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Defects ina-Si and a-Si:H: A numerical study
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We present a numerical study of the electronic properties of various structural models of amorphous silicon
and hydrogenated amorphous silicon. Starting from an ideal random network, dangling bonds, floating bonds,
double bonds, microvoids, hydrogenated dangling bonds, and hydrogenated floating bonds are introduced. The
concentrations of these defects can be varied independently, the amount of disorder introduced to the system is
therefore strictly controllable. Two continuous random networks, the vacancy model of Duffy, Boudreaux, and
Polk and the bond switching model of Wooten, Winer, and Weaire~WWW model! are investigated. For the
relaxation of the structures the potentials of Keating and of Stillinger and Weber are employed. The electronic
structure is described by a tight-binding Hamiltonian; the localized or extended character of the eigenstates is
investigated via a scaling approach. The vacancy model shows a band gap for small defect concentrations but
this fills up with increasing disorder. Similar behavior is found for the case of the other models. In general
defects introduce states into the gap region ofa-Si, where the dangling bonds lead to the largest density of
states in the gap region for a given defect concentration. This model turns out to be unique. For small system
sizes an impurity band results that dramatically changes its character for large systems above 4000 atoms to a
nearly uniform density of states as observed experimentally. Ina-Si:H the dangling and floating bonds are
removed and a mobility gap results with a width in good agreement with experiment. The experimentally
observed tailing of the band into the gap region~first linear, then exponential! is well described only for the
a-Si:H model derived from the vacancy model and for very large system sizes above 4000 atoms. The WWW
model does not lead to this tail behavior. Localized states are found at all band edges but states at the bottom
of the conduction band are more strongly localized than those at the top of the valence band.
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I. INTRODUCTION

Over the past twenty years, considerable effort has b
devoted to the understanding of the properties of amorph
silicon (a-Si) and hydrogenated amorphous silic
(a-Si:H). These systems are particularly interesting due
potential technical applications. Modeling the microsco
and the electronic structure ofa-Si anda-Si:H has, however,
remained a considerable challenge in the field of comp
tional solid-state physics. A variety of models have be
introduced to describe the microscopic geometry of th
systems. These are either based upon continuous random
works 1–5 ~CRN’s! or molecular-dynamics~MD! simula-
tions.6–13 The latter utilize empirical potentials6–11 or apply
ab initio simulation techniques.12,13 Recently, structural
models based upon quasicrystals have been introduced.14,15

In an ideal CRN, all atoms retain their normal coordin
tion number Z54, and deviations from crystalline bon
lengths and bond angles are small. Fora-Si, however, ESR
experiments have demonstrated that 1–2 % of all atoms h
to be characterized by a coordination number different fr
four. Although models based upon CRN’s do not take th
results into account, this type of structural model is able
reproduce some of the essential features of the electr
structure, namely, the width of the valence band and
principal structure of the density of states~DOS!.16,17
PRB 580163-1829/98/58~8!/4459~14!/$15.00
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For a-Si the valence-band~VB! density of states consist
of two peaks and the conduction band~CB! is nearly feature-
less. Calculations of the electronic properties ofa-Si based
on a CRN have been performed by several authors.18–21This
type of structural model is not able to reproduce the DOS
the vicinity of the Fermi level because it leads to a true g
between the two energy bands and this is not consistent
experimental results. Nevertheless a CRN is a simple mo
to study the influence of topological disorder—i.e., the pr
ence of five- and seven-membered rings in addition to s
membered rings characterizing the crystalline state — on
electronic properties of covalently bonded amorphous s
tems. In this paper we study the influence of different d
grees of topological disorder on the electronic structure
the localization behavior of electronic eigenstates for t
different CRN’s @the vacancy model of Duffy, Boudreaux
and Polk4 and the bond switching model of Wooten, Wine
and Weaire1 ~WWW!#.

In contrast to CRN’s, structures that are generated by M
simulations of rapid quenching contain dangling and float
bonds. Their exact concentration is difficult to control, a
the number of different types of defects can not be var
independently. Most of the structures presented in the lite
ture contain a larger number of floating than dangling bon
with the exception of the model developed by Biswas, Gre
and Soukoulis.6 In general, the concentration of undercoo
4459 © 1998 The American Physical Society
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4460 PRB 58KNIEF, von NIESSEN, AND KOSLOWSKI
dinated and overcoordinated atoms in models generate
MD simulations lies above the experimental one. Syst
sizes are usually limited to only a few hundred atoms;ab
initio simulations are limited to even smaller system siz
and to a small number of realizations. Holender and Morg
have constructed large systems~up to 13 824 atoms! by as-
sembling small simulation cells, followed by a relaxatio
procedure using a classical interaction potential. Schm
Peters, and Trebin14 have investigated the suitability of
tetrahedral quasicrystal to describe both the structural
the electronic properties of amorphous silicon. Their mod
contain up to 20.000 atoms and a fraction of 0.0156 ato
with Z53, which is close to the experimental value.

Whereas the electronic structure of a CRN shows a c
gap between the two energy bands for small degrees o
pological disorder, the presence of dangling and float
bonds leads to the shift of eigenstates into the vicinity of
Fermi level.19,21 States around the Fermi level are usua
believed to be localized. This disorder-induced Anderson
calization leads to the formation of a mobility gap containi
eigenstates not participating in electronic transport at z
Kelvin. Mobility edgesEC and EV separate localized from
extended states. The DOS outside the gap region is sim
for a CRN and a defect structure. The introduction of hyd
gen — leading to the formation ofa-Si:H — has a strong
effect on the electronic structure. The books of Joannopo
and Lucovsky16,17 and Street22 present a good overview o
the theoretical and experimental properties ofa-Si:H. On
account of the technical importance ofa-Si:H numerous the-
oretical investigations have been performed to underst
the role of hydrogen in the amorphous state.23–33 Compared
to a-Si the defect concentration ina-Si:H is drastically re-
duced. It has been observed experimentally that only one
of 107 atoms shows a coordination number different fro
four for a concentration of 20 at. % hydrogen.~Amorphous
silicon prepared by various methods can obtain up to
atomic percent hydrogen, but for photovoltaic devices
content of hydrogen is in the range of 10–20 %.! The intro-
duction of hydrogen removes most of the states from the
region23 and induces the widening of the mobility ga
from 1.5 eV in a-Si to 1.8 eV in a-Si:H as found
experimentally.34 In addition,a-Si anda-Si:H differ in the
positions of the band edges and the structure of the up
region of the VB. For the hydrogenated form the maximu
of the VB lies at lower energies compared toa-Si and c-Si.
The band edges in the gap region recede with increa
hydrogen concentration. This effect is stronger at the top
the VB than at the bottom of the CB. As in the case ofa-Si
most of the structural models fora-Si:H presented in the
literature contain only a few hundred atoms with the exc
tion of the model developed by Holender, Morgan, a
Jones.23 It contains 1545 silicon atoms and 450 hydrog
atoms, i.e., the hydrogen content is about 22%.

Although the properties of amorphous silicon have be
studied intensively over the last 20 years, some impor
aspects are not yet clarified. One is the question of wh
type of defect is dominant ina-Si. It is generally proposed
that dangling bonds represent the major type of defect.35–38

Pantelides39,40 on the other side has suggested that float
bonds form the dominant type of defect. Mercer and Cho41

as well as Biswaset al.19 have tried to clarify this aspect b
by
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the calculation of the local density of states~LDOS! for at-
oms with different coordination numbers for model syste
that contain both types of defects. They both find, that
presence of threefold-coordinated atoms create more stat
the vicinity of the Fermi level than the presence of floati
bonds does. To address this question we have develo
structural models that contain only one type of defect~either
dangling bonds, floating bonds, double bonds, or mic
voids! and have calculated both the density of states and
LDOS for these structures. In addition, we have studied
interdependence of different types of defects existing in
same structural model.

For a better understanding of the amorphous state
essential to compute the localized or extended characte
eigenstates besides the DOS. The localization characte
required to determine the value of the mobility gap as co
pared to the band gap. It is well accepted that localizatio
only present at the band edges and is stronger in the con
tion band than in the valence band. The numerical value
the mobility gap has been computed by Holender a
Morgan42 and Schmitz and co-workers.14 Holender and Mor-
gan have studied the localization behavior of the electro
states fora-Si and a-Si:H using the inverse participatio
ratio ~IPR! and find a mobility gap of 1.2 eV fora-Si and 1.8
eV for a-Si:H. Schmitz and co-workers have calculated t
localization behavior of different structural models conta
ing only silicon atoms utilizing two different criteria~the
participation ratio and the localization length!. They find mo-
bility gaps that lie between 1.33 and 2.0 eV. An addition
aspect that has not been discussed in detail up to now is
structure of the band tails. Total yield photoelectron sp
troscopy shows that ina-Si:H the band edge of the VB con
sists of two parts43: first it falls off linearly and than tails
exponentially into the gap region. The valence-band tai
wider than the tail of the conduction band.44,45 Most of the
structural models presented in the literature are not abl
reproduce this experimental observation for the simple r
son that they only contain a few hundred atoms. Wher
Holender and Morgan make no prediction about the deta
structure of the band edges in their structural model, Schm
and co-workers have observed the presence of the expo
tial decrease of the band edges.

In the present paper we discuss the DOS and the loca
tion character of states for different structural models
a-Si anda-Si:H. As will be demonstrated below, to arrive
a reliable statement about the location of the mobility ed
EV in the VB andEC in the CB and to reproduce the beha
ior of the band tails a scaling analysis including system si
up to 10 000 atoms turns out to be essential.

For technical application of amorphous semiconduct
the knowledge of the electronic properties is imperative.
the other hand, for a detailed understanding of the am
phous state the computation of both the electronic and
vibrational properties is required. The investigation of t
vibrational density of states and the localization behavior
these states for several structural models studied in this p
has been performed by Finkemeier and von Niessen an
presented in an accompanying paper.46 The comparison of
the results of the electronic and the vibrational propert
leads to the conclusion that some structural models are m
suitable to describe the electronic properties, whereas o
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models are able to reproduce the vibrational properties
better way. The influence of topological disorder and of
different types of defects on the DOS and the localizat
character of the states is stronger for the electronic than
the vibrational properties. The next two sections contai
detailed description of the different structural models and
methods that are used to calculate the electronic DOS
the localization character of the states. Results are prese
and discussed in Sec. IV. Conclusions are derived in the
section.

II. MODEL CONSTRUCTION

In this paper two different CRN’s are used to describe
structure of amorphous silicon: the vacancy model of Duf
Boudreaux, and Polk4 and the bond switching model o
Wooten, Winer, and Weaire.1 These models have been a
plied previously to the calculation of the electronic prop
ties of a-Si.18–20 These, as all other models that are d
scribed in this paper, contain periodic boundary condition
avoid surface effects.

In the vacancy model topological disorder is introduc
by removing a certain number of atoms randomly from
diamond structure. After each elimination the four unsa
rated atoms have to be reconnected by new bonds. Det
information about the construction of this type of CRN
given by Duffy, Boudreaux, and Polk4 and Koslowski and
von Niessen.20 The degree of disorder in this structur
model can be measured by the vacancy concentration,cf .
This is the fraction of atoms that is removed from the regu
diamond lattice. Afterwards the lattice is relaxed using
Monte Carlo~MC! procedure20 with the Keating potential.47

During the relaxation process the energy of the network
minimized subject to the condition that the average bo
length is the same as the crystalline one. The resulting C
structure that best describes the experiment shows a de
that is about 8% higher than the density ofc-Si. In general
the calculations are performed for this density, no stro
dependence of the electronic properties on the density
been detected in the range of 0.9r(c-Si)<r<1.10r(c-Si).

In contrast to the vacancy model the CRN that is based
the bond switching model contains the same number of
oms as the original diamond lattice. The topological disor
is introduced by switching a given number of existing bon
A detailed description is given by Wooten, Winer, a
Weaire.1 To keep deviations from the crystalline bond ang
small some rules for the exchange of bonds are introdu
Only bonds that show the same length as in the crystal
be switched and the resulting structure is not allowed to c
tain four-membered rings. The CRN that is realized via t
procedure has the same density as the original diamond
tice. We have found no significant dependence of the e
tronic properties on the density within physically reasona
variations ofr. The degree of disorder can be varied by t
number of bonds that are switched. To compare the resul
different system sizes we have introduced a dimension
factor cn , defined as the percentage switched bonds w
reference to the number of atoms in the lattice. In addition
the six-membered rings that are present in the diamond
tice five- and seven-membered rings are created in the d
dered structure, a feature similar to the vacancy model.
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The vacancy model of Duffy, Boudreaux, and Polk4 is the
starting point for the development of structural models wh
contain only one type of defect with a given concentratio
To introduce dangling bonds the longest bonds are cut.
resulting structure is relaxed using the MC method m
tioned above with an updated connectivity list. In this w
we are able to realize dangling bond concentrations up
20%. It is assumed that the Keating potential that has b
developed for tetrahedral systems is appropriate for this
subsequent structural models.

To introduce fivefold and sixfold coordinated atoms w
start from the diamond lattice instead of a CRN. A lar
local vacancy concentration has been found to give rise
floating bonds. We thus remove four instead of only o
atom from the regular lattice for each elimination step. The
four atoms are a randomly chosen particle and three o
twelve second-nearest neighbors, which are also chose
random. The formation of the new bonds and the relaxat
process are performed using the procedure above. To ge
ate a neighborhood list it is necessary to define a cutoff
dius for the nearest-neighbor shell. We use a cutoff of 3.1

Most structural models introduced in the literature a
generated via molecular-dynamics simulations using
Stillinger-Weber potential.48 All of these structures contain
both dangling and floating bonds, but the concentration
these cannot be controlled. To study the influence of diff
ent types of defects in the same structure we have develo
a model that contains dangling and floating bonds in a
trary relations. We start from the dangling bond model a
introduce the floating bonds via the procedure mention
above.

In contrast toa-C double bonds play a negligible role i
the amorphous state of silicon. Nevertheless this type of
fect might lead to typical changes in the electronic prop
ties. To develop a structural model that contains this type
defect in variable concentrations, we start from the diamo
lattice. To generate a double bond between two neighbo
atomsA and B, one neighbor ofA and one ofB, chosen
randomly, are removed from the regular lattice in each elim
nation step. After this step the unsaturated atoms are c
nected with each other. In this way the atomsA andB will
be connected by a singles and ap bond. Subsequent to thi
procedure the length of the double bonds is reduced to 2
Å. This is close to the value that a silicon double bond sho
in most inorganic materials. This value of the bond length
an average value has to be taken into account in the su
quent relaxation process as a constraint.

All structural models described so far are relaxed with
Keating potential. In addition, we have generated structu
for the vacancy model and for the bond switching mod
where the relaxation has been performed using the Stilling
Weber or the Tersoff potential.49 A detailed description of
the relaxation method together with the Stillinger-Weber p
tential is given in the accompanying paper by Finkeme
and von Niessen.46 To calculate the electronic properties w
use in most cases a cutoff for the nearest-neighbor she
2.8 Å. Atoms beyond this distance are considered not to
bonded in the tight-binding Hamiltonian.

A further aspect of our work is the examination of th
changes in the electronic properties when the different ty
of defects are partially or completely removed by hydrog
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To achieve this we have developed two different models
a-Si:H. They are based on the dangling bond model or
the floating bond model. To introduce hydrogen to a def
structure we use the method suggested by Holender
Morgan.23 In this procedure all atoms that display a coor
nation number different from 4 are removed from the latti
The resulting free bonds can partially or completely be sa
rated with hydrogen atoms. The Si-H distances are assu
to be the same as in SiH4, i.e., 1.48 Å. Following Guttman25

we use the Keating potential to relax thea-Si:H structure.
The relationship between the two Keating parameters,a and
b is as follows:b50.30a, but a(H)52a(Si) as suggested
by Guttman.25 In this structural model most of the hydroge
atoms are bonded within SiH1 groups. With increasing hy
drogen concentration the amount of SiH2 groups increases
and only for the highest concentration of hydrogen a f
SiH3 groups exist. The presenta-Si:H model disregards the
formation of Si-H-Si bonds.

Thea-Si:H structure is the starting point for the develo
ment of a model that contains microvoids of arbitary size a
concentration. To create such a void all particles in
neighborhood of a randomly chosen atom are removed u
the desired size of the microvoid is obtained. The result
free bonds are now partially or completely saturated w
hydrogen atoms.

III. NUMERICAL APPROACH

To calculate the electronic structure we use the tig
binding method. It is the only method that permits us to tr
the required large system sizes of thousands of atoms.
technique requires only information about the short-ran
order. For the vacancy model we have investigated the s
ability of four different tight-binding parametrizations th
can be found in the literature. Two of them assume a bas
one s and threep orbitals. The basis is considered to b
orthogonal on and among the atoms. They have been de
oped by Chadi and Cohen50 and Harrison.51 These two pa-
rameter sets include only interactions between nearest ne
bors. The presence of different bond lengths is taken
account via the 1/r 2 scaling as suggested by Harrison.51 The
deviations in the bond angles are treated in the formalism
Slater and Koster.52

The parameter set of Vogl, Hjalmarson, and Dow53 in-
cludes an additionals* orbital. In this parameter set onl
interactions between nearest neighbors are considered.
differences in the bond lengths are also taken into accou54

The parameters of Allen, Broughton, and McMahan55 are
an example for a nonorthogonal tight-binding set. An app
cation of these parameters to the calculation of the DOS
a-Si is given in the work of Mercer and Chou.41 In this
tight-binding approach interactions up to the third-neighb
shell are included, provided the distances between two at
are smaller than the cutoff of 4.7 Å.

For our structural model we have found, in a comparis
with experiment, that the parameter set of Harrison is
most suitable one to describe the essential features of
electronic properties ofa-Si. The results obtained with th
parameters of Chadi and Cohen are very close to th
Therefore the calculations of the defect structures are
formed with the tight-binding set of Harrison only.
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The use of the parameter set of Vogl, Hjalmarson, a
Dow leads to the following differences compared to expe
ment and the results with a minimal orthogonal tight-bindi
basis:~a! The VB is slightly too wide compared to exper
ment. ~b! The two lower peaks of the VB tend to merge
the transition from the crystalline to the amorphous state,
for a realistic degree of topological disorder the two low
peaks are not completely washed out.~c! The width of the
upper peak of the VB is in good agreement with experime
~d! The CB is featureless only for system sizes exceed
1500 atoms.~e! The energy gaps are smaller.~f! The mobil-
ity gap is too large.

We are only able to calculate the electronic structure
ing the tight-binding approach of Allen, Broughton, an
McMahan55 for structures with a vacancy concentratio
smaller than cf50.10. For a higher degree of disorder neg
tive eigenvalues of the overlap matrix are obtained. The r
son for this behavior lies in the fact that the deviations fro
the mean value of the bond lengths are so large that not a
the first-, second-, and third-nearest neighbors fall into
fitting range of the polynomials from 2.3 Å to 4.7 Å. Thu
this approach is not suitable fora-Si.

In the calculation of the electronic properties of th
a-Si:H structures we have compared two different parame
sets. One of them has been developed by Allan and Me56

and the other one by Minet al.31 We have found~compared
with experiment! that the tight-binding approach of Allan
and Mele appears to be more suitable to describe the p
erties ofa-Si:H in our model. This parameter set was al
used by Holender, Morgan, and Jones23 in their calculations.

To study the localization behavior of the electronic sta
we apply three different criteria. These are the inverse p
ticipation ratio ~IPR!,57 the correlation length58,59 and a
method which was developed by Thouless, Edwards,
Licciardello ~TEL method!.60–62 The last criterion has the
advantage that only the eigenvalues are required to pre
the localization character. The correlation length and
TEL method are used as a scaling procedure, i.e., the e
tronic structure has to be calculated for different system s
with the same degree of disorder.

The main disadvantage of the IPR is that it does not p
mit us to calculate the position of the mobility gap in
straightforward way. But this problem can be circumvent
in a pragmatic way by taking recourse to the other a
proaches. As we found little differences between the res
obtained by these approaches we present the TEL metho
some more detail and give the results obtained in this w
below. A more detailed discussion of the relevant approac
and results for the case of phonon localization is given in
companion paper.46

Thouless, Edwards, and Licciardello have pointed out t
the energy of a localized state is nearly independent of
choice of the boundary conditions, whereas extended st
are sensitive to the boundary conditions. To determine
localization character using the TEL method it is necess
to calculate the eigenvalue spectrum with two different typ
of boundary conditions. Whereas Thouless, Edwards,
Licciardello employed periodic and antiperiodic bounda
conditions, we make use of periodic and weakly decoup
boundary conditions in one spatial direction. This idea
taken from the article of Koslowski and von Niessen.20 For



wo
ffi
a
to

ec
la
li
th
o

pl
he
o

in
n
a

va
fo
g

at
A
i-

r-
m
n

y
r
is
e
th
be

e
t

th

r
n
3

om
.
i

et
e

se
ef-

n a
t of
The
ex-
l

he
ncy
g
rgy

al in
s
a
n
res

n-

e-
be
e

VB
in-
tra-

PRB 58 4463DEFECTS INa-Si AND a-Si:H: A NUMERICAL STUDY
the choice of the magnitude of the decoupling factor t
conditions exist. First, the decoupling factor has to be su
ciently small to lead to a shift of the eigenvalues smaller th
the average level spacing. Otherwise it would be difficult
map the two spectra for different boundary conditions. S
ond, the accuracy of the procedure that is used to calcu
the eigenvalues presents a lower boundary of the decoup
factor. In our investigations we have found no changes in
localization behavior of the electronic states if the value
the decoupling factor lies between 1022 and 1024. The re-
sults presented in this paper are computed using a decou
factor of 1023. To deduce the localization character of t
electronic states using the TEL method the so-called Th
less numberg( l ) has to be calculated:

g~ l !5
DE

]E
. ~1!

In this equationl denotes the system size~linear dimension!,
]E is the average energy difference between two levels
given energy bin, andDE is the average difference betwee
the corresponding eigenvalues for the two sets of bound
conditions. The average is taken over small energy inter
and over different realizations. To compare the results
different system sizes, we calculate the negative natural lo
rithm of the Thouless number. For extended electronic st
the value of2 ln g decreases with increasing system size.
increasing value of2 ln g with increasing system size ind
cates localized electronic states.

The calculation of the electronic structure with an o
thogonal tight-binding approach leads to a large sparse
trix. To compute the eigenvalues and eigenvectors the La
zos algorithm is used.63–65 For system sizes smaller thanN
58 ~4096 atoms! the DOS is studied for the entire energ
range. As the presence of localized states in the interio
the two energy bands has not been observed, the analys
the localization character for the larger systems has b
limited to the band edges around the Fermi level. For
various structural models the number of realizations lies
tween 100 (N53, 216 atoms! and 3 (N512, 13 824 atoms!.
Most of our calculations of the defect structures are p
formed with a vacancy concentration ofcf50.10, because a
this degree of disorder the radial distribution function~RDF!
of the vacancy model shows the best agreement with
experimental one. Defect concentrations,cd , of 1.11%,
2.22%, 11.11%, and 20% have been considered. If we
move all defects from thea-Si structure via hydrogenatio
the resultinga-Si:H structures contain 6.39, 12.24, 21.4
and 42.85 atomic percent hydrogen, respectively.

IV. RESULTS AND DISCUSSION

A. Structural aspects

The radial distribution functions~RDF’s! and the distribu-
tion of bond lengths and bond angles are discussed in s
detail in the second paper.46 We thus omit a discussion here
It should be said that the best agreement of the RDF w
experiment is obtained for a vacancy concentration ofcf
50.10 and a bond switching parameter ofcn50.15 to 0.20.
In case the Stillinger-Weber potential is used this param
should be increased tocn50.20 to 0.25. The defects have th
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following effects on the RDF: the floating bonds cau
nearly no change; the dangling bonds have a noticeable
fect only for a defect concentration exceeding 11%, the
third maximum appears; the double bonds cause a shif
the minimum between the peaks to larger distances.
RDF’s of a-Si:H show a reasonable agreement with the
perimental curves66 and with the results of other structura
models.29,30,23

B. Vacancy CRN model

To study the influence of the structural disorder on t
electronic properties we have used four different vaca
concentrationscf50.025, 0.05, 0.10, and 0.20. The resultin
electronic densities of states are shown in Fig. 1. The ene
resolution has been chosen as 0.2 eV per energy interv
view of the great width of the VB and the CB. The figure
that show the DOS in the vicinity of the Fermi level have
resolution of 0.1 eV. In the calculation of the localizatio
character we have used a resolution of 0.1 eV. The figu
display the computed mobility edgesEV andEC for a degree
of disorder ofcf50.10 and a defect concentration of da
gling bonds, floating bonds, or double bonds ofcd52.22%.
The mobility edges are certainly shifted by varying the d
gree of disorder but this effect is in general too small to
visualized. This is why the information is only given for th
most relevant defect concentration.

Whereas for the smallest vacancy concentration the
consists of three peaks, the two upper peaks merge with
creasing disorder. For the most relevant vacancy concen

FIG. 1. Density of states for the vacancy model~solid line, cf

50.025; dotted line,cf50.05; dashed line,cf50.10; dash-dotted
line, cf50.20). ~a! N56 ~1556 atoms!, ~b! N510 ~7200 atoms!.
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4464 PRB 58KNIEF, von NIESSEN, AND KOSLOWSKI
tions the CB is featureless. With increasing topological d
order the energy gap between the VB and the CB decrea
For a vacancy concentration ofcf50.20 this gap disappear
and the gap slowly fills up, but the DOS in this region r
mains small. We find that the width of the energy gap d
creases with increasing system size at a constant degre
disorder. The structure of the interior of the two ener
bands shows, on the other hand, no dependence on the
tem size. To describe the band tails properly it is necessa
calculate systems that contain more than 4000 atoms. Fi
1~b! shows the DOS around the Fermi level for a syst
with N510 ~8000 atoms! for various vacancy concentra
tions. If the degree of disorder is smaller than or equa
cf50.10 one obtains a linear behavior of the band tails. T
exponential tail is only clearly apparent for the smallest
cancy concentration. There is still a lot of noise superi
posed on this part of the tail behavior that is, however, d
nitely different from the linear region. Much larger syste
sizes would have to be studied to find the tailing behavio
this region of very low DOS.

For all structural models that are discussed in this pa
we find localized states only at the band edges. For a
cancy concentration ofcf50.025 no localized states exist
the bottom of the VB, but the number of localized sta
increases in this region with increasing disorder. Locali
tion at the top of the CB occurs for all degrees of disord
and its amount increases with increasing vacancy conce
tion. At the bottom of the conduction band we find localiz
states for all degrees of disorder, but their total number
creases with increasing disorder. At the top of the VB loc
ized states are observed only if the vacancy concentratio
smaller thancf50.20. Stronger localization at the CB edg
than at the VB edges is found for all degrees of disord
This result agrees with the investigations of oth
authors.18,20,42,14 It also agrees with other experiment
investigations.67 The DOS shows an asymmetry in the ba
edges in the gap region, i.e., for a given energy above
below the Fermi level the DOS is higher in the VB than
the CB. This feature was also observed by Nichols a
Winer and can explain the stronger localization in the C
than in the VB. The width of the mobility gap is an importa
feature for a comparison with experiment. For the vaca
model the values of the mobility gaps are listed in Table
With increasing structural disorder the width of the mobil
gap decreases, but for realistic vacancy concentrations
value is larger than the experimental one of 1.5 eV. To c
clude, the DOS calculated for a vacancy concentration
cf50.10 agrees best with experimental results. This ho
also for the phonon density of states.46

C. Bond switching CRN model

The results for the bond switching model~WWW model!
agree in many respects with those of the vacancy model~see

TABLE I. Mobility gaps in eV for the two CRN’s with different
degrees of disorder.

Vacancy model cf50.025 cf50.05 cf50.10 cf50.20
Mobility gap 2.8 2.5 2.0 0.8

WWW model cn50.10 cn50.15 cn50.20 cn50.25
Mobility gap 2.5 1.7 0.9 0.8
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Fig. 2!. For this model the two energy bands lose their str
ture with increasing disorder and the number of states aro
the Fermi level increases. In contrast to the vacancy mo
the energy gap disappears already for a small degree of
order ~results not presented here!, but the number of state
around the former gap remains small in comparison to
interior of the two bands. This structural model leads to
stronger localization at the two edges of the CB than of
VB and the number of localized states increases with dis
der. If the degree of disorder is larger thancn50.15, local-
ization at the top of the VB is completely suppressed. T
values for the mobility gaps are listed in Table I. The bo
switching model is not able to describe the partition of t
band tails into a linear and an exponential part for any s
tem size. In particular, the linear part is found for no deg
of disorder, whereas it is clearly apparent for a wide range
the disorder parameter in the case of the vacancy mode

D. Dangling bond model

The introduction of dangling bonds into the CRN caus
strong changes in the DOS only in the vicinity of the Fer
level. In the other energy regions we have found no sign
cant differences compared to the vacancy CRN model. F
ure 3 shows the DOS for this structural model in the reg
of the Fermi level. Due to the presence of threefo
coordinated silicon atoms the energy gap between the
and the CB disappears and the number of states in this re
increases with increasing defect concentration. Around
Fermi level the DOS shows features that vary dramatica

FIG. 2. Density of states for the WWW model in the case
relaxation with the Keating potential~solid line, cn50.10; dotted
line, cn50.15; dashed line,cn50.20; dash-dotted line,cn50.25).
~a! N56 ~1728 atoms!, ~b! N58 ~4096 atoms!.
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PRB 58 4465DEFECTS INa-Si AND a-Si:H: A NUMERICAL STUDY
with system size. If the system contains less than 2000
oms, the presence of dangling bonds gives rise to an a
tional peak whose intensity increases with increasing de
concentration. The maximum of this peak lies below t
Fermi level and moves to lower energies with an increas
number of threefold-coordinated atoms. The explanation
this effect that the Fermi level does not coincide with t
maximum of the impurity band is simply that we do not ha
a half-filled dangling bond impurity band. In all models th
most general hybridization is permitted. For larger syst
sizes this peak disappears. Although the appearance of
beautiful impurity band may be pleasing, it is a finite-si
effect persisting up to about 2000 atoms. For larger syst
~above about 4000 atoms! the introduction of dangling bond
leads only to a featureless increase in the number of st
between the two energy bands. This structure of the DO
in better agreement with the experiment than the forma

FIG. 3. Density of states~DOS! and local density of state
~LDOS! for the dangling bond model.~a! DOS,N56 ~1556 atoms!
~solid line, cd50%; dotted line, cd51.11%; dashed line,cd

52.22%; long-dashed line,cd511.11%; dash-dotted line,cd

520.0%).~b! DOS,N58 ~3688 atoms! ~solid line,cd50%; dotted
line, cd51.11%; dashed line,cd52.22%; long-dashed line,cd

511.11%; dash-dotted line,cd520.0%). ~c! LDOS, N55 ~900
atoms!, cd511.11%~solid line, threefold-coordinated atoms; dotte
line, fourfold-coordinated atoms!.
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of the peak described above. With this and the other de
structural models we do not find the tailing behavior d
cussed above. This is apparently restricted to the vaca
CRN model.

Like our model the structural model developed
Schmitz15 contains only fourfold- and threefold-coordinate
atoms. In his model the formation of dangling bonds lead
states in the vicinity of the Fermi level but these states
more or less isolated from the bulk of the states in the t
energy bands. He finds no states between the top of the
and the impurity band and only a small number of sta
between the gap states and the CB. The impurity ban
split. Schmitz suggested that this partition is caused by
formation of bonding and antibonding dangling bond stat
because the Fermi level lies in the middle of the impur
band. He also proposed that the separation should be cle
when electron correlation is taken into account.

Detailed information about the influence of threefol
coordinated atoms on the electronic structure can be obta
by the computation of the corresponding LDOS. Mercer a
Chou41 and Biswaset al.19 have analyzed the influence o
defects utilizing the LDOS. We find that threefold
coordinated atoms give rise to a single peak between the
energy bands. This result is independent of the defect c
centration and the system size and agrees with the wor
Mercer and Chou. Biswaset al. found the formation of two
peaks resulting from the dangling bonds. Unlike our stru
tural model and the system studied by Mercer and Ch
Biswaset al. have taken into account an additional term
the Hamiltonian, the electron-electron interaction as reali
in the Hubbard model~in the mean-field approximation!.
These authors, however, give no information about the st
ture of the LDOS when this interaction is switched o
Therefore it is difficult to compare to our results. Furth
differences between the structures used by Mercer and C
and Biswaset al.are the defect concentrations and the rela
ation potentials that are used to generate the amorph
structure. The structural model used by Mercer and Ch
was obtained with the Stillinger-Weber potential and co
tains more dangling than floating bonds. Thea-Si structure
presented by Biswaset al. was generated with the two- an
three-body Si potentials of Biswas and Hamann and cont
the floating bonds as the dominant type of defect. A comm
feature of both structural models is the presence of dang
and floating bonds. We discuss in Sec. IV H that it is n
easy to compare the LDOS obtained for different structu
models, because the features in the LDOS of the threef
coordinated atoms can be varied when different types of
fects are present in the same structural model.

Schmitz15 has also calculated the LDOS for threefol
coordinated atoms for his structural model, which is bas
on a quasicrystal. In common with our result and the res

TABLE II. Concentration of dangling and floating bonds for th
WWW model in the case of relaxation with the Stillinger-Web
potential (N56).

cn 0.10 0.15 0.20 0.25

Dangling bonds 0.3% 1.0% 1.5% 2.4%
Floating bonds 2.2% 8.5% 16.4% 25.9%
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TABLE III. Mobility gaps in eV for the defect structural models.

cd50 cd51.11 cd52.22 cd511.11 cd520

DB model 2.0 2.5 2.3 0.5/1.5a 0.4/1.7a

FB model 2.0 1.81 2.0 0.5/0.5a 1.0a

DBFB modelb 2.0 1.8 2.0 0.1/1.3a 0.3
WWW model1SW c 3.0 (cn50.10) 2.5 (cn50.15) 0.4 (cn50.20) 0 (cn50.25)
a-Si:H 1.0 1.2 1.3 1.8 2.4

aSee text.
bThe structures contain just as many dangling bonds as floating bonds.
cWWW model in the case of relaxation with the Stillinger-Weber potential.
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of Mercer and Chou the dangling bonds give rise to a sin
peak in the vicinity of the Fermi level. In his structura
model, however, the threefold-coordinated atoms exclusiv
lead to states around the Fermi level. In the other ene
regions the LDOS is negligibly small. This fact is in contra
to our result and the LDOS curves obtained by Mercer a
Chou and Biswaset al.

In addition to atoms characterized by a coordination nu
ber of 3, with increasing defect concentration fourfol
coordinated atoms give rise to a small contribution to t
DOS in the gap. These fourfold-coordinated atoms have
neighbor with a coordination number different from 4.

In comparison to the vacancy model the localization ch
acter of the states of the dangling bond model differs only
the region of the Fermi level. This means that this mod
shows stronger localization in the CB than in the VB. A
long as the defect concentration is smaller than 11%
states in the region of the Fermi level are localized. F
larger dangling bond concentrations we find a small amo
of extended states between the two regions of localized st
in the high-energy region of the VB as well as in the low
region of the CB. For all defect concentrations conside
here the number of localized states in the region of the Fe
level is larger than at the bottom of the VB and the top of t
CB. Through the introduction of dangling bonds the width
the mobility gap increases strongly compared to the vaca
model with the same degree of disorder. The value of
mobility gap shows no characteristic dependence on the
fect concentration. If the defect concentration exceedscd
510% we can define two different mobility gaps~see Table
III !, due to the presence of extended states in the vicinity
the Fermi level.

E. Floating bond model

Similar to the introduction of threefold-coordinated atom
the presence of floating bonds leads to the formation of e
tronic states around the Fermi level~see Fig. 4!. The number
of states in this energy region is, however, smaller at
same concentration of defects compared to the dang
bond model. In contrast to the threefold-coordinated ato
the presence of floating bonds gives rise to additional sta
at the two outer band edges. The number of these st
increases with increasing defect concentration. Th
changes are small compared to the effect found in the reg
of the Fermi level. The floating bond model behaves diff
ently from the dangling bond model in another aspect: th
is no strong dependence of the electronic structure on
system size.
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The LDOS for the fivefold and sixfold-coordinated atom
is presented in the lower part of Fig. 4. Compared to t
fourfold-coordinated atoms the floating bonds give rise to

FIG. 4. Density of states~DOS! and local density of states
~LDOS! for the floating bond model,~a! DOS,N56 ~1556 atoms!
~solid line, cd50%; dotted line, cd51.11%; dashed line,cd

52.22%; long-dashed line,cd511.11%; dash-dotted line,cd

520.0%).~b! DOS,N58 ~3688 atoms! ~solid line,cd50%; dotted
line, cd51.11%; dashed line,cd52.22%; long-dashed line:cd

511.11%; dash-dotted line:cd520.0%).~c! LDOS, N55 ~900 at-
oms!, cd511.11% ~solid line, fourfold-coordinated atoms; dotte
line, fivefold- and sixfold-coordinated atoms!.
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PRB 58 4467DEFECTS INa-Si AND a-Si:H: A NUMERICAL STUDY
additional peak at the top of the CB and at the bottom of
VB. The sixfold-coordinated atoms exert a stronger influen
than the fivefold-coordinated ones. Whereas Mercer
Chou have found no differences in the LDOS between ato
with a tetrahedral coordination and the overcoordinated
oms, Biswaset al. have found characteristic features due
floating bonds. In agreement with our model they have
served that overcoordinated silicon atoms give rise to
larger number of electronic states in the region of the Fe
level and at the bottom of the VB compared to the fourfo
coordinated atoms. Analogously to the dangling bond mo
the number of states in the region of the Fermi level t
arise from fourfold-coordinated atoms with a floating bo
neighbor increases with the defect concentration. This
ture was also observed by Mercer and Chou.

The states around the Fermi level are localized as lon
the concentration of fivefold- and sixfold-coordinated ato
is smaller thancd511.11%. If the number of floating bond
exceeds this value a small amount of extended states aris
this energy region. For this type of defect the number
extended states is smaller than in the case of the dang
bonds. Whereas for all defect concentrations localized st
exist at the bottom of the CB, we find localization at the t
of the VB only for defect concentrations smaller thancd
511.11%. In other words, we again find stronger localiz
tion at the bottom of the CB compared to the top of the V
The width of the mobility gap increases with increasing d
fect concentration as long as the defect concentration
small, but its value is smaller than that for the dangling bo
model ~see Table III!.

F. Dangling plus floating bond model

It is of particular interest to study the DOS of a structu
model that contains both dangling and floating bonds.
observe the same features as in the models with only
type of defect, i.e., the effects turn out to be additive. Co
pared to the CRN we find more states in the vicinity of t
Fermi level, at the bottom of the VB and at the top of t
CB. Whereas the LDOS for the floating bonds in this stru
tural model shows no differences to the pure floating bo
model, the structure of the LDOS of the threefol
coordinated atoms exhibits small differences compared to
dangling bond model. For this type of defect the width of t
peak in the LDOS increases with increasing defect conc
tration. The reason for this behavior is the simple fact tha
this structural model two neighboring silicon atoms can b
have a coordination number different from 4.

For this structural model the amount of localized states
the bottom of the VB and at the top of the CB increases w
increasing defect concentration. In the vicinity of the Fer
level the number of localized states increases as long as
defect concentration is smaller than 11%. For larger de
concentrations we only observe localization at the bottom
the CB, similar to the models discussed above. The value
the mobility gaps for this structural model are listed in Tab
III. As long as the defect concentration is smaller thancd
510% the mobility gap increases with increasing def
concentration. If the number of undercoordinated and ov
coordinated atoms is larger, the value of the mobility gap
smaller than for the CRN model and decreases with incre
ing defect concentration.
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G. Double bond model

Figure 5 shows the DOS of models containing dou
bonds. Compared to the CRN we observe two princi
changes. This type of defect gives rise to a larger numbe
states at the bottom of the VB and at the top of the CB a
leads to additional states in the vicinity of the Fermi level.
the latter energy region the number of states is larger t
that for the floating bond model, but smaller than that for t
dangling bond model. In contrast to the dangling bond mo
the DOS shows for no system size a peak at the Fermi le
The localization character of the states is nearly identical
both models containing threefold-coordinated atoms, i.e.,
dangling bond and the double bond model.

H. Bond switching model combined with
the Stillinger-Weber potential

In Fig. 6 we present the results obtained for the bo
switching model, where the relaxation has been perform
using the Stillinger-Weber instead of the Keating potent
Similar to the models described above the DOS becom
featureless with increasing disorder and the number of st
in the vicinity of the Fermi level increases. For the sam
degree of disorder the number of states in the region of
Fermi level is larger than when the Keating potential is us
The explanation is simply that these structures contain b
dangling and floating bonds. The upper edge of the VB l
at lower energies as compared to the Keating potential.

FIG. 5. Density of states for the double bond model,N56
~1556 atoms! ~solid line, cd50%; dotted line,cd51.11%; dashed
line, cd52.22%; dash-dotted line,cd511.11%). The energy reso
lution is in both cases 0.2 eV per interval.
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4468 PRB 58KNIEF, von NIESSEN, AND KOSLOWSKI
most of our calculations with the Stillinger-Weber potent
we use a cutoff of 2.8 Å to generate the neighborhood
and the resulting structures contain more floating than d
gling bonds. Therefore the DOS shows no peak formatio
the Fermi level. The concentration of the dangling and flo
ing bonds for the various degrees of disorder is listed
Table II. If we calculate the DOS with a cutoff of 2.
Å structures that contain more dangling than floating bo
are obtained. For these cases we find the formation of a s
peak at the Fermi level for small system sizes. The DOS
the gap region obtained with our structural model and a c
off of 2.8 Å is comparable with the results of Biswaset al.
and of Mercer and Chou.

The LDOS for the different types of defects are shown
Fig. 6 ~b!. The curve for the fourfold coordinated atoms e
hibits no essential difference compared to the other struct

FIG. 6. Density of states~DOS! and local density of state
~LDOS! in the case of relaxation with the Stillinger-Weber pote
tial. ~a! DOS, N56 ~solid line, cn50.15; dotted line,cn50.20;
dashed line,cn50.25). ~b! LDOS, N54, cn50.20 ~solid line,
fourfold-coordinated atoms; dashed line, fivefold- and sixfo
coordinated atoms; dotted line, threefold-coordinated atoms!. ~c!
LDOS,N54, cn50.20~solid line, threefold-coordinated atoms th
are neighbors of fourfold-coordinated atoms; dashed line, threef
coordinated atoms that have a fivefold- or sixfold-coordina
neighbor!.
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models and to those for fivefold- and sixfold-coordinat
atoms. In contrast to the dangling bond model the LDOS
the threefold-coordinated atoms shows two peaks in the
gion of the Fermi level. An analysis shows that the peak
lower energies mainly arises from threefold-coordinated
oms that are neighbors of fourfold-coordinated ones. T
second peak derives from threefold-coordinated atoms
have a neighbor with a coordination number different fro
4. In the pure dangling bond model it is not possible that t
neighboring atoms have both a coordination number diff
ent from 4 and therefore the peak in the vicinity of the Fer
level is not split.

Compared to the Keating potential the use of t
Stillinger-Weber potential leads to a smaller amount of sta
that are localized at the two outer band edges. The numbe
states in this region shows no dependence on the degre
disorder. For a small degree of disorder the Stillinger-We
potential leads to a larger amount of localized states in
region of the Fermi level. With increasing topological diso
der and defect concentration the number of localized st
decreases rapidly. If the disorder is smaller thancn50.20 we
observe localization at the top of the VB and at the bottom
the CB. For a degree of disorder exceedingcn50.20 no lo-
calization is found at the top of the VB. For the highe
degree of disorder (cn50.25) localized states are no long
present in the region of the Fermi level.

In addition to the structures based on the WWW mo
we have used molecular-dynamics simulations employ
the Stillinger-Weber potential to generate structures ofa-Si
that contain 4096 and 216 atoms. To determine the neigh
hood list we use a cutoff of 2.8 Å and obtain more floati
than dangling bonds. The DOS of these structures gives
new aspects compared to the results of the WWW mo
together with the Stillinger-Weber potential. The LDOS
the overcoordinated and the undercoordinated atoms is
comparable with the results of the WWW model. In this ca
the structure of the LDOS of the threefold-coordinated ato
shows a dependence on its environment, whereas the LD
of the overcoordinated atoms is nearly independent of
environment.

In addition to the models mentioned above we have g
erated a limited number of structures for the vacancy and
WWW model where the relaxation has been performed us
the Tersoff potential.49 The electronic properties~DOS and
LDOS! of these structures are consistent with the results
the other structural models. In other words, the electro
structure ofa-Si obtained in such a way can be understo
as resulting in a nearly additive way from the models co
taining only dangling and only floating bond defects. Th
property also holds if the relaxation is done with the help
the Stillinger-Weber potential. An important difference b
tween the structures generated with the Stillinger-Weber
the Tersoff potential lies in the ratio of the dangling bonds
floating bonds. Whereas the Stillinger-Weber potential le
to structures containing eight times more floating than d
gling bonds, the use of the Tersoff potential leads to str
tures with a more balanced ratio of dangling bonds to flo
ing bonds ~1:3!. The predominant formation of floating
bonds in both cases is consistent with the results of
continuous-space MC simulations by Kelires and Tersof11
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These authors estimated that the formation energies
fivefold-coordinated atoms are smaller than those for
threefold-coordinated ones.

I. a-Si:H model

In Fig. 7 we present the results for thea-Si:H model that
is derived from the dangling bond model. If defects are p
tially removed from the structure by saturation with hydr
gen, a strong decrease in the number of states in the vic
of the Fermi level can be observed. Removing all defe
leads to a true gap between the VB and the CB. The width
the gap increases with increasing amount of hydrogen. W
increasing hydrogen concentration the formation of an ad
tional peak at 2.8 eV above the Fermi level is observed.
the largest hydrogen concentration we observe a second
at about 5 eV below the Fermi level. This maximum aris
from hydrogen atoms which are bonded in SiH2 and SiH3
groups@see Fig. 7~c!#. The formation of these two peaks i

FIG. 7. Density of states~DOS! and local density of state
~LDOS! for the a-Si:H model.~a! DOS, N56 ~1556 atoms!. ~b!
DOS, N58 ~3688 atoms! ~solid line, cH50%, dotted line,cH

56.39%; dashed line,cH512.24%; long-dashed line,cH

521.43%; dash-dotted line,cH542.85%); inset,cH521.43%.~c!
LDOS, N55 ~900 atoms!, cH521.43% ~solid line, hydrogen in
SiH1 groups, dotted line, hydrogen in SiH2 groups!.
or
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a-Si:H has also been found by Maseket al.33 Various
experiments16,17 show that by the introduction of hydroge
the DOS is reduced at both the VB and the CB edge, w
greater effect on the VB edge and the formation of a pea
5 eV is observed. Our structural model is able to reprod
these effects. With increasing hydrogen concentration we
ditionally find that the top of the VB is shifted to lowe
energies by roughly 0.3 eV. This result agrees with exp
ment and other theoretical studies.68–70,32,71,30The bottom of
the CB does not move with increasing hydrogen conte
This result was also found in other calculations that
based on the tight-binding approach69,70,30but stands in con-
trast to some experimental measurements,16,17but is in agree-
ment with the x-ray work of Se´némaud.67 In photoemissions
measurements the bottom of the CB recedes by about 0.2
DiVincenzo, Bernholc, and Brodsky71 have used the pseudo
potential Green’s function technique to determine the D
and find a small shift of the CB edge.

Although we have used the same construction method
Holender, Morgan, and Jones our results are in some asp
different from theirs. In both structural models the introdu
tion of hydrogen reduces the number of states in the
region, but in the model developed by Holender, Morga
and Jones the structure of the band edges is nearly inde
dent of the hydrogen content. In both structural models
presence of hydrogen leads to a steeper increase of the
at the bottom of the CB than it is the case fora-Si. For our
structural model the width of the energy gap is smaller th
in the case of the model of Holender, Morgan, and Jo
~0.64 eV compared to 1.2 eV! but the resulting mobility gaps
are nearly identical and agree well with experiment. Figu
7~b! shows the DOS around the Fermi level for a structu
containing 7200 atoms.

With the a-Si:H model we can reproduce the experime
tally observed structure of the band tails. We can, howev
only observe the linear part clearly@Fig. 7 ~inset!#. The ex-
ponential tail is not clearly evident due to the noise, bu
tailing behavior different from a linear one can be detec
unambiguously.

The presence of hydrogen atoms causes no changes i
localization character of the states at the bottom of the
and at the top of the CB. Just as for the other structu
models mentioned above thea-Si:H model shows stronge
localization at the bottom of the CB than at the top of t
VB. Compared to the vacancy model the introduction of h
drogen leads to a widening of the mobility gap that agre
with experiment. The gap width increases with increas
hydrogen concentration~see Table III!. If the hydrogen con-
tent in our model is close to the one found in real materi
the value of the mobility gap~1.76 eV! is close to the ex-
perimental one~1.8 eV! and is comparable with the value
obtained by Holender, Morgan, and Jones and by Schmi15

Comparing the mobility gap of our structural model with th
of Schmitz, it is necessary to note that the structure
Schmitz contains only silicon atoms. This author has gen
ated two different structures~an unrelaxed tetrahedral quas
crystal and another one relaxed with the Keating potenti!.
finding that the unrelaxed model can be compared witha-Si
and the relaxed model witha-Si:H.

As we have observed differences in the tailing behav
between the vacancy model and the WWW model~see
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above!, we have generated a limited number of structures
a-Si:H that are based upon the bond switching model. T
construction method is the same as for the vacancy mode
accord with the result for the CRN we are not able to rep
duce the partition of the band edges into a linear and
exponential tail using the bond switching model. Thus
WWW model has some drawbacks with respect to the rep
duction of the electronic structure compared to the vaca
CRN model and we conclude that the proper description
experiment leaves some work to be done. In these struct
the introduction of hydrogen removes defect states from
gap region. Compared to the structures that are based o
vacancy model the shift of the valence-band edges is sm
for the WWW model and the bottom of the CB does n
recede.

J. Microvoid model

The introduction of microvoids into the structures whe
the internal surfaces are saturated with hydrogen atoms
not lead to changes in the electronic structure compare
a-Si:H. This holds for both the DOS and for the localizatio
character of the states and is independent of the size an
number of voids in the structure. As it is known that micr
voids have a strong influence on transport properties we
only conclude that the DOS alone is insufficient to und
stand this effect.

V. CONCLUSIONS

In this paper we have presented the electronic densit
states and the localization character of states for diffe
structural models fora-Si anda-Si:H that contain essentially
only one type of defect~dangling bonds, floating bonds
double bonds, saturation of dangling and floating bonds
hydrogen atoms, or microvoids!. In addition to these model
we have studied the properties of two different CRN’s an
model containing both dangling and floating bonds. To o
tain relaxed structures we have used a MC method utiliz
the Keating potential. In some cases the Stillinger-Webe
the Tersoff potential and a molecular-dynamics appro
have been applied. To calculate the DOS we have use
nearest-neighbor tight-binding approach. The localizat
properties are calculated with the TEL method, the sca
behavior of the correlation length and the IPR.

Before we assess the ability of the various structural m
els to reproduce the experimentally observed propertie
a-Si anda-Si:H let us summarize the results obtained for t
different structural models. All models discussed in this p
per have a VB that consists of two peaks and in most cas
featureless CB. For the vacancy CRN model we find a t
gap between the two energy bands that only fills up for
realistically high vacancy concentrations. For the bo
switching CRN model the gap disappears already at a s
degree of disorder but the number of states in this regio
still small. With increasing topological disorder the two e
ergy bands lose their structure and the number of states in
vicinity of the Fermi level increases for both CRN’s. In a
structural models the introduction of different types of d
fects ~dangling bonds, floating bonds, or double bond!
causes no strong changes in the principal structure of the
energy bands, but it leads to states in the vicinity of
r
e
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Fermi level, and their number increases with increasing
fect concentration. Dangling bonds induce more defect st
in the gap region than floating bonds or double bonds
Silicon atoms with a coordination number of five or six giv
rise to states at the bottom of the VB and at the top of
CB. The properties of systems containing overcoordina
atoms do not depend on the structural model or the re
ation potential. In contrast to this result the dangling bo
model exhibits appreciable differences in its properties, o
neighboring particles have a coordination number differ
from 4. The introduction of hydrogen removes all stat
around the Fermi level reintroducing a true gap and the
edge recedes compared to the unhydrogenated form. B
the vacancy CRN model and thea-Si:H model are able to
reproduce the experimentally observed tailing behavior~lin-
ear with an exponential tail!. This behavior of the band edge
is not found in the case of the bond switching model and
other defect models. It is neither found in ana-Si:H model
derived from the bond switching model. This model th
exhibits some shortcomings.

All structural models discussed in this paper show str
ger localization at the edges of the CB than at the VB edg
The states in the interior of the two energy bands seem to
extended. In the defect models the states in the vicinity of
Fermi level induced by dangling bonds, floating bonds,
double bonds are completely localized as long as the de
concentration is small, i.e., the atoms participating in a de
are essentially isolated in the structure. With increasing
fect concentration the defects are no longer isolated and
tended states form in the region of the Fermi level. T
a-Si:H structure characterized by a hydrogen content
about 20 at. % shows a value of the mobility gap that is
good agreement with the experimental results. This is not
case for the pure CRN’s and the defect models.

In contrast to the other types of defects the presence
microvoids causes no changes in the DOS and the loca
tion character of the states compared to the simplea-Si:H
model. Transport measurements, on the other hand, cle
demonstrate that microvoids exert a very strong influenc

Comparing the experimentally observed features ofa-Si
and a-Si:H to the results of the different structural mode
discussed in this paper we can assess the quality of the
ous models.

For a-Si the following experimental results are availab
~a! The VB of the amorphous state consists of two peaks
the maximum of the upper peak lies at higher energies c
pared to the crystalline state. All structural models are abl
reproduce these features. In most cases the width of the
agrees with experiment; only the floating bond model give
VB that is too wide by 1.6 eV. Compared to the experime
the upper peak of the VB is too wide for all structural mo
els. The reason for this behavior lies in the tight-bindi
approach that is used to calculate the DOS, this is a
known from the literature.~b! The featureless CB is repro
duced with all defect models and the two CRN’s with
realistic degree of topological disorder.~c! The experiment
shows an asymmetry of the band edges in the gap reg
i.e., for a given energy above and below the Fermi level
DOS is higher in the VB than in the CB. This behavior of th
band edges is present in all structural models fora-Si. It is
most evident in the double bond model and only wea
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apparent in the bond switching model combined with
Stillinger-Weber potential. This behavior of the DOS e
plains in a very satisfactory way that the VB states are l
localized than the CB states.~d! In contrast toc-Si the den-
sity of states fora-Si shows states around the Fermi lev
All defect models presented in this paper are able to rep
duce the increased number of states in the vicinity of
Fermi level. ~e! The mobility gap ofa-Si has a value of
;1.5 eV. None of the structural models is able to reprod
this value as long as the degree of topological disorder or
defect concentration is realistic.

Comparison between theory and experiment shows
no structural model is able to reproduce all experimenta
observed features in the electronic properties. To desc
the principal structure of the two energy bands and to st
the influence of topological disorder the vacancy model a
the bond switching model are both suitable. With the v
cancy model a better description of the DOS in the vicin
of the Fermi level is possible. Therefore this structural mo
should be used to describe the electronic properties wi
CRN. Finkemeier and von Niessen46 have studied the vibra
tional properties of the two different CRN’s and find that t
bond switching CRN model is more suitable for this purpo
From this situation it is apparent that all models have s
some unrealistic aspects. Models based uponab initio MD
simulations of the Car-Parrinello type, on the other ha
remain tiny due to the extreme computational demands.
to the large cooling rates, defect concentrations are unre
tically high.

With the results presented in this paper we are certa
not able to answer the question of which type of defec
dominant in amorphous silicon or what role is played by
individual defects, but we have pointed out that dangl
bonds have stronger influences on the electronic prope
than the other types of defects. This result is independen
the structural model and the relaxation potential. This f
should also be contrasted to the results of Finkemeier
von Niessen on the phonon structure. They find consider
differences in the vibrational properties between the vari
structural models and between the relaxation potentials.
the case of the electronic properties we are not able to de
mine an ideal structural model fora-Si, because none of th
structural models discussed in this paper is able to reprod
the experimentally observed DOS in the vicinity of the Fer
level in all its details. This implies that the DOS in th
t.

ds
e

s

.
o-
e

e
e

at
y
be
y
d
-

l
a

.
ll

,
e

is-

ly
s
e
g
es
of
t
d
le
s
or
er-

ce
i

energy region originates from the interaction of the differe
types of defects or of additional interactions not included
the present work. It is difficult to model this situation b
cause the individual defect concentrations are not known

In all calculations presented in this paper the electron c
relation is neglected. Elsewhere72 we show how the proper
ties of the various defect models change when this additio
interaction is included. It will be presented that the introdu
tion of the electron correlation leads to the formation of loc
magnetic moments on the dangling bond atoms, i.e., o
this type of defect is ESR active. Therefore ESR experime
are able to determine only the dangling bond concentrat
The real defect concentration in amorphous silicon lies pr
ably above this value, because floating bonds have a sm
formation energy than dangling bonds but are ESR inac
and cannot easily be observed experimentally.

Comparing the results of the defect models obtained w
the Keating and the Stillinger-Weber potential leads to
conclusion that the Keating potential is more suitable. T
reason lies in the fact that the structures generated with
Stillinger-Weber potential show at a realistic degree of top
logical disorder defect concentrations exceeding apprecia
the experimental concentration. This fact affects the locali
tion character of the states more than the DOS does.

For the case of thea-Si:H model we are able to reproduc
some important experimentally observed features, nam
the structure of the band tails, the receding of the VB ed
and the value of the mobility gap. Nevertheless our structu
model is, for example, not able to reflect the receding of
CB edge. The reason for this fact may lie in the tight-bindi
approach that was used to calculate the DOS and the lo
ization properties.
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