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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 Wed&/W mode) 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 regioraebi, 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-8i: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 regidirst linear, then exponentiais 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.
[S0163-182608)00532-3

[. INTRODUCTION For a-Si the valence-banVB) density of states consists
of two peaks and the conduction baf@B) is nearly feature-

Over the past twenty years, considerable effort has beeless. Calculations of the electronic propertiesaeSi based
devoted to the understanding of the properties of amorphousn a CRN have been performed by several autfors. This
silicon (a-Si) and hydrogenated amorphous silicontype of structural model is not able to reproduce the DOS in
(a-Si:H). These systems are particularly interesting due tdhe vicinity of the Fermi level because it leads to a true gap
potential technical applications. Modeling the microscopicbetween the two energy bands and this is not consistent with
and the electronic structure afSi anda-Si:H has, however, experimental results. Nevertheless a CRN is a simple model
remained a considerable challenge in the field of computato study the influence of topological disorder—i.e., the pres-
tional solid-state physics. A variety of models have beerence of five- and seven-membered rings in addition to six-
introduced to describe the microscopic geometry of thesenembered rings characterizing the crystalline state — on the
systems. These are either based upon continuous random netectronic properties of covalently bonded amorphous sys-
works 1 (CRN’s) or molecular-dynamic§MD) simula-  tems. In this paper we study the influence of different de-
tions®~3 The latter utilize empirical potentidis'! or apply  grees of topological disorder on the electronic structure and
ab initio simulation technique¥'® Recently, structural the localization behavior of electronic eigenstates for two
models based upon quasicrystals have been introddded. different CRN’s[the vacancy model of Duffy, Boudreaux,

In an ideal CRN, all atoms retain their normal coordina-and Polk and the bond switching model of Wooten, Winer,
tion numberZ=4, and deviations from crystalline bond and Weairé (WWW)].
lengths and bond angles are small. Be&i, however, ESR In contrast to CRN'’s, structures that are generated by MD
experiments have demonstrated that 1-2 % of all atoms haw@mulations of rapid quenching contain dangling and floating
to be characterized by a coordination number different fronbonds. Their exact concentration is difficult to control, and
four. Although models based upon CRN’s do not take thes¢he number of different types of defects can not be varied
results into account, this type of structural model is able tdndependently. Most of the structures presented in the litera-
reproduce some of the essential features of the electronitire contain a larger number of floating than dangling bonds,
structure, namely, the width of the valence band and thavith the exception of the model developed by Biswas, Grest,
principal structure of the density of staté809).167 and Soukouli. In general, the concentration of undercoor-
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dinated and overcoordinated atoms in models generated hize calculation of the local density of stat@DOS) for at-
MD simulations lies above the experimental one. Systenoms with different coordination numbers for model systems
sizes are usually limited to only a few hundred atorals; that contain both types of defects. They both find, that the
initio simulations are limited to even smaller system sizegresence of threefold-coordinated atoms create more states in
and to a small number of realizations. Holender and Morgarthe vicinity of the Fermi level than the presence of floating
have constructed large systerfup to 13 824 atonmsby as- bonds does. To address this question we have developed
sembling small simulation cells, followed by a relaxation structural models that contain only one type of defeither
procedure using a classical interaction potential. Schmitzgangling bonds, floating bonds, double bonds, or micro-
Peters, and Trebifl have investigated the suitability of a voids) and have calculated both the density of states and the
tetrahedral quasicrystal to describe both the structural andDOS for these structures. In addition, we have studied the
the electronic properties of amorphous silicon. Their modelsnterdependence of different types of defects existing in the
contain up to 20.000 atoms and a fraction of 0.0156 atomsame structural model.
with Z=3, which is close to the experimental value. For a better understanding of the amorphous state it is
Whereas the electronic structure of a CRN shows a cleagssential to compute the localized or extended character of
gap between the two energy bands for small degrees of teigenstates besides the DOS. The localization character is
pological disorder, the presence of dangling and floatingequired to determine the value of the mobility gap as com-
bonds leads to the shift of eigenstates into the vicinity of thepared to the band gap. It is well accepted that localization is
Fermi level®?! States around the Fermi level are usuallyonly present at the band edges and is stronger in the conduc-
believed to be localized. This disorder-induced Anderson lotion band than in the valence band. The numerical value of
calization leads to the formation of a mobility gap containingthe mobility gap has been computed by Holender and
eigenstates not participating in electronic transport at zerMorgarf? and Schmitz and co-worketé Holender and Mor-
Kelvin. Mobility edgesE. and Ey, separate localized from gan have studied the localization behavior of the electronic
extended states. The DOS outside the gap region is similatates fora-Si and a-Si:H using the inverse participation
for a CRN and a defect structure. The introduction of hydro-ratio (IPR) and find a mobility gap of 1.2 eV fa-Si and 1.8
gen — leading to the formation af-Si:H — has a strong eV for a-Si:H. Schmitz and co-workers have calculated the
effect on the electronic structure. The books of Joannopoululgcalization behavior of different structural models contain-
and Lucovsky®!” and Streéf present a good overview of ing only silicon atoms utilizing two different criterigthe
the theoretical and experimental propertiesaeBi:H. On  participation ratio and the localization lengtithey find mo-
account of the technical importanceafSi:H numerous the-  bility gaps that lie between 1.33 and 2.0 eV. An additional
oretical investigations have been performed to understandspect that has not been discussed in detail up to now is the
the role of hydrogen in the amorphous st&te® Compared  structure of the band tails. Total yield photoelectron spec-
to a-Si the defect concentration ia-Si:H is drastically re- troscopy shows that ia-Si:H the band edge of the VB con-
duced. It has been observed experimentally that only one owists of two part§: first it falls off linearly and than tails
of 10" atoms shows a coordination number different fromexponentially into the gap region. The valence-band tail is
four for a concentration of 20 at. % hydrogg@Amorphous  wider than the tail of the conduction baft*> Most of the
silicon prepared by various methods can obtain up to 4Gtructural models presented in the literature are not able to
atomic percent hydrogen, but for photovoltaic devices thaeproduce this experimental observation for the simple rea-
content of hydrogen is in the range of 10—20 %he intro-  son that they only contain a few hundred atoms. Whereas
duction of hydrogen removes most of the states from the gaplolender and Morgan make no prediction about the detailed
regiort® and induces the widening of the mobility gap structure of the band edges in their structural model, Schmitz
from 1.5 eV in a-Si to 1.8 eV in a-Si:tH as found and co-workers have observed the presence of the exponen-
experimentally** In addition, a-Si anda-Si:H differ in the  tial decrease of the band edges.
positions of the band edges and the structure of the upper In the present paper we discuss the DOS and the localiza-
region of the VB. For the hydrogenated form the maximumtion character of states for different structural models for
of the VB lies at lower energies comparedaeSi and c-Si.  a-Si anda-Si:H. As will be demonstrated below, to arrive at
The band edges in the gap region recede with increasing reliable statement about the location of the mobility edges
hydrogen concentration. This effect is stronger at the top ok, in the VB andE in the CB and to reproduce the behav-
the VB than at the bottom of the CB. As in the caseaeBi  ior of the band tails a scaling analysis including system sizes
most of the structural models fa-Si:H presented in the up to 10 000 atoms turns out to be essential.
literature contain only a few hundred atoms with the excep- For technical application of amorphous semiconductors
tion of the model developed by Holender, Morgan, andthe knowledge of the electronic properties is imperative. On
Jones? It contains 1545 silicon atoms and 450 hydrogenthe other hand, for a detailed understanding of the amor-
atoms, i.e., the hydrogen content is about 22%. phous state the computation of both the electronic and the
Although the properties of amorphous silicon have beervibrational properties is required. The investigation of the
studied intensively over the last 20 years, some importantibrational density of states and the localization behavior of
aspects are not yet clarified. One is the question of whiclthese states for several structural models studied in this paper
type of defect is dominant ia-Si. It is generally proposed has been performed by Finkemeier and von Niessen and is
that dangling bonds represent the major type of defséE  presented in an accompanying paffefhe comparison of
Pantelide®*° on the other side has suggested that floatinghe results of the electronic and the vibrational properties
bonds form the dominant type of defect. Mercer and Chou leads to the conclusion that some structural models are more
as well as Biswast al!® have tried to clarify this aspect by suitable to describe the electronic properties, whereas other
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models are able to reproduce the vibrational properties in a The vacancy model of Duffy, Boudreaux, and Pdkkthe
better way. The influence of topological disorder and of thestarting point for the development of structural models which
different types of defects on the DOS and the localizationcontain only one type of defect with a given concentration.
character of the states is stronger for the electronic than foTo introduce dangling bonds the longest bonds are cut. The
the vibrational properties. The next two sections contain gesulting structure is relaxed using the MC method men-
detailed description of the different structural models and thgjoned above with an updated connectivity list. In this way
methods that are used to calculate the electronic DOS angle are able to realize dangling bond concentrations up to
the Iopallzauon.character of the states. Result; are.present%%_ It is assumed that the Keating potential that has been
and 'dlscussed in Sec. IV. Conclusions are derived in the 'aﬂeveloped for tetrahedral systems is appropriate for this and
section. subsequent structural models.

To introduce fivefold and sixfold coordinated atoms we
start from the diamond lattice instead of a CRN. A large
local vacancy concentration has been found to give rise to

In this paper two different CRN's are used to describe thdloating bonds. We thus remove four instead of only one
structure of amorphous silicon: the vacancy model of Duffy,atom from the regular lattice for each elimination step. These
Boudreaux, and Pofkand the bond switching model of four atoms are a randomly chosen particle and three of its
Wooten, Winer, and WeaireThese models have been ap- twelve second-nearest neighbors, which are also chosen at
plied previously to the calculation of the electronic proper-random. The formation of the new bonds and the relaxation
ties of a-Sil®=2° These, as all other models that are de-process are performed using the procedure above. To gener-
scribed in this paper, contain periodic boundary conditions t@te a neighborhood list it is necessary to define a cutoff ra-
avoid surface effects. dius for the nearest-neighbor shell. We use a cutoff of 3.1 A.

In the vacancy model topological disorder is introduced Most structural models introduced in the literature are
by removing a certain number of atoms randomly from thegenerated via molecular-dynamics simulations using the
diamond structure. After each elimination the four unsatu-Stillinger-Weber potentia® All of these structures contain
rated atoms have to be reconnected by new bonds. Detaildibth dangling and floating bonds, but the concentration of
information about the construction of this type of CRN is these cannot be controlled. To study the influence of differ-
given by Duffy, Boudreaux, and Pdlland Koslowski and ent types of defects in the same structure we have developed
von Niesserf® The degree of disorder in this structural a model that contains dangling and floating bonds in arbi-
model can be measured by the vacancy concentration, trary relations. We start from the dangling bond model and
This is the fraction of atoms that is removed from the regulaintroduce the floating bonds via the procedure mentioned
diamond lattice. Afterwards the lattice is relaxed using aabove.

Monte Carlo(MC) proceduré’ with the Keating potentiel’ In contrast toa-C double bonds play a negligible role in
During the relaxation process the energy of the network ighe amorphous state of silicon. Nevertheless this type of de-
minimized subject to the condition that the average bondect might lead to typical changes in the electronic proper-
length is the same as the crystalline one. The resulting CRMes. To develop a structural model that contains this type of
structure that best describes the experiment shows a densitigfect in variable concentrations, we start from the diamond
that is about 8% higher than the densitym8i. In general lattice. To generate a double bond between two neighboring
the calculations are performed for this density, no strongatomsA and B, one neighbor ofA and one ofB, chosen
dependence of the electronic properties on the density haandomly, are removed from the regular lattice in each elimi-
been detected in the range of p(8-Si)<p<1.10p(c-Si).  nation step. After this step the unsaturated atoms are con-

In contrast to the vacancy model the CRN that is based onected with each other. In this way the atofAsndB will
the bond switching model contains the same number of atbe connected by a singte and aw bond. Subsequent to this
oms as the original diamond lattice. The topological disordeprocedure the length of the double bonds is reduced to 2.15
is introduced by switching a given number of existing bonds A. This is close to the value that a silicon double bond shows
A detailed description is given by Wooten, Winer, andin most inorganic materials. This value of the bond length as
Weaire! To keep deviations from the crystalline bond anglean average value has to be taken into account in the subse-
small some rules for the exchange of bonds are introducedjuent relaxation process as a constraint.

Only bonds that show the same length as in the crystal can All structural models described so far are relaxed with the
be switched and the resulting structure is not allowed to conKeating potential. In addition, we have generated structures
tain four-membered rings. The CRN that is realized via thisfor the vacancy model and for the bond switching model
procedure has the same density as the original diamond latvhere the relaxation has been performed using the Stillinger-
tice. We have found no significant dependence of the elecweber or the Tersoff potentiéf. A detailed description of
tronic properties on the density within physically reasonablehe relaxation method together with the Stillinger-Weber po-
variations ofp. The degree of disorder can be varied by thetential is given in the accompanying paper by Finkemeier
number of bonds that are switched. To compare the results @nd von Niesseff To calculate the electronic properties we
different system sizes we have introduced a dimensionlessse in most cases a cutoff for the nearest-neighbor shell of
factor c,, defined as the percentage switched bonds witt2.8 A. Atoms beyond this distance are considered not to be
reference to the number of atoms in the lattice. In addition tdonded in the tight-binding Hamiltonian.

the six-membered rings that are present in the diamond lat- A further aspect of our work is the examination of the
tice five- and seven-membered rings are created in the disochanges in the electronic properties when the different types
dered structure, a feature similar to the vacancy model.  of defects are partially or completely removed by hydrogen.

II. MODEL CONSTRUCTION
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To achieve this we have developed two different models for The use of the parameter set of Vogl, Hjalmarson, and
a-Si:H. They are based on the dangling bond model or orDow leads to the following differences compared to experi-
the floating bond model. To introduce hydrogen to a defecinent and the results with a minimal orthogonal tight-binding
structure we use the method suggested by Holender arshsis:(a) The VB is slightly too wide compared to experi-
Morgan?® In this procedure all atoms that display a coordi- ment. (b) The two lower peaks of the VB tend to merge at
nation number different from 4 are removed from the lattice the transition from the crystalline to the amorphous state, but
The resulting free bonds can partially or completely be satufor a realistic degree of topological disorder the two lower
rated with hydrogen atoms. The Si-H distances are assumggbaks are not completely washed of@. The width of the
to be the same as in SjHi.e., 1.48 A. Following Guttmaf upper peak of the VB is in good agreement with experiment.
we use t_he Ke_:atlng potential to relax _theSuH structure. (d) The CB is featureless only for system sizes exceeding
The relationship between the two Keating parameterand 1500 atoms(e) The energy gaps are smalléf) The mobil-
B is as follows:3=0.30x, but a(H) =2a(Si) as suggested iy gap is too large.
by Guttmar’® In this structural model most of the hydrogen ~ e are only able to calculate the electronic structure us-
atoms are bonded within SjHgroups. With increasing hy- ing the tight-binding approach of Allen, Broughton, and
drogen concentration the amount of Sigroups increases \jcMahart® for structures with a vacancy concentration
and only for the highest concentration of hydrogen a fewsmajler than g=0.10. For a higher degree of disorder nega-
SiH; groups exist. The preseatSi:H model disregards the tjve eigenvalues of the overlap matrix are obtained. The rea-
formation of Si-H-Si bonds. . . son for this behavior lies in the fact that the deviations from
Thea-Si:H structure is the starting point for the develop- the mean value of the bond lengths are so large that not all of
ment of a model that contains microvoids of arbitary size andhe first-, second-, and third-nearest neighbors fall into the

concentration. To create such a void all particles in theitting range of the polynomials from 2.3 A to 4.7 A. Thus
neighborhood of a randomly chosen atom are removed unthig approach is not suitable far Si.

free bonds are now partially or completely saturated withy_s;-H structures we have compared two different parameter
hydrogen atoms. sets. One of them has been developed by Allan and ¥lele
and the other one by Miet al3! We have foundcompared
IIl. NUMERICAL APPROACH with experimenk that the tight-binding approach of Allan
and Mele appears to be more suitable to describe the prop-
To calculate the electronic structure we use the tighterties ofa-Si:H in our model. This parameter set was also
binding method. It is the only method that permits us to treaused by Holender, Morgan, and Jofiis their calculations.
the required large system sizes of thousands of atoms. This To study the localization behavior of the electronic states
technique requires only information about the short-rangave apply three different criteria. These are the inverse par-
order. For the vacancy model we have investigated the suiticipation ratio (IPR),>" the correlation lengf$®® and a
ability of four different tight-binding parametrizations that method which was developed by Thouless, Edwards, and
can be found in the literature. Two of them assume a basis dficciardello (TEL method.?°-%? The last criterion has the
one s and threep orbitals. The basis is considered to be advantage that only the eigenvalues are required to predict
orthogonal on and among the atoms. They have been devahke localization character. The correlation length and the
oped by Chadi and Cohghand Harrisor* These two pa- TEL method are used as a scaling procedure, i.e., the elec-
rameter sets include only interactions between nearest neiglronic structure has to be calculated for different system sizes
bors. The presence of different bond lengths is taken intavith the same degree of disorder.

account via the 17 scaling as suggested by HarrisBriThe The main disadvantage of the IPR is that it does not per-

deviations in the bond angles are treated in the formalism ofnit us to calculate the position of the mobility gap in a

Slater and Kostet? straightforward way. But this problem can be circumvented
The parameter set of Vogl, Hjalmarson, and Ddw-  in a pragmatic way by taking recourse to the other ap-

cludes an additionas* orbital. In this parameter set only proaches. As we found little differences between the results
interactions between nearest neighbors are considered. Thétained by these approaches we present the TEL method in
differences in the bond lengths are also taken into accfunt. some more detail and give the results obtained in this way
The parameters of Allen, Broughton, and McMatsare  below. A more detailed discussion of the relevant approaches
an example for a nonorthogonal tight-binding set. An appli-and results for the case of phonon localization is given in the
cation of these parameters to the calculation of the DOS ofompanion papef®
a-Si is given in the work of Mercer and Chdb.In this Thouless, Edwards, and Licciardello have pointed out that
tight-binding approach interactions up to the third-neighborthe energy of a localized state is nearly independent of the
shell are included, provided the distances between two atonthoice of the boundary conditions, whereas extended states
are smaller than the cutoff of 4.7 A. are sensitive to the boundary conditions. To determine the
For our structural model we have found, in a comparisoriocalization character using the TEL method it is necessary
with experiment, that the parameter set of Harrison is thedo calculate the eigenvalue spectrum with two different types
most suitable one to describe the essential features of thaf boundary conditions. Whereas Thouless, Edwards, and
electronic properties ofi-Si. The results obtained with the Licciardello employed periodic and antiperiodic boundary
parameters of Chadi and Cohen are very close to thentonditions, we make use of periodic and weakly decoupled
Therefore the calculations of the defect structures are peboundary conditions in one spatial direction. This idea is
formed with the tight-binding set of Harrison only. taken from the article of Koslowski and von Niess8ror
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the choice of the magnitude of the decoupling factor two 10.0
conditions exist. First, the decoupling factor has to be suffi-

ciently small to lead to a shift of the eigenvalues smaller than 8.0 |
the average level spacing. Otherwise it would be difficult to

map the two spectra for different boundary conditions. Sec- 6.0
ond, the accuracy of the procedure that is used to calculate
the eigenvalues presents a lower boundary of the decouplingd
factor. In our investigations we have found no changes in the
localization behavior of the electronic states if the value of
the decoupling factor lies between 70and 10 . The re- 2.0
sults presented in this paper are computed using a decoupling

factor of 10 3. To deduce the localization character of the 0.0,:5
electronic states using the TEL method the so-called Thou- (g) '
less numbeg(l) has to be calculated:

4.0 -

20.0

AE
g(h="¢. (1) 20 ]

In this equatiorl denotes the system sigénear dimensioin N o~
JE is the average energy difference between two levels in a 3 SRS .
given energy bin, and E is the average difference between e NS
the corresponding eigenvalues for the two sets of boundary S N
conditions. The average is taken over small energy intervals ot N
and over different realizations. To compare the results for N
different system sizes, we calculate the negative natural loga- ot oy
rithm of the Thouless number. For extended electronic states %30 E 00 £ ‘ 3.0
the value of—In g decreases with increasing system size. An () Y E(ev) ©

increasing value of-In g with increasing system size indi- FIG. 1. Density of states for the vacancy modsblid line, c,

Cat_l?ﬁ IOcalllzeIdt'eIeCtrfort]r:C StTtef' . truct ith =0.025; dotted linec;=0.05; dashed line¢;=0.10; dash-dotted
€ cCalculation o € electronic structure wi an or'line, Cf=0.20).(a) N=6 (1556 atomy (b) N=10 (7200 atoms

thogonal tight-binding approach leads to a large sparse ma-
trix. To compute the eigenvalues and eigenvectors the Lan
zos algorithm is usef =% For system sizes smaller thah

=8 (4096 atomsthe DOS is studied for the entire energy

%Ilowing effects on the RDF: the floating bonds cause
nearly no change; the dangling bonds have a noticeable ef-
fect only for a defect concentration exceeding 11%, then a

range. As the presence of localized states in the interior h]jrd maximum appears: the double bonds cause a shift of
the two energy bands has not been observed, the analysis ffle minimum between the peaks to larger distances. The

the localization character for the larger systems has beeRnc.c ot a-Si-H show a reasonable agreement with the ex-

I|m|_ted to the band edges around the Ferm_| Ie_vel. F_or thef)erimental curvé$ and with the results of other structural
various structural models the number of realizations lies ber—nodelszg,go,zg

tween 100 N=3, 216 atomsand 3 (N=12, 13 824 atom)s

Most of our calculations of the defect structures are per-

formed with a vacancy concentration @f=0.10, because at B. Vacancy CRN model

this degree of disorder the radial distribution functi®&DF) To study the influence of the structural disorder on the
of the vacancy model shows the best agreement with thgjectronic properties we have used four different vacancy
experimental one. Defect concentratiors, of 1.11%,  concentrations;=0.025, 0.05, 0.10, and 0.20. The resulting
2.22%, 11.11%, and 20% have been considered. If we résjectronic densities of states are shown in Fig. 1. The energy
move all defects from the-Si structure via hydrogenation resplution has been chosen as 0.2 eV per energy interval in
the resultinga-Si:H structures contain 6.39, 12.24, 21.43, yjew of the great width of the VB and the CB. The figures

and 42.85 atomic percent hydrogen, respectively. that show the DOS in the vicinity of the Fermi level have a
resolution of 0.1 eV. In the calculation of the localization
IV. RESULTS AND DISCUSSION character we have used a resolution of 0.1 eV. The figures

display the computed mobility edgés, andE for a degree

of disorder ofc;=0.10 and a defect concentration of dan-
The radial distribution function€RDF'’s) and the distribu-  gling bonds, floating bonds, or double bondscgf2.22%.

tion of bond lengths and bond angles are discussed in sonkhe mobility edges are certainly shifted by varying the de-

detail in the second pap&tWe thus omit a discussion here. gree of disorder but this effect is in general too small to be

It should be said that the best agreement of the RDF witlvisualized. This is why the information is only given for the

experiment is obtained for a vacancy concentrationcof most relevant defect concentration.

=0.10 and a bond switching parameterogf=0.15 to 0.20. Whereas for the smallest vacancy concentration the VB

In case the Stillinger-Weber potential is used this parametetonsists of three peaks, the two upper peaks merge with in-

should be increased tp,=0.20 to 0.25. The defects have the creasing disorder. For the most relevant vacancy concentra-

A. Structural aspects
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TABLE I. Mobility gaps in eV for the two CRN'’s with different 10.0

degrees of disorder.
8.0 ]

Vacancy model ¢;=0.025 ¢;=0.05 ¢;=0.10 ¢;=0.20
Mobility gap 2.8 2.5 2.0 0.8 60 L |
WWW model ¢,=0.10 ¢,=0.15 ¢,=0.20 ¢c,=0.25 §
Mobility gap 2.5 1.7 0.9 0.8 40 | .
tions the CB is featureless. With increasing topological dis- 20 ]
order the energy gap between the VB and the CB decreases
For a vacancy concentration of=0.20 this gap disappears 0.0

20.0

and the gap slowly fills up, but the DOS in this region re- (@)
mains small. We find that the width of the energy gap de-
creases with increasing system size at a constant degree ¢
disorder. The structure of the interior of the two energy
bands shows, on the other hand, no dependence on the sy
tem size. To describe the band tails properly it is necessary tc
calculate systems that contain more than 4000 atoms. Figure
1(b) shows the DOS around the Fermi level for a system
with N=10 (8000 atomp for various vacancy concentra-
tions. If the degree of disorder is smaller than or equal to
c;=0.10 one obtains a linear behavior of the band tails. The
exponential tail is only clearly apparent for the smallest va-
cancy concentration. There is still a lot of noise superim-
posed on this part of the tail behavior that is, however, defi- _
nitely different from the linear region. Much larger system (b) -30 E
sizes would have to be studied to find the tailing behavior in . .
this region of very low DOS. FIG. 2. Density of states for the WWW model in the case of

For all structural models that are discussed in this papefélaxation with the Keating potentigsolid line, c,=0.10; dotted
we find localized states only at the band edges. For a vdine ¢n=0.15; dashed linec,=0.20; dash-dotted lineg,=0.25).
cancy concentration af,=0.025 no localized states exist at (@ N=6 (1728 atomj (b) N=8 (4096 atoms

the bottom of the VB, but the number of localized states_. 2 hi del th bands | hei
increases in this region with increasing disorder. Localizal19- 2- For this model the two energy bands lose their struc-

tion at the top of the CB occurs for all degrees of disorderture with increasing disorder and the number of states around

and its amount increases with increasing vacancy concentr}aﬁe Fermi level :jn_creases. Inlcor:jtrafst to the \ﬁa:;:ancy m;)g_el
tion. At the bottom of the conduction band we find localized "€ €N€rgy gap disappears already for a small degree of dis-

states for all degrees of disorder, but their total number dec_)rder (results not presented hgrdut the number of states

creases with increasing disorder. At the top of the VB |oca|_§\round the former gap remains small in comparison to the

ized states are observed only if the vacancy concentration fgterior of the_ tW9 bands. This structural model leads to a
smaller tharc;=0.20. Stronger localization at the CB edgesStronger localization at the two edges O.f the CB tha_m Of_ the
than at the VB edges is found for all degrees of disorderVB and the number of localized states increases with disor-

This result agrees with the investigations of other.der' If the degree of disorder is larger thap=0.15, local-

authorsi#204214 1t aiso agrees with other experimental ization at the top of the VB is completely suppressed. The

investigation$” The DOS shows an asymmetry in the bandvalues for the mobility gaps are listed in Table I. The bond
edges in the gap region, i.e., for a given energy above anawitching model is not able to describe the partition of the
below the Fermi level thé DéS is higher in the VB than in band tails into a linear and an exponential part for any sys-

the CB. This feature was also observed by Nichols an&em_size. In particula_r, _the linear part is found for no degree
Winer and can explain the stronger localization in the CBOf dls'order, whereas it IS clearly apparent for a wide range of
than in the VB. The width of the mobility gap is an important the disorder parameter in the case of the vacancy model.
feature for a comparison with experiment. For the vacancy

model the values of the mobility gaps are listed in Table I. D. Dangling bond model

With increasing structural disorder the width of the mobility  The introduction of dangling bonds into the CRN causes
gap dgcreases, but for realis_tic vacancy concentrations thﬁrong changes in the DOS only in the vicinity of the Fermi
value is larger than the experimental one of 1.5 eV. To conieyel. In the other energy regions we have found no signifi-
clude, the DOS calculated for a vacancy concentration Ofant differences compared to the vacancy CRN model. Fig-
¢;=0.10 agrees best with experimental results. This holdgre 3 shows the DOS for this structural model in the region
also for the phonon density of statts. of the Fermi level. Due to the presence of threefold-
C. Bond switching CRN model coordinated silicon atoms the energy gap between the VB

' 9 and the CB disappears and the number of states in this region

The results for the bond switching mod&\/WW mode) increases with increasing defect concentration. Around the
agree in many respects with those of the vacancy m@#el  Fermi level the DOS shows features that vary dramatically

DOS

3.0
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of the peak described above. With this and the other defect
structural models we do not find the tailing behavior dis-
cussed above. This is apparently restricted to the vacancy
CRN model.

Like our model the structural model developed by
Schmit2® contains only fourfold- and threefold-coordinated
atoms. In his model the formation of dangling bonds lead to
states in the vicinity of the Fermi level but these states are
more or less isolated from the bulk of the states in the two
energy bands. He finds no states between the top of the VB
and the impurity band and only a small number of states
between the gap states and the CB. The impurity band is
split. Schmitz suggested that this partition is caused by the
formation of bonding and antibonding dangling bond states,
because the Fermi level lies in the middle of the impurity
band. He also proposed that the separation should be clearer
when electron correlation is taken into account.

Detailed information about the influence of threefold-
coordinated atoms on the electronic structure can be obtained
by the computation of the corresponding LDOS. Mercer and
Chou! and Biswaset al!® have analyzed the influence of
defects utilizing the LDOS. We find that threefold-
coordinated atoms give rise to a single peak between the two
energy bands. This result is independent of the defect con-
centration and the system size and agrees with the work of
Mercer and Chou. Biswast al. found the formation of two
peaks resulting from the dangling bonds. Unlike our struc-
tural model and the system studied by Mercer and Chou,
Biswaset al. have taken into account an additional term in
1 the Hamiltonian, the electron-electron interaction as realized
in the Hubbard modelin the mean-field approximation
2 These authors, however, give no information about the struc-
0.0, s 00 PP ture of the LDOS when this interaction is switched off.
© E (V) Therefore it is difficult to compare to our results. Further

differences between the structures used by Mercer and Chou

FIG. 3. Density of statesDOS) and local density of states and Biswaset al. are the defect concentrations and the relax-
(LDOS) for the dangling bond mode(a) DOS,N=6 (1556 atoms  ation potentials that are used to generate the amorphous
(solid line, c4=0%; dotted line, c4=1.11%; dashed linecs  structure. The structural model used by Mercer and Chou
=2.22%; long-dashed linecy=11.11%; dash-dotted linecqs  \was obtained with the Stillinger-Weber potential and con-
=20.0%).(b) DOS,N =8 (3688 atoms(solid line,cq=0%; dotted  t3ins more dangling than floating bonds. T&eSi structure
line, cq=1.11%; dashed linecq=2.22%; long-dashed linecq  \yresented by Biswast al. was generated with the two- and
=11.11%; dash-dotted linaiy=20.0%). (c) LDOS, N=5 (900 4 ra0 hody Si potentials of Biswas and Hamann and contains
a_1toms), cdzll.ll%_(solld line, threefold-coordinated atoms; dotted the floating bonds as the dominant type of defect. A common
line, fourfold-coordinated atoms feature of both structural models is the presence of dangling
with system size. If the system contains less than 2000 a@nd floating bonds. We discuss n Sec. I\./ H that it is not
oms, the presence of dangling bonds gives rise to an addgfasy to compare the LDOS ob_talned for different structural
tional peak whose intensity increases with increasing defedPOde!s’ because the features- in the LDQS of the threefold-
concentration. The maximum of this peak lies below thecoordmated atomg can be varied when different types of de-
Fermi level and moves to lower energies with an increasinéeCtS are grsesent in the same structural model.
number of threefold-coordinated atoms. The explanation for Schmlt has also ca}lculated the LDOS fO( thr.eefold-
this effect that the Fermi level does not coincide with thecoordmate_d atoms for his struct_ural model, which is based
maximum of the impurity band is simply that we do not havel @ quasicrystal. In common with our result and the result
a half-filled dangling bond impurity band. In all models the
most general hybridization is permitted. For larger system
sizes this peak disappears. Although the appearance of th .
beautiful impurity band may be pleasing, it is a finite-size PCtential N=6).
effect persisting up to about 2000 atoms. For larger systems

DOS

b
15.0

10.0

LDOS

5.0 r

TABLE II. Concentration of dangling and floating bonds for the
model in the case of relaxation with the Stillinger-Weber

(above about 4000 atomihe introduction of dangling bonds Cn 0.10 0-15 0.20 0.25
leads only to a featureless increase in the number of stat&sangling bonds 0.3% 1.0% 1.5% 2.4%
between the two energy bands. This structure of the DOS ig|oating bonds 2.2% 8.5% 16.4% 25.9%

in better agreement with the experiment than the formation
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TABLE lll. Mobility gaps in eV for the defect structural models.

cg=0 cy=1.11 cy=2.22 cg=1111  c4=20
DB model 2.0 2.5 2.3 0.5/1%  0.4/1.7
FB model 2.0 1.81 2.0 0.5/('5 1.00
DBFB mode? 2.0 1.8 2.0 0.1/13 0.3
WWW model-SW® 3.0 (c,=0.10) 2.5 ¢,=0.15) 0.4 £,=0.20) 0 (c,=0.25)
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.
“WWW model in the case of relaxation with the Stillinger-Weber potential.

of Mercer and Chou the dangling bonds give rise to a single The LDOS for the fivefold and sixfold-coordinated atoms
peak in the vicinity of the Fermi level. In his structural is presented in the lower part of Fig. 4. Compared to the
model, however, the threefold-coordinated atoms exclusivelyourfold-coordinated atoms the floating bonds give rise to an
lead to states around the Fermi level. In the other energy
regions the LDOS is negligibly small. This fact is in contrast 6.0
to our result and the LDOS curves obtained by Mercer and
Chou and Biswagt al.

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

In comparison to the vacancy model the localization char-
acter of the states of the dangling bond model differs only in x v ‘
the region of the Fermi level. This means that this model 99,5, 100 00 100 200
shows stronger localization in the CB than in the VB. As (a) E (eV)
long as the defect concentration is smaller than 11% all
states in the region of the Fermi level are localized. For
larger dangling bond concentrations we find a small amount
of extended states between the two regions of localized state
in the high-energy region of the VB as well as in the lower @
region of the CB. For all defect concentrations considereda
here the number of localized states in the region of the Fermi
level is larger than at the bottom of the VB and the top of the
CB. Through the introduction of dangling bonds the width of
the mobility gap increases strongly compared to the vacancy o . . .
model with the same degree of disorder. The value of the) —39 E, 00 E 3.0
mobility gap shows no characteristic dependence on the de g
fect concentration. If the defect concentration exceegls
=10% we can define two different mobility gafsee Table
[II'), due to the presence of extended states in the vicinity of
the Fermi level.

2.0 £\

E. Floating bond model

Similar to the introduction of threefold-coordinated atoms 2.0
the presence of floating bonds leads to the formation of elec-
tronic states around the Fermi levske Fig. 4. The number i . , A
of states in this energy region is, however, smaller at the "-20.0 -10.0 0.0 100 20.0
same concentration of defects compared to the dangling® (V)
bond model. In contrast to the threefc_)ld-coordir)ated atoms g 4. Density of statesDOS) and local density of states
the presence of floating bonds gives rise to additional statgg pos) for the floating bond modela) DOS,N=6 (1556 atoms
at the two outer band edges. The number of these Stat@§lid line, cy=0%; dotted line, c4=1.11%; dashed linegcy
increases with increasing defect concentration. The:s& 2.22%; long-dashed linecy=11.11%; dash-dotted lineg,
changes are small compared to the effect found in the regior 20.0%).(b) DOS,N=8 (3688 atoms(solid line,cy= 0% dotted
of the Fermi level. The floating bond model behaves differ-line, c,=1.11%; dashed linecy=2.22%; long-dashed linecy
ently from the dangling bond model in another aspect: there=-11.11%; dash-dotted lineg=20.0%).(c) LDOS, N=5 (900 at-
is no strong dependence of the electronic structure on thems, cy=11.11% (solid line, fourfold-coordinated atoms; dotted
system size. line, fivefold- and sixfold-coordinated atoms
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additional peak at the top of the CB and at the bottom of the 6.0
VB. The sixfold-coordinated atoms exert a stronger influence
than the fivefold-coordinated ones. Whereas Mercer and
Chou have found no differences in the LDOS between atoms
with a tetrahedral coordination and the overcoordinated at- 40
oms, Biswast al. have found characteristic features due to ¢
floating bonds. In agreement with our model they have ob-8
served that overcoordinated silicon atoms give rise to a
larger number of electronic states in the region of the Fermi
level and at the bottom of the VB compared to the fourfold-
coordinated atoms. Analogously to the dangling bond model
the number of states in the region of the Fermi level that
arise from fourfold-coordinated atoms with a floating bond '=20.0
neighbor increases with the defect concentration. This fea-®
ture was also observed by Mercer and Chou. 6.0
The states around the Fermi level are localized as long as
the concentration of fivefold- and sixfold-coordinated atoms
is smaller tharcy=11.11%. If the number of floating bonds .
exceeds this value a small amount of extended states arisesi 4.0 |-
this energy region. For this type of defect the number of
extended states is smaller than in the case of the danglin©
bonds. Whereas for all defect concentrations localized state:
exist at the bottom of the CB, we find localization at the top 2.0
of the VB only for defect concentrations smaller thegp
=11.11%. In other words, we again find stronger localiza-
tion at the bottom of the CB compared to the top of the VB.

20 -

The width of the mobility gap increases with increasing de- 90,5 ‘ 0.0 ' ' 3.0
fect concentration as long as the defect concentration is(b) E (eV)

small, but its value is smaller than that for the dangling bond _

model (see Table II]. FIG. 5. Density of states for the double bond modgék 6

(1556 atomp (solid line, cy4=0%; dotted linecy=1.11%; dashed
line, c4=2.22%; dash-dotted liney=11.11%). The energy reso-

) ) ) lution is in both cases 0.2 eV per interval.
It is of particular interest to study the DOS of a structural

model that contains both dangling and floating bonds. We G. Double bond model

observe the same features as in the models with only one . .
type of defect, i.e., the effects turn out to be additive. Com-, Figure 5 shows the DOS of models containing double

pared to the CRN we find more states in the vicinity of thebonds' Compared to the CRN we observe o principal

: changes. This type of defect gives rise to a larger number of
Fermi level, at the bottom of the VB and at the top of thestates at the bottom of the VB and at the top of the CB and

tcu?eﬂVr\1/1r:)%reela:htgv?/sl_Ir?t?iifz‘grr;?\gaflso?c?rt]ﬁebozgs f'lrc]);g'r? Sggﬁ'eads to additional states in the vicinity of the Fermi level. In
b 9 he latter energy region the number of states is larger than

mode!, the structure. (.)f the LDOS of the threefold- that for the floating bond model, but smaller than that for the
coordinated atoms exhibits small differences compared to thSaninng bond model. In contrast to the dangling bond model

F. Dangling plus floating bond model

this structural model two neighboring silicon atoms can bothd
have a coordination number different from 4.

For this structural model the amount of localized states at
the bottom of the VB and at the top of the CB increases with
increasing defect concentration. In the vicinity of the Fermi
level the number of localized states increases as long as the In Fig. 6 we present the results obtained for the bond
defect concentration is smaller than 11%. For larger defecswitching model, where the relaxation has been performed
concentrations we only observe localization at the bottom ofising the Stillinger-Weber instead of the Keating potential.
the CB, similar to the models discussed above. The values @imilar to the models described above the DOS becomes
the mobility gaps for this structural model are listed in Tablefeatureless with increasing disorder and the number of states
[ll. As long as the defect concentration is smaller thgn  in the vicinity of the Fermi level increases. For the same
=10% the mobility gap increases with increasing defectdegree of disorder the number of states in the region of the
concentration. If the number of undercoordinated and overFermi level is larger than when the Keating potential is used.
coordinated atoms is larger, the value of the mobility gap isThe explanation is simply that these structures contain both
smaller than for the CRN model and decreases with increaslangling and floating bonds. The upper edge of the VB lies
ing defect concentration. at lower energies as compared to the Keating potential. For

angling bond and the double bond model.

H. Bond switching model combined with
the Stillinger-Weber potential
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8.0 models and to those for fivefold- and sixfold-coordinated
atoms. In contrast to the dangling bond model the LDOS of
6.0 - 1 the threefold-coordinated atoms shows two peaks in the re-
gion of the Fermi level. An analysis shows that the peak at
8 40 L | lower energies mainly arises from threefold-coordinated at-
Q oms that are neighbors of fourfold-coordinated ones. The
20| | second peak derives from threefold-coordinated atoms that
' have a neighbor with a coordination number different from
4. In the pure dangling bond model it is not possible that two
0.0,55 2.0 neighboring atoms have both a coordination number differ-
(a)10 0 ent from 4 and therefore the peak in the vicinity of the Fermi
: level is not split.
80 L ] Compared to the Keating potential the use of the
Stillinger-Weber potential leads to a smaller amount of states
o 60F . that are localized at the two outer band edges. The number of
Q states in this region shows no dependence on the degree of
- 40r 1 disorder. For a small degree of disorder the Stillinger-Weber
] potential leads to a larger amount of localized states in the
20 i region of the Fermi level. With increasing topological disor-
0.0 der and defect concentration the number of localized states
) -20.0 20.0 decreases rapidly. If the disorder is smaller thgi 0.20 we
observe localization at the top of the VB and at the bottom of
the CB. For a degree of disorder exceedmg 0.20 no lo-
16.0 | 8 calization is found at the top of the VB. For the highest
] degree of disorderg,=0.25) localized states are no longer
3 present in the region of the Fermi level.
3 a0l | In addition to the structures based on the WWW model
' we have used molecular-dynamics simulations employing
the Stillinger-Weber potential to generate structurea-®i
Nz Sk . ] that contain 4096 and 216 atoms. To determine the neighbor-
0.0, 0 :10.0 : o0 T 0 hood list we use a cutoff of 2.8 A and obtain more flqating
© E (V) than dangling bonds. The DOS of these structures gives no

new aspects compared to the results of the WWW model

FIG. 6. Density of stategDOS) and local density of states together with the Stillinger-Weber potential. The LDOS of
(LDOS) in the case of relaxation with the Stillinger-Weber poten- the overcoordinated and the undercoordinated atoms is also
tial. (8 DOS, N=6 (solid line, c,=0.15; dotted linec,=0.20;  comparable with the results of the WWW model. In this case
dashed line,c,=0.25). (b) LDOS, N=4, ¢,=0.20 (solid line,  the structure of the LDOS of the threefold-coordinated atoms
fourfo_ld-coordinated atoms; dashed line, fivefgld- and sixfold- ghows a dependence on its environment, whereas the LDOS
coordinated atoms; dotted line, threefold-coordinated atoXe$  of the overcoordinated atoms is nearly independent of the
LDOS,N=4, c,=0.20(solid line, threefold-coordinated atoms that environment.
are nglghbors of fourfold-coordlnate.d atoms; dashed line, thrgefold- In addition to the models mentioned above we have gen-
co_org:)nated atoms that have a fivefold- or sixfold-coordinatedy, e 4 [imited number of structures for the vacancy and the
neighbo. WWW model where the relaxation has been performed using

the Tersoff potentiat? The electronic propertie€DOS and

most of our calculations with the Stillinger-Weber potential LDOS) of these structures are consistent with the results of
we use a cutoff of 2.8 A to generate the neighborhood listthe other structural models. In other words, the electronic
and the resulting structures contain more floating than darstructure ofa-Si obtained in such a way can be understood
gling bonds. Therefore the DOS shows no peak formation a&s resulting in a nearly additive way from the models con-
the Fermi level. The concentration of the dangling and floattaining only dangling and only floating bond defects. This
ing bonds for the various degrees of disorder is listed inproperty also holds if the relaxation is done with the help of
Table II. If we calculate the DOS with a cutoff of 2.6 the Stillinger-Weber potential. An important difference be-
A structures that contain more dangling than floating bondgween the structures generated with the Stillinger-Weber and
are obtained. For these cases we find the formation of a smdhe Tersoff potential lies in the ratio of the dangling bonds to
peak at the Fermi level for small system sizes. The DOS irfloating bonds. Whereas the Stillinger-Weber potential leads
the gap region obtained with our structural model and a cutto structures containing eight times more floating than dan-
off of 2.8 A is comparable with the results of Biswasal.  gling bonds, the use of the Tersoff potential leads to struc-
and of Mercer and Chou. tures with a more balanced ratio of dangling bonds to float-

The LDOS for the different types of defects are shown ining bonds (1:3). The predominant formation of floating
Fig. 6 (b). The curve for the fourfold coordinated atoms ex- bonds in both cases is consistent with the results of the
hibits no essential difference compared to the other structuralontinuous-space MC simulations by Kelires and TerSboff.



PRB 58 DEFECTS INa-Si AND a-Si:H: A NUMERICAL STUDY 4469

6.0 a-Si:H has also been found by Masek al®* Various
experiment®!” show that by the introduction of hydrogen
the DOS is reduced at both the VB and the CB edge, with
1 greater effect on the VB edge and the formation of a peak at
5 eV is observed. Our structural model is able to reproduce
these effects. With increasing hydrogen concentration we ad-
1 ditionally find that the top of the VB is shifted to lower
energies by roughly 0.3 eV. This result agrees with experi-
ment and other theoretical studf€s/%32713%The bottom of
i : the CB does not move with increasing hydrogen content.
0.0 10.0 20.0 . . K
@ E (V) This result was also found in other calculations that are
2.0 based on the tight-binding approd2#’*but stands in con-
\ trast to some experimental measureméhtéput is in agree-
02 . ment with the x-ray work of S&maud®’ In photoemissions
) b measurements the bottom of the CB recedes by about 0.2 eV.
DiVincenzo, Bernholc, and Brodskyhave used the pseudo-
potential Green’s function technique to determine the DOS
and find a small shift of the CB edge.

Although we have used the same construction method as
Holender, Morgan, and Jones our results are in some aspects
) ‘ N N E ‘ different from theirs. In both structural models the introduc-
() =-3.0 E, E; 3.0 tion of hydrogen reduces the number of states in the gap
region, but in the model developed by Holender, Morgan,
and Jones the structure of the band edges is nearly indepen-
16.0 - ; . dent of the hydrogen content. In both structural models the

: presence of hydrogen leads to a steeper increase of the DOS
at the bottom of the CB than it is the case &iSi. For our
structural model the width of the energy gap is smaller than
8.0 & 7 in the case of the model of Holender, Morgan, and Jones

/ (0.64 eV compared to 1.2 g\but the resulting mobility gaps
J /i\ | are nearly identical and agree well with experiment. Figure
0.0 P A ‘ ‘ 7(b) shows the DOS around the Fermi level for a structure
2200 -10.0 0.0 10.0 20.0 containing 7200 atoms.
©) E(eV) With the a-Si:H model we can reproduce the experimen-

FIG. 7. Density of statesDOS) and local density of states tally observed structure of the banq tails._ We can, however,
(LDOS) for the a-Si:H model. (@ DOS, N=6 (1556 atoms (b ~ ONly observe the linear part clearfzig. 7 (inset]. The ex-

DOS, N=8 (3688 atoms (solid line, c;=0%, dotted line,cyy pqrjentlal ta|ll is n_ot clearly ewde_nt due to the noise, but a
=6.39%; dashed line,c,=12.24%; long-dashed linec,  tailing behavior different from a linear one can be detected
=21.43%; dash-dotted line,=42.85%); insetcy=21.43%.(c) unambiguously.

LDOS, N=5 (900 atom§ cy=21.43% (solid line, hydrogen in The presence of hydrogen atoms causes no changes in the
SiH, groups, dotted line, hydrogen in Sitgroups. localization character of the states at the bottom of the VB

and at the top of the CB. Just as for the other structural

These authors estimated that the formation energies fdhodels mentioned above tfge Si:H model shows stronger

fivefold-coordinated atoms are smaller than those for thdocalization at the bottom of the CB than at the top of the
threefold-coordinated ones. VB. Compared to the vacancy model the introduction of hy-

drogen leads to a widening of the mobility gap that agrees
with experiment. The gap width increases with increasing
hydrogen concentratiofsee Table ). If the hydrogen con-

In Fig. 7 we present the results for theSi:H model that  tent in our model is close to the one found in real materials
is derived from the dangling bond model. If defects are parthe value of the mobility gagl.76 e\} is close to the ex-
tially removed from the structure by saturation with hydro- perimental ong1.8 eV) and is comparable with the values
gen, a strong decrease in the number of states in the vicinitgbtained by Holender, Morgan, and Jones and by Schitz.
of the Fermi level can be observed. Removing all defect€omparing the mobility gap of our structural model with that
leads to a true gap between the VB and the CB. The width off Schmitz, it is necessary to note that the structure of
the gap increases with increasing amount of hydrogen. Witlschmitz contains only silicon atoms. This author has gener-
increasing hydrogen concentration the formation of an addiated two different structure@&n unrelaxed tetrahedral quasi-
tional peak at 2.8 eV above the Fermi level is observed. Acrystal and another one relaxed with the Keating potential
the largest hydrogen concentration we observe a second pefikding that the unrelaxed model can be compared @itBi
at about 5 eV below the Fermi level. This maximum arisesand the relaxed model with-Si:H.
from hydrogen atoms which are bonded in Sighd SiH As we have observed differences in the tailing behavior
groups[see Fig. 7(c)]. The formation of these two peaks in between the vacancy model and the WWW modste

4.0 -

DOS
>

DOS

LDOS

I. a-Si:H model
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above, we have generated a limited number of structures folFermi level, and their number increases with increasing de-
a-Si:H that are based upon the bond switching model. Théect concentration. Dangling bonds induce more defect states
construction method is the same as for the vacancy model. lim the gap region than floating bonds or double bonds do.
accord with the result for the CRN we are not able to repro-<Silicon atoms with a coordination number of five or six give
duce the partition of the band edges into a linear and afise to states at the bottom of the VB and at the top of the
exponential tail using the bond switching model. Thus thecB. The properties of systems containing overcoordinated
WWW model has some drawbacks with respect to the reproatoms do not depend on the structural model or the relax-
duction of the electronic structure compared to the vacancytion potential. In contrast to this result the dangling bond
CRN model and we conclude that the proper description ofyodel exhibits appreciable differences in its properties, once
experiment leaves some work to be done. In these structurggighboring particles have a coordination number different
the introduction of hydrogen removes defect states from th¢om 4. The introduction of hydrogen removes all states
gap region. Compared to the structures that are based on tBeynd the Fermi level reintroducing a true gap and the VB
vacancy model the shift of the valence-band edges is small%rdge recedes compared to the unhydrogenated form. Both
for the WWW model and the bottom of the CB does notihe vacancy CRN model and tkze Si:H model are able to
recede. reproduce the experimentally observed tailing behaglior
ear with an exponential tailThis behavior of the band edges
J. Microvoid model is not found in the case of the bond switching model and the

The introduction of microvoids into the structures where©ther defect models. It is neither found in anSi:H model
the internal surfaces are saturated with hydrogen atoms do&§ved from the bond switching model. This model thus
not lead to changes in the electronic structure compared tgXhibits some shortcomings. o
a-Si:H. This holds for both the DOS and for the localization All structural models discussed in this paper show stron-
character of the states and is independent of the size and t§€" localization at the edges of the CB than at the VB edges.
number of voids in the structure. As it is known that micro- 1€ states in the interior of the two energy bands seem to be
voids have a strong influence on transport properties we cafxtended. In the defect models the states in the vicinity of the

only conclude that the DOS alone is insufficient to under-F€'mi level induced by dangling bonds, floating bonds, or
stand this effect. double bonds are completely localized as long as the defect

concentration is small, i.e., the atoms participating in a defect
are essentially isolated in the structure. With increasing de-
fect concentration the defects are no longer isolated and ex-
In this paper we have presented the electronic density dended states form in the region of the Fermi level. The
states and the localization character of states for differera-Si:H structure characterized by a hydrogen content of
structural models foa-Si anda-Si:H that contain essentially about 20 at. % shows a value of the mobility gap that is in
only one type of defec{dangling bonds, floating bonds, good agreement with the experimental results. This is not the
double bonds, saturation of dangling and floating bonds bgase for the pure CRN’s and the defect models.
hydrogen atoms, or microvoiflsn addition to these models In contrast to the other types of defects the presence of
we have studied the properties of two different CRN’s and amicrovoids causes no changes in the DOS and the localiza-
model containing both dangling and floating bonds. To ob4ion character of the states compared to the sinaplgi:H
tain relaxed structures we have used a MC method utilizingnodel. Transport measurements, on the other hand, clearly
the Keating potential. In some cases the Stillinger-Weber oflemonstrate that microvoids exert a very strong influence.
the Tersoff potential and a molecular-dynamics approach Comparing the experimentally observed featuresi-8i
have been applied. To calculate the DOS we have used and a-Si:H to the results of the different structural models
nearest-neighbor tight-binding approach. The localizatiordiscussed in this paper we can assess the quality of the vari-
properties are calculated with the TEL method, the scalingpus models.
behavior of the correlation length and the IPR. For a-Si the following experimental results are available:
Before we assess the ability of the various structural mod¢a) The VB of the amorphous state consists of two peaks and
els to reproduce the experimentally observed properties dhe maximum of the upper peak lies at higher energies com-
a-Si anda-Si:H let us summarize the results obtained for thepared to the crystalline state. All structural models are able to
different structural models. All models discussed in this pateproduce these features. In most cases the width of the VB
per have a VB that consists of two peaks and in most casesagrees with experiment; only the floating bond model gives a
featureless CB. For the vacancy CRN model we find a trué/B that is too wide by 1.6 eV. Compared to the experiment
gap between the two energy bands that only fills up for unthe upper peak of the VB is too wide for all structural mod-
realistically high vacancy concentrations. For the bondels. The reason for this behavior lies in the tight-binding
switching CRN model the gap disappears already at a sma#lpproach that is used to calculate the DOS, this is also
degree of disorder but the number of states in this region iknown from the literature(b) The featureless CB is repro-
still small. With increasing topological disorder the two en-duced with all defect models and the two CRN'’s with a
ergy bands lose their structure and the number of states in threalistic degree of topological disord€r) The experiment
vicinity of the Fermi level increases for both CRN's. In all shows an asymmetry of the band edges in the gap region,
structural models the introduction of different types of de-i.e., for a given energy above and below the Fermi level the
fects (dangling bonds, floating bonds, or double bonds DOS is higher in the VB than in the CB. This behavior of the
causes no strong changes in the principal structure of the twliand edges is present in all structural models&gdsi. It is
energy bands, but it leads to states in the vicinity of themost evident in the double bond model and only weakly

V. CONCLUSIONS
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apparent in the bond switching model combined with theenergy region originates from the interaction of the different
Stillinger-Weber potential. This behavior of the DOS ex-types of defects or of additional interactions not included in
plains in a very satisfactory way that the VB states are les#he present work. It is difficult to model this situation be-
localized than the CB state@) In contrast toc-Si the den-  cause the individual defect concentrations are not known.
sity of states fora-Si shows states around the Fermi level. In all calculations presented in this paper the electron cor-

All defect models presented in this paper are able to reprotelation is neglected. Elsewhéfave show how the proper-
duce the increased number of states in the vicinity of thdi€s of the various defect models change when this additional

Fermi level. (€) The mobility gap ofa-Si has a value of interaction is included. It will be presented that the introduc-
~1.5 eV. None of the structural models is able to reproducéion of the electron correlation leads to the formation of local

this value as long as the degree of topological disorder or th agnetic moments on the Qangllng bond atoms, €., only
defect concentration is realistic. is type of defect is ESR active. Therefore ESR experiments

Comparison between theory and experiment shows th re able to determine onIy_ the_ dangling bond_ _conc_entration.
no structural model is able to reproduce all experimentally he real defe_ct concentration in amo_rphous silicon lies prob-
observed features in the electronic properties. To describ, bly at_)ove this value, becau;e floating bonds have a smgller
the principal structure of the two energy bands and to stud prmation energy than dangling bond_s but are ESR inactive
the influence of topological disorder the vacancy model an nd canno'F easily be observed experimentally. . .
the bond switching model are both suitable. With the va- Comp_arlng the result_s_of the defect model_s obtained with
cancy model a better description of the DOS in the vicinitythe Kea_tmg and the Stlll_mger-Web_er _potentlal Ie_ads to the
of the Fermi level is possible. Therefore this structural modeFoncluspn 'ghat the Keating potential is more su|table: The
should be used to describe the electronic properties with eason lies in the fact that the structures generated with the

CRN. Finkemeier and von Niess€rave studied the vibra- | tiI.Iingljzr.-W%berdpc;tert\tial shov;/ att. a realistic g.egree of tqul_
tional properties of the two different CRN's and find that the ogical disorder detect concentrations exceeding appreciably

bond switching CRN model is more suitable for this purpose.the experimental concentration. This fact affects the localiza-

From this situation it is apparent that all models have stiIIt'OrI]: ch&racter of fﬂt]r? Stsat,?_'S mc:jrel than the tl)DIOtS does. d
some unrealistic aspects. Models based ugbrinitio MD orthe case of (ha->I-n model we aré able lo reproduce

simulations of the Car-Parrinello type, on the other hand>9M€ important experimentally observed features, namely,

remain tiny due to the extreme computational demands. DuH1e structure of the band tails, the receding of the VB edge,

to the large cooling rates, defect concentrations are unreali?—nd thg value of the mobility gap. Nevertheless our.structural
tically high. model is, for example, not able to reflect the receding of the

With the results presented in this paper we are certainlfB edge. The reason for this fact may lie in the tight-binding

not able to answer the question of which type of defect iSapproach that was used to calculate the DOS and the local-

dominant in amorphous silicon or what role is played by the'zation properties.
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