T3 case, the fourfold peak widens and becomes less inte
while its position remains unaltered. The threefold peak
comes more intense and is slightly shifted to lower values
the gap between the two peaks, observed initially before
laxation, energy states now appear that are mainly due
heavily distorted fourfold atoms. In the SW case, a simi
situation occurs with the two peaks retaining their distin
nature, though the fourfold peak is more widened and shif
to higher values, and the threefold peak is more sharpe
The energy states in the gap are due to heavily disto
fourfold atoms, but also due to some fivefold atoms crea
by the reconstruction.

n

FIG. 1. Probability distributions of atomic energies in a th
surface layer having a width of 4 Å prior~solid lines! and after
~dashed lines! relaxation-reconstruction, calculated using the~a! T3,
~b! EDIP, and~c! SW potentials. In all three cases, 4096-atom s
cells generated from the WWW bulk models are used.
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STRUCTURAL MODEL OF AMORPHOUS SILICON SURFACES PHYSICAL REVIEW B64 125413
The remarkable finding in the EDIP case is the merging
the two peaks into one broad, single peak centered a;
24.2 eV, considerably higher than the peak energies
regular fourfold geometries in the network. This effect is t
result of the generation of numerous fivefold atoms in
surface region~details are given below! that are strongly
mixed up with distorted fourfold surface geometries, wh
the threefold atoms disappear. This indicates a major r
rangement at the surface, and it is consistent with the find
that the EDIP potential yields the largest surface energy g
Note that the presence of the environment-dependent te
in the EDIP potential produces a more continuous distri
tion of energies when geometries with different coordinat
interact.

The interpretation of the above results, based on the
ergetics of the surface reconstruction, becomes more tr
parent and visualized by the graphical inspection of the m
els and the associated coordination statistics. Ball and s
representations of the three different slab models produ
by the T3, EDIP, and SW potentials are portrayed in Figs
3, and 4, respectively. We display the smaller models~512
atoms! for clarity. We remind the reader that the structur
have been produced by annealing at 800 K and subseq
quenching to 0 K. Both the side and top views of the s
models lead to an immediate observation: in the case of
T3 potential, primarily, and of the SW potential, in a less
degree, the original as-formed WWW surface reconstru
into a threefold-rich network, especially in the topmo
‘‘rough’’ surface layer. The basic units in this surface ne
work are dimers and chainlike structures composed of th
fold atoms. The network connectivity is established by bo
ing these units to fourfold atoms that lie, in general, bel
the topmost threefold atoms. Rings of different sizes
found on the surface. There are some sixfold rings and m
fivefold rings composed mainly of threefold atoms. There
also rings of larger size, one of them in the T3 surface be
composed of thirteen atoms.

Remarkably, the picture shown by the model produced
the EDIP potential is vastly different. The surface layer
composed of fourfold and fivefold atoms, while threefo
atoms are rarely found. The local geometries formed by
fivefold atoms resemble ‘‘hat’’ or ‘‘domed’’ units in which
such atoms have a tendency to cluster. The topmost five
atoms, especially, have a quite different structure than F
in the bulk, since they are located by necessity at the ape
the pyramidal units. Such a surface structure is unique.
vious preliminary studies by Bernsteinet al.32 using the
EDIP potential reported such a possibility, but only for ce
formed by liquid quenching. Their ‘‘cleaved samples,’’ how
ever, formed from bulk cells by removing the periodicity
one direction, as done here, had surface regions compos
fourfold and threefold atoms, with few fivefold atoms,
apparent disagreement with our results. This discrepanc
cleared out by noting that these authors did not relax/an
the slab cells at elevated temperatures, as we did, but
just relaxed the as-formed structures at low temperatu
Obviously, the surface is not well equilibrated this way and
is locked in the local minima of the potential. Actually, the
reported structure is what we call here ‘‘as-formed’’ structu
12541
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with many undercoordinated atoms@with energetics shown
in Fig. 1~b!, solid line#. Annealing provides the necessa
energy to get out of this minima and reach the surface glo
minimum for the EDIP potential.

FIG. 2. Graphical representation of the 512-atom slab cell g
erated from the WWW bulk model using the T3 potential. Da
filled circles show threefold-coordinated atoms, gray filled circ
denote fivefold atoms, and open circles show fourfold atoms.~a!
Side view of the whole cell.~b! Side view of the top surface laye
having a width of 4 Å.~c! View from the top of the surface layer
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The coordination statistics for the three slab mod
~based on 4096-atom cells! are given in Table II, and along
with the stick and ball representations make the distinct
between the three cases clear. There are three entries for
potential in the table, namely the overall statistics in t

FIG. 3. Graphical representation of the 512-atom slab cell g
erated from the WWW bulk model using the EDIP potential. D
ferent coordinations are denoted and panels show the same ne
views as in Fig. 2.
12541
s

n
ach
e

slabs, the statistics within the thin surface layers of 4
~both surfaces are taken into account!, and the statistics of
bulk WWW models equilibrated with the three potentials f
comparison with the slab models. In the T3 case, the perc
age of threefold atoms in the whole slab is;7% and this is

-

ork

FIG. 4. Graphical representation of the 512-atom slab cell g
erated from the WWW bulk model using the SW potential. Diffe
ent coordinations are denoted and panels show the same net
views as in Fig. 2.
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all found in the surface where it composes 42% of the ato
We prefer not to name these atoms as DB’s, but rather as
natural nontetrahedral coordination induced by the surf
discontinuity. The percentage of fivefold atoms is;2%.
Most of them are found in the inner regions of the cell. In t
EDIP case, the total percentage of fivefold atoms is;9%.
Most of these atoms (;80%) are found in the surface laye
being one third of the total number of surface atoms. In
SW case, we have an intermediate situation. In total,
percentage of threefold atoms is;4% and they are all found
in the surface, as in the T3 case, being 24% of the t
number of surface atoms. The total percentage of fivef
atoms is;19%, most of which (90%) are found in the inn
regions of the cell. There is an increased percentage of fi
fold atoms in the surface region (15% of the total number
surface atoms! compared to the T3 case, but still they are le
than the threefold atoms and, most importantly, lie below
topmost atoms.

Among the three models, the most stable structure u
the removal of periodicity and generation of the surface d
continuity is the T3 model with 91.3% tetrahedral coordin
tion. Slightly less stable is the EDIP model with 90.5% t
rahedral coordination. Their marked difference is in t
dominant type of nontetrahedral coordination formed, the
favoring threefold coordination, especially at the surfa
while the EDIP favors fivefold coordination. Less stable
the SW model with only 77% tetrahedral coordination.

It is interesting to compare this picture with the coordin
tion statistics of bulk WWW models~third column of each
potential entry in Table II! that have been relaxed with th
three potentials at 800 K and subsequently quenched to
The prominent characteristic of this analysis is that in
three cases the percentage of threefold atoms is zero, w
that of fivefold atoms is not. The observation that the rel
ation of a completely tetrahedral structure, such as
WWW CRN model, results in the generation of fivefold d
fects leads us to conclude that the fivefold geometry is
just an artifact of the liquid quench method, as is often
gued, but it rather is an intrinsic ground state property of
bulk amorphous network. Again, the most stable bulk mo
is the T3 structure with 99.6% tetrahedral coordination, f
lowed by the EDIP model with 97.3%, while the SW mod
has a 91% tetrahedral coordination.

A nice way to show how the atoms of nontetrahedral
ordinations are distributed in the slab cells, as a function
the distancez from the two surfaces, is provided by compu

TABLE II. Coordination statistics of the 4096-atom WWW cel
using the T3, SW, and EDIP potentials. For each potential there
three entries. Statistics over the whole slab cells are given in the
column. Statistics over the thin surface layers (4 Å) of the s
cells are given in the middle. Statistics over the bulk WWW ce
are given in the right column.

T3 SW EDIP

N3 6.8 42.0 0.0 3.9 24.1 0.0 0.4 2.4 0.
N4 91.3 56.8 99.6 77.4 60.8 91.0 90.5 64.6 97
N5 1.9 1.2 0.4 18.7 15.1 9.0 9.1 33.0 2.
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ing the position probabilities of these atoms. These are
fined formally as the atomic position densities of sta
P(z)5dN/dz, wheredN is the number of threefold or o
fivefold sites lying in the vertical position interval betweenz
and z1dz. The resulting distributions for the three mode
are shown in Fig. 5. The center of the slabs is taken as
origin of thez axis. It is clear that in the T3 case shown
panel~a! the probability of finding threefold atoms is sharp
peaked at the surfaces, while in the EDIP case shown
panel ~b! it is the fivefold probability that is peaked at th
surfaces. In the SW case, we have maximum threefold p
ability at the surfaces, as for T3, but we also observe pe
from fivefold atoms near the surface layers. Overall, the fi
fold probability in the inner parts of the cell is higher in th
SW case. Figure 5 also provides us with the choice for
thickness of the surface layer (4 Å) used above. It is app
ent that the thickness of the enriched with non-fourfold
oms area in both the T3 and SW cases is about 4 Å. For
EDIP, it is a bit larger, but we stick to 4 Å for consistenc
None of the important conclusions reached in this subsec
changes if we increase the surface layer thickness.

re
ft

b

FIG. 5. Position probabilities of threefold-coordinated~solid
lines! and fivefold-coordinated~dashed lines! atoms as a function of
the distance from the slab center, at zero, toward the two surfa
calculated using the~a! T3, ~b! EDIP, and~c! SW potentials. In all
three cases, 4096-atom slab cells generated from the WWW
models are used.
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2. Quenched cells

As expected, the cells formed by liquid quenching cont
a larger fraction of nontetrahedral atoms than the WW
formed cells. In order to be consistent and for purposes
comparison of the structures produced using the three
pirical potentials, we only prepared cells by direct quench
from the liquid to 300 K, without any further annealin
Quenching was carried out for 500 000 MC steps in all th
cases, both for surface slab models as well as for bulk m
els. For the latter models, we found that direct quench
using the T3 potential yields 89.6% tetrahedral atoms, 0.
DB’s and 10.2% FB’s. Using EDIP, we found 90.6% tetr
hedral atoms, no DB’s and 9.4% FB’s. The fraction of tet
hedral atoms in this case is somewhat lower than the 9
reported in Ref. 20, but presumably with a slower quen
this fraction will be reached.~This is not important for our
discussion.! Using the SW potential, we found only 60% o
atoms to be fourfold-coordinated, the rest being FB’s. T
was expected, since it is well known that without artificia
strengthening the bond angle forces during quenching
SW potential produces a very defective amorphous struct
We therefore in the following concentrate on the T3 a
EDIP quenched structures.

Despite the similarity in the bulk structures produced
T3 and EDIP, the surface models differ considerably. For
83.5% of the atoms are tetrahedral, 10.5% are fivefo
coordinated and 6% are threefold-coordinated. For EDIP,
analogous fractions are 80%, 19.9%, and 0.1%, respectiv
The latter potential again, as in the WWW-formed cells, p
duces more fivefold-coordinated and many fewer threefo
coordinated atoms than the T3 potential. More importan
in the T3 case the vast majority of threefold atoms is c
centrated on the surface, while the opposite happens in
EDIP case where the surface is heavily enriched with fi
fold atoms. Side and top views of the two surface models
shown in Figs. 6 and 7. These models are very similar to
surface structures produced by the first procedure, show
Figs. 2 and 3, and we can therefore conclude that the ma
difference between the two models is independent of
generation method.

Considering the analogy with crystalline reconstructed
surfaces, the T3 amorphous surface model is not unexpe
It involves in the top the familiar dimer pairing of underc
ordinated atoms as its fundamental structural unit. On
other hand, the EDIP surface model involving in the t
heavily distorted fivefold geometries is rather surprising
seems that threefold configurations in the amorphous ph
with dangling bonds pointing into the vacuum are qu
costly for the EDIP potential. As pointed out above, the
teresting ingredient in the EDIP picture is a fivefold ato
located at the apex of a pyramidal unit composed mainly
other fivefold atoms~see Figs. 3 and 7!. The angles involved
in such a configuration are very different from those in
‘‘regular,’’ bulk FB configuration where the fivefold atom is
more or less, at the center of a spherical shell. We also
that many of the fourfold atoms in the top surface layer
sume similar distorted geometries deviating strongly fr
the tetrahedral arrangement.
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The fundamental difference between the two pictu
cannot be easily traced in the functional forms of the th
empirical potentials used. The difficulty arises because
disordered amorphous environment, especially near the
face discontinuity, puts an additional burden for the compa
son of parametrized potential functions that were fitted
bulk structures and their properties. It is, however, reas
able to assume that this dissimilarity is mainly attributed
the treatment of angular forces, rather than of radial forc
by each potential. While the implicit many-body character
the T3 format makes it hard to compare with the other t
potentials, a comparison can be made between the SW
EDIP forms. The EDIP two-body term is quite similar to th
SW form, but it is modified with an extra function to inco
porate the effect of changes in the local atomic coordinat
on the bond strength.20 More significant is the difference in
the three-body terms, where the radial parts are the same
the angular parts are very different. The EDIP angular fu
tion is strongly dependent on the local coordination a
gives a considerably weaker interaction at small angles t
the SW form. It seems therefore that this strong depende
on the local coordination, that was introduced in the ED
form to capture the transition from covalent bonding to m
tallic bonding, gives rise to the different response of t
amorphous network to the surface discontinuity.

At this stage, neither the comparison to the crystall
case nor any energetics arguments can allow us to ch
one of the two pictures as the most probable termination

FIG. 6. Side and top views of the surface layer (4 Å width! of
a 750-atom cell produced by liquid quenching using the T3 pot
tial. Dark filled circles show threefold-coordinated atoms, gr
filled circles denote fivefold atoms, and open circles show fourf
atoms.
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cleana-Si surface, given the lack of any experimental micr
scopic input to this matter. The work of Kilianet al.27 does
not shed light into this discrepancy for the reasons mentio
in the Introduction. We thus proceed to study the electro
structure of the models. This can be used as an additi
probe of the surface environment.

B. Electronic density of states

The existence of two distinctly different models for th
surface structure of cleana-Si gives us the opportunity to
investigate whether there is a marked dissimilarity in th
electronic properties. This can guide experimental work
distinguish between the two cases, if possible. We are ma
aiming at the identification of the electronic signatures
nontetrahedral configurations in the EDOS. Since the
surface model is close to the T3 model, we present in
following the electronic structure of the T3 and EDIP mo
els.

As a test of the tight-binding scheme that we use, a
before addressing the surface problem, we calculated
electronic DOS of the bulk WWW models that were relax
with the T3 and EDIP potentials, as described above.
EDOS are shown in Fig. 8. In both cases, the valence b
consists of two broad regions. The low-energy region
mainly s-type while the high-energy broad peak isp-type.
The conduction band is nearly featureless. The two mod
differ in the gap region. Expectedly, the T3-WWW mod
exhibits a clean gap, which is consistent with the nearly p
fect tetrahedral nature (99.6%) of the network. The ED
WWW model, having 97.3% tetrahedral coordination, sho

FIG. 7. Side and top views of the surface layer (4 Å width! of
a 750-atom cell produced by liquid quenching using the EDIP
tential. Different coordinations are denoted as in Fig. 6.
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states in the gap. The decomposition of the total EDOS i
contributions according to coordination shows that these
mainly due to heavily distorted fourfold atoms rather th
due to the presence of FBs (2.7%). The latter type of ato
give rise to additional states near the two band edges.
discuss this effect below. Similarly, in the T3 model, the ve
few FB’s do not introduce any states in the gap, but deep
the valence and conduction band~they are hardly noticed!.

The corresponding calculated EDOS of the WWW
formed surface models are depicted in Figs. 9 and 10 for
T3 and EDIP cases, respectively. The total EDOS are ag
decomposed into contributions according to coordinati
The two models exhibit the same overall behavior in t
valence and conduction bands, but there is a remarkable
ference in the EDOS near and within the gap region. Wh
in both cases the introduction of surface gap states is o
ous, when compared to the EDOS of the ‘‘generator’’ ce
portrayed in Fig. 8, the shape of the profile is distinctly co
trasting. The total EDOS of the T3-WWW model exhibi
peak behavior in the gap in the vicinity of the Fermi leve
while the total EDOS of the EDIP-WWW model has a min
mum in the gap. Let us emphasize that the excess DOS
mainly surface states because, as we showed above, the
stantial modifications in the WWW models, when goin

-

FIG. 8. Electronic density of states of the bulk WWW mod
relaxed with the~a! T3 and ~b! EDIP potentials. The solid lines
show the total EDOS. Dotted, dashed, and dash-dotted lines de
decomposition of the total EDOS into partial contributions from t
fourfold-, fivefold-, and threefold-coordinated atoms, respective
3-9
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from the infinite bulk to the slab, occur in the thin surfa
region, and the vast majority of the nontetrahedral atoms
generated in this region.

The analysis according to coordination sheds light into
origins of this difference. The peak behavior~multiple peaks
merging into one broad peak centered at the Fermi leve! in
the T3-WWW model originates mostly from the threefo
atoms that are generated after the surface reconstruction~see
Fig. 2!. Most interestingly, a further decomposition of th
partial EDOS of the threefold atoms into contributions a
cording to their degree of clustering~given in the inset of
Fig. 9!, shows that isolated threefold atoms contribute
most to the peaked states in the gap, while pairs~dimers! and
chain structures contribute less. Thus, the less ‘‘dangli
bond’’ behavior the smaller the peaked states in the gap.

FIG. 9. Electronic density of states of the surface model gen
ated from the WWW bulk model using the T3 potential. The Fer
energy is at zero. The total EDOS is decomposed as in Fig. 8.
inset shows the EDOS of the threefold atoms further decompo
into contributions from isolated atoms~solid line!, dimers~dotted
line!, and chains~dashed line! within and near the band gap.

FIG. 10. Electronic density of states of the surface model g
erated from the WWW bulk model using the EDIP potential. T
Fermi energy is at zero. The total EDOS is decomposed as in Fi
The inset shows an enlargement of the region within and near
band gap, focusing on the fivefold and threefold contributions.
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remaining states in the gap originate from heavily distor
fourfold atoms. Many of these atoms lie in the surface reg
and their distortions are associated with the strain induced
the layer of threefold atoms on top. The few fivefold atom
that lie deeper in the slab cell, do not contribute any state
the gap.

On the other hand, the contrasting picture of the ED
WWW EDOS is attributed to the lack of any threefold atom
on the surface. The states in the gap originate mostly fr
distorted fourfold atoms and less from the fivefold atoms.
fact, the latter contribute more states deep in the top of
valence band and in the bottom of the conduction ba
while the distribution has a minimum in the gap, as it
clearly depicted in the inset of Fig. 10. A further analysis
both the fourfold and fivefold distributions shows that mo
of the states in the gap originate from atoms in the t
surface layer than from atoms that lie deeper in the ‘‘bu
portions of the slab cell.40

A similar analysis of the EDOS of the quenched ce
shows exactly the same trends and overall behavior. Also,
SW models produce expectedly EDOS of a quite similar p
file as the T3 models. We conclude that there is a unive
and fundamental difference between the EDOS of the
structural models. This stems from the property of threefo
coordinated atoms to introduce peaked states in the gap
the Fermi level, and the property of fivefold atoms to indu
more states at the two outer band edges, rather than w
the gap. Distorted fourfold atoms also produce more g
states than fivefold atoms. These are the key findings of
investigations. This picture is in accord with the work
Knief et al.26 who found a similar behavior of the nontetra
hedral atoms in the bulk ofa-Si. It is also consistent with the
work of Kilian et al.27 who found that most of the localize
states in the gap are centered on threefold-coordinated at
localization is less for states centered on fourfold atom
while states centered on fivefold atoms are delocalized.

However, there are seemingly some differences with t
of the previous studies. Bernsteinet al.32 proposed that the
electronic signatures of threefold and fivefold coordina
atoms at the amorphous surface are difficult to distingu
This apparent disagreement with our results is explai
when taking into account that these authors chose to pre
the excess EDOS of their two surface models~one threefold
rich, the other fivefold rich! with respect to the amorphou
bulk EDOS, instead of plotting the direct EDOS for ea
coordination. We verified that indeed this is the case by p
ting the excess EDOS of our models. The difference ED
are shown in Fig. 11. We find a very similar difference fe
ture in the gap as found by Bernsteinet al. Therefore, the
distinct signature of the non-fourfold coordinations cannot
revealed with such analysis.

In the work of Kilian et al.,27 who reported a surface
model with roughly equal fractions of threefold and fivefo
atoms, the EDOS do not show a midgap peak. Two poss
reasons could lead to this discrepancy with our findings.
ther the fivefold contribution hides the peak of the threefo
atoms, or the resolution~broadening! in their EDOS washes
out this feature. Note that the total percentage of fivef
atoms in their cell (4.6%) is significantly higher than ou
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(1.9%), despite that both cells were generated in the s
way ~removing the periodicity in the bulk WWW cells!. The
fourfold network is somewhat less stable under the appr
mateab initio method used by them~in total 10.2% nontet-
rahedral coordination compared to 8.7% found by us!.

The different electronic signatures of undercoordina
and overcoordinated atoms at the amorphous surface, an
resulting dissimilarity of the EDOS in the gap region, c
serve as a guide for careful experimental studies of the
croscopic structure at the surface and its associated elect
properties. The problem is of fundamental interest. Exp
mental work with high resolution able to probe locally th
surface environment will be very useful.

IV. SUMMARY

We have carried out in this work detailed Monte Ca
simulations within the empirical potential approach, with t
purpose of addressing a fundamental problem in the field

FIG. 11. Excess EDOS of the T3~solid line! and EDIP~dotted
line! surface models, plotted as the difference between the res
tive slab cell EDOS~portrayed in Figs. 9 and 10, respectively! and
the bulk amorphous EDOS~shown in Fig. 8!.
ol
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amorphous semiconductors, that is to identify the mic
scopic structural properties ofa-Si surfaces and some of th
associated electronic properties. By using three well kno
empirical potentials we ended up at two markedly differe
structural models for the surface. We studied the energe
of surface formation and the details in the structural char
teristics of both models, with emphasis on the question ab
the dominant type of atoms with nontetrahedral coordinat
that enrich the surface.

The first model requires that the surface ofa-Si is termi-
nated by threefold and fourfold atoms, with the former o
cupying the top positions and forming mostly dimer a
chainlike local geometries. An ‘‘as-formed’’ cleaved surfac
starting from the bulk, that contains many twofold
coordinated atoms is unstable and transforms upon anne
and consequent relaxation-reconstruction into this threef
rich surface. The second model, on the other hand, requ
that the surface is terminated by fivefold atoms mostly cl
tered in pyramidal units, as well as by fourfold atoms. T
fivefold atoms in these units are heavily distorted and th
topology is different from that of fivefold defects in the bul

We have also examined the electronic density of sta
associated with the two structural models using the tig
binding method. We found that the corresponding EDOS d
fer substantially within and near the band gap region,
cause the two possible nontetrahedral types of atoms h
distinctive electronic signatures. The threefold surface ato
produce states in the gap forming peaks in the vicinity of
Fermi level, the intensity of which depends on the degree
clustering of threefold atoms, while the fivefold surface
oms produce an excess of states at the outer band edge
deeper in the valence and conduction bands. Experime
work that could probe the EDOS locally at the surface w
be very useful to distinguish between these two possibilit
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