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High-quality continuous random networks
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The continuous random netwoflCRN) model is an idealized model for perfectly coordinated amorphous
semiconductors. The quality of a CRN can be assessed in terms of topological and configurational properties,
including coordination, bond-angle distributions, and deformation energy. Using a variation @iilithma
approach proposed 14 years ago by Wooten, Winer, and Weaire, we present 1000-atom and 4096-atom
configurations with a degree of strain significantly less than the best CRN available at the moment and
comparable to experimental results. The low strain is also reflected in the electronic properties. The electronic
density of state obtained froab initio calculation shows a perfect band gap, without any defect, in agreement
with experimental data.

[. INTRODUCTION to push the continuous random model in order to reach struc-
tural properties in agreement with experiment. By creating
The structure of amorphous semiconductors, as seen higlealized networks with the same angular deviation as the
theorists, is well represented by the continuous random neexperimental ones and a good overall fit to the radial distri-
work (CRN) model introduced more than 60 years ago bybution function, it is possible to show that perfect coordina-
Zachariasef.The interest of this model lies in its simplicity: tion in amorphous silicon is not ruled out by the low angular
the only requirement of this model is that each atom shouldleviation. This is the purpose of this paper, which follows a
satisfy fully its bonding needs. In addition, the quality of along series of works with the same motivatiort?
CRN is generally determined by the amount of strain, as Using a modified version of the Wooten-Winer-Weaire
measured by the local deviations from crystalline environ\www) algorithm, we have succeeded in creating a number
ment, induced by this constraint; the “ideal” CRN being of totally independent 1000-atom configurations with a
typically defined as that with the lowest spread in the bondhond-angle distribution as low as 9.19°, almost 2° below the
length and bond-angle distributions. best available numerical models without four-membered
In spite of the simplicity of the model, it has turned out to rings and on a par with experimental valdghe algorithm
be difficult to actually prepare CRN realizations of a quality we use avoids completely the crystalline state, contrary to
comparable to that of experiment, making it difficult to fully revious WWW-type approaches_ Overall, the excellent
assess the real structure of amorphous semiconductors. TBfuctural and electronic properties of the networks, includ-
origin of this problem has generally been attributed to Weak'ing a tota”y clean electronic band gap, make them ideal
nesses in the model-building community: standard apstarting point for empirical as well as tight-binding ab
proaches such as molecular dynamics cannot reach timgitio studiest®
scales appropriate for full relaxation. Moreover, other tech- Thjs paper is constructed as follows. First, we review
niques suggest that empirical and semiempirical potentialgriefly the Wooten-Winer-Weaire algorithm and detail our
able to reproduce all properties of amorphous semiconduGimulation procedure. Next, we present structural and elec-
tors are still missing;* although the introduction of tronic properties of the configurations generated, and com-

environment-dependent  potentials has improved th@are them with previous simulations and experimental re-
situation® An alternative explanation for the fact that experi- sy|ts.

mentally a lower spread in bond-length and -angular distri-

bution is observed might be that the coordination in high-

quality a-Si samples is significantly lower than four. Laaziri || METHODOLOGY AND DETAILS OF SIMULATIONS

et al® report a coordination as low as 3.88, a density of

defects at least an order of magnitude higher than what is In thesillium approach, proposed by Wooten, Winer, and

measured using differential scanning calorimetry andWeaire to generate CRN structures, a configuration consists

electron-spin resonance technigueich give, respectively, of the coordinates of alN atoms, together with a list of the

a 1% and 0.04% density of defexfslf true, this higher 2N bonds between them. The structural evolution consists of

density of defects might easily facilitate a lower spread in thea sequence of bond transpositions involving four atoms. Four

bond lengths and angles, explaining in part the discrepancgtomsA, B, C, andD are selected following the geometry

between experiment and theoretical models. shown in Fig. 1; two bondsAB and CD, are then broken,
Following a long tradition, one approach to shed someand atomsA and D reassigned, respectively, ©© and B,

light on this discrepancy is to try to see how far it is possiblecreating two new bondsAC and BD. After the transposi-
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FIG. 2. One step in the expansion of the loop, that eventually
FIG. 1. A basic WWW event. Left: before: right: after the bond visits all atoms four times. Three atorAsB, andC are involved, of
exchange. which B and C are bonded, whilé\ is bonded to neitheB nor C,
and of whichA is not fourfold coordinated. The borBIC is then
replaced by bondéB andAC.

tion, all atoms are allowed to relax within the constraints of
the neighbor list. . .
Within this approach, the generation of a CRN starts with  (2) We evaluate the acceptance of a trial move using a
a cubic periodic diamond structure, which is then randomMetropolis accept/reject procedunethout doing full relax-
ized by a large number of bond transpositions. After thermal&t0n- _ .
ization, the network is relaxed through a sequence of many (3) We use a local/nonlocal relaxation procedure to limit
more proposed bond transpositions, accepted with the M he number of force evaluations, i.e., we relax only locally in

tropolis acceptance probability the fir;t ten _relaxation steps afte.r a pond Franspos(ﬂixmto
the third neighbor shell in combination with improvement
; 2), this makes the tim r bond tran ition almost inde-
P=Min[1exi} (B, ~E)/keT]] @) E)ezﬁdeﬁt ofatﬁj coifigu?aggnt;?zg ansposttion aimost inde
wherekg is the Boltzmann constant, is the temperature, (4 Atregular times, we quench the structure at zero tem-
andE, andE; are the total energies of the system before andPerature, with advantages outlined in Sec. I C.
after the proposed bond transposition. With these improvements, the generation of the networks

The list of neighbors determines the topology, but also theproceeds_ as fo_IIows. We first generate starting configurations
energy of the network: independently of the distance be2S described in Sec. Il A, and quench these structures as

tween two atoms, they interact only if they are connected irf€Scribed in Sec. Il C. Next, we alternate running at a tem-
the list of neighbors. With an explicit list of neighbors, it is perature of 0.25 eV for about 100 trial bond transpositions

possible to use a simple interaction such as the Keating€' om and guenching. The decrease in energy is almost
potential* xclusively obtained during the quenching, the role of the

annealing at finite temperature is mostly to provide for a
) fresh starting point for the next quench. Once the energy is
E > (r-- T +1d2> brought down to about 0.3 eV per atom, and the angular
g2 g\ kT3 ' spread around 10°, this procedure yields diminishing returns:
(20  the annealing is no longer able to bring the configuration to a
starting point where the quenching leads to a lower mini-
where @ and B are the bond-stretching and bond-bendingmum. To lower the energy further, we therefore also anneal
force constants and=2.35 A is the Si-Si strain-free equi- the configurations in different conditions for a few hundred
librium bond length in the diamond structure. Usual valuestrial bond transpositions per atom, like a stronger three-body
are a=2.965 eV/& and 8=0.285x. force or a larger volume.

With the approach described above, along with a few
more details that can be found in Ref. 9, Wooten and Weaire
obtained 216-atom structures with an angular distribution as
low as 10.9°. A decade later, using the same approach but To generate a random initial configuration, we randomly
more computing power, DjordjevicThorpe, and Wooten place the atoms in a cubic box with periodic boundary con-
(DTW) produced some larg@t096-atom networks of even ditions at crystalline density, under the constraint that no two
better quality, with a bond-angle distribution of 11.02 de-atoms be closer than 2.3 A. The difficult part is to connect
grees for configurations without four-membered rings andhese atoms in order to obtain a tetravalent network. We
10.51° when these rings where allowed. achieve this by starting with a loop visiting four atoms some-

In the present work, using a series of algorithmic im-where in the configuration, in such a way that each pair of
provements and faster computers, we are able to generaaoms that are neighbors along the loop be not separated by
structurally and electronically better networks: the 1000-more than a cutoff distance,. This loop is gradually ex-
atom configurations, for example, show a bond-angle distripanded until it visits each atom exactly twice; the steps of the
bution of almost 2° lower than DTW’s model while our loop are then the bonds in our tetravalent network. The ex-

3 «a 3
=— — r—d?) 24 =
E 16d2<i2j>(r,J rj—d?)?+ g

A. Generating random initial CRN'’s

4096-atom cell is more than 1° better. pansion of the loop is achieved by randomly selecting a
The improvements introduced to the sillium approach aregroup of three atom4, B, andC, such that is not fourfold
the following: coordinated and is within a distance rf from B and C but

(1) We start from a truly random configuration rather thannot bonded to either, whil® and C are bonded. Next, the
from a molten crystalline state, thus guaranteeing that thbond BC is replaced by bond&B and AC, expanding the
structure is not contaminated by some memory of the crysloop by one step. This procedure is illustrated in Fig. 2.
talline state. Initially, r is set to some small value like 3 A, but then it is
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gradually increased until all atoms are fourfold coordinated. TABLE I. Energetic and structural properties of models relaxed
Although this method leads to highly strained initial configu- with the Keating potential. The first two models, DTW and

rations, it has the advantage that it contains absolutely nBTW are the models prepared in Ref. 11 and refer, respectively,
trace of crystallinity. to a model with and without four-membered rings. Configurations

This process leads typically to CRN's whose angular disA and B are 1000-atom models prepared according to the procedure

tribution initially has a width of around 30°, but which re- described here and “4096 is a 4096-atom model prepared the
duces rapidly to around 13° in a single quersee Sec. same way. All three models are without four-membered rings. The

Il C). In the beginning of this first quench, when the angularring statistics are for irreducible rings angh is based onr,
deviation is quite large, sometimes a pair of atoms is close:z'35 A.
by without being bonded; to eliminate such artifacts that re-
sult from the fact that within the Keating potential atoms

only interact if they are explicitly bonded, we replace a bondg(eV)/atom  0.336  0.367 0.267 0.264  0.304

DTW® DTW® Conf. A Conf. B 4096

of each of these atoms by a bond between these atoms apg, 1.000  1.000 1.043 1.040 1.051
another bond between their neighbécsnserving four-fold (r)Iry 0.996 0.997 0.982 0.982  0.980
coordination. Ar/ry (%) 2.52 2.65 3.94 371 417
(6) 109.24 109.25 109.30 109.27 109.28
B. Avoiding complete relaxation of trial configurations A6 10.51 11.02 9.21 9.20 9.89

In the standard sillium approach, a move consists of a
bond transposition followed by full structural relaxation and Rings/atom

an accept/reject step according to the Metropolis criteriorf 0015 0.000  0.000  0.000  0.000
(1). An alternative implementation is to first decide a thresh-5 0.491 0.523 0.472 0.480  0.490
old energy given by 6 0.698 0.676 0761 0.750 0.739
7 0.484 0.462 0.507 0.515 0.467

Ei=Ep—kgTIn(s), 3 8 0.156  0.164 0.125 0.116 0.148

wheresis a random number between 0 and 1. The proposea 0.034 0.033 0035

move is then accepted only E;<E;. This procedure is

exactly equivalent to the usual Metropolis procedure. By ﬁX'ABCD with bondsAB, BC, andCD can be selected iN

ing the threshold foE; beforea transposition is attempted, it X 4X 3x 3/2 times, so there are WBpossible bond transpo-

is however possible to reject the move as soon as it becomesions \we mark all bond transpositions that were rejected

C'eaf that'th|s' threshold canno.t be reached, €., before ﬂ'@nce the last accepted bond transposition to avoid retrying
configuration S fully relaxed. Smce_the energy |s_harmon_|cthese_ Once all bond transpositions have been tried but re-
around the minimum, the d_ecrease in energy obtained durin cted, the quenching is complete. At this stage, the system is
further relaxation is approximately equal to the square of th ot only at a local energy minimurfi.e., a point in phase

force times some proportionality constant, so that during  goa 00 where the force is zero and all eigenvalues of the hes-

the relaxation the final energy can be estimated to be sian are positive but no single bond transposition can lower
E~E—c(|F[2. 4) the energy. The configurations we discuss here have this
property.
If, at any moment during the relaxatioB— c¢|F|>>E,, the In the standard sillium approach, the creation of four-

trial move is rejected and a new one is started. Such &embered rings is disallowed. Following DTWwe find
method requires, of course, a conservative choiceforin that especially for quenching the relaxation is significantly
our units, the proportionality constaotin well-relaxed con-  helped by allowing for four-membered rings, because of the
figurations is always well below 1. To account for anharmo-large extra number of pathways accessible to the system. At
nicities, we do not reject any move during the first five stepghe end of the quenching, the few four-membered rings that
of relaxation. are created can easily be removed one by one, by chosing the

Since much less than 1% of the proposed moves are a@nergetica”y most favorable bond transposition in which
cepted in well-relaxed configurations, avoiding spending?ondAB is part of the four-membered rin@nd where no
time on moves that are eventually rejected can produce BeW four-membered rings are introduge@ypically, the en-
significant gain in efficiency; using this improvement, we €rgy increases by less than 1 eV per removed four-membered
observed an acceleration of close to an order of magnitudéing. The angular distribution narrows by a few hundredths
so that all bond transpositions in a 1000-atom network ca®f a degree by the removal of fourfold rings, but the radial
be attempted in less then 3 min on a 500 MHz DEC-Alphadistribution function(RDF) is not significantly changed.
workstation.

Ill. RESULTING CONFIGURATIONS

C. Efficient quenching We present here results for three different configurations:

Further optimizations are possible in the case of zero temtwo 1000-atom cells and one with 4096 atoms. In Table |, we
perature. Since the threshold enef@yg. (3)] is constant, a compare our configurations, relaxed with the Keating poten-
proposed bond transposition that is once rejected will keepial used in the modified WWW algorithm, with those of
on being rejected, as long as no other bond transpositions aiordjevic, Thorpe, and Wooteh We also provide the irre-
accepted in the meantime. A combination of four atomsducible ring statistics, i.e., those rings in which no two atoms
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TABLE Il. Structural properties of our configurations after re- ) SRELE BLELELELES NLELELELEY BURLELELE BUELELEL BB
laxation with the modified Stillinger-Web&MSW) potential. Ex- = 300 -
cept for the 4096-atom configuration, the topology has remained :) r ]
unchangedsee texd. For comparison purposes, the total ring num- 2 i .
ber per aton(including reducible ongds also reported, as well as < B ]
the energy after relaxation with the original Stillinger-Welg¥V) § r 1
potential; molecular dynamics—prepared configurations give & 200 - 7]
—4.088 eV/atomRef. 23. 2 r 1

5 L _
Conf. A Conf.B 4096 Z i i
@ L .
E(eV)/atom (MSW) —4.026 —4.034  —3.990 3 100 —
E(eV)/atom (SW) —4.126 —4.133 —4.106 L i )
ol po 0.947 0.950 0.936 & i 1
(r)lrg 1.018 1.017 1.020 3 i 1
Ar/ro (%) 29 27 32 Ll_J 0 1 I 11 1 1 I 111 1 I 1M 1 I 11 1 1 I 11 I' 1
(6) 109.25 109.24 109.20
A6 9.77 9.70 10.51 15 10 5 0 5 10
Rings/atom :‘Q‘ 300 1
4 0.000 0.000 0.001 c ]
5 0.472 0.480 0.489 > EDOS 1
6 0.840 0.847 0.830 £ Exponential fit -
7 1.011 1.023 0.979 5:-)’ ]
8 2.025 2.002 2.064 g 200 7
m -
® _
are connected through a sequence of bonds that is shorter g .
than the sequence along the ring. We also provide the ring ‘g .
statistics for alln-membered rings in order to compare with S 100
Ref. 9 and other papers in the literatufable Il). Table | -8
shows that the strain per atom in our structures is signifi- g
cantly below that of DTW. One of the standard measure- £
ments to evaluate the quality of a model is the coordination §
number as computed based on the RDF. Using the minimum LU 0 PR

of the RDF between the first- and second—neighbor peak and 4 3 2
after relaxation with the Keating model, the first two con-
figurations are perfectly tetravalent. The 4096-atom configu-
ration has 0.1% of five-fold defects. If our configurations are  FIG. 3. Top: Electronic density of states for the 1000-atom con-
scaled to crystalline density, the energy increases by 6 meYguration A as obtained usingp initio tight binding. Bottom: Clo-
per atom. seup of the gap region. The dashed curve is an exponential fit,
Another important quantity that can be compared withp(E)x=exp(—E/Ep), with E;=0.2 eV.
experiment is the width of the bond-angle distribution. Ex-
perimentally this quantity can be extracted from the radialstates(EDOS. In the last few years, it has become possible
distribution function, or from the Raman spectrum—using ato compute the electronic structure of multi-thousand-atom
relation proposed by Beemaat al® The most recent mea- configurations. Here, we show the electronic density of state
surement, taken on annealed samples prepared by ion borfor configuration A, a 1000-atom configuration. Because of
bardment and using the second-neighbor peak of the radiéihe costs of doing a fulb initio atomic relaxation, we have
distribution function, gives 10.45° and 9.63°, respectively,relaxed the cell with the Keating potential and used the
for as-implanted and annealed sampfe®ur configurations, FIREBALL local-basisab initio code to obtain the electronic
relaxed with the Keating potential, present therefore a bonddensity of staté® Previous work showed that configurations
angle distribution slightly narrower than experimental val-relaxed with a Keating potential demonstrated little further
ues.(This is to be expected of the “right” structure since the relaxation with theFIREBALL codé’ so that the results pre-
theoretical models are taken at 0 K, and since local relaxsented here are unlikely to change very much during further
ation with potentials more realistic than the Keating one re+elaxation. Figure 3 shows the EDOS smoothed with a
sults in wider angular distributions. Gaussian of width 0.01 eV. A remarkable feature of this
While structural averages provide a good idea of the overEDOS is the absence of states in the gap, leading to a perfect
all quality of a model, they do not say much regarding thegap of 1.3 eV. The generation of defectless models is very
local environments. It is therefore important to look also atimportant for our understanding of the electronic dynamics
the electronic properties of these models: even small dens&nd the role of defects in disordered semiconductors. The
ties of highly strained geometries or defect atoms will bedecay of the valence tail, the Urbach tails, can be reasonably
picked up as states in the gap of the electronic density ofvell approximated by an exponential—

Energy (eV)
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p(E)xexp(—E/Ej)—with E;=0.2 eV, in agreement with
previous calculation¥’ - _ 4
Although we get good structures using the Keating poten- 60 — Experiment 7 7]
tial, it is important to verify the stability of these networks -——- Config. B - mSW
when relaxed with a more realistic interaction potential that
does not require a preset list of neighbors. There exists no L
empirical potential at the moment that can describe fully the 40
properties ofa-Si; we use a modified Stillinger-Weber po- = o
tential, where the three-body contribution to the energy is O -
enhanced by 50% with respect to the two-body term. alis i
hoc modification was shown to produce good structural
properties for amorphous silicdrt%*18 20 -
After relaxation at zero pressure, the two 1000-atom con-
figurations remain perfectly coordinated. The 4096-atom
cell, less well relaxed, develops a few coordination defects: L
based on the first minimum in the RDF, it presents, respec- 0 biud
tively, 0.4% and 0.3% of threefold-and fivefold-coordinated ) 4 6 8 10
atoms. r (&)
Table Il presents the structural and energetic properties of
the relaxed CRN's at zero pressure. For all configurations, 0.05
the bond-angle distribution widens and the density decreases
significantly compared to the Keating-relaxed structures. For
the 1000-atom configurations, the local relaxation with the
modified Stillinger-Weber potential did not result in a
change of topology and the total energies are very low com-
pared with previous modelS.We therefore expect that the
structures will be stable with any reasonable potential.
Figure 4 shows a comparison of configuration B with ex-
perimental data obtained by Laazét al. on annealed-Si
samples prepared by ion bombardment. The agreement be-
tween the two is excellent except for some discrepancy in the
height of the third-neighbor peak. Such an agreement must
only be seen as a sign that the topology might be right,
however: configurations differing widely in their topology
can easily produce similar radial distribution functiéAghe 0
same figure also presents the bond-angle distribution for con- 80 100 120 140
figuration B relaxed with both the Keating and the modified Bond angle (0)
Stillinger-Weber potentials. As expected for a perfectly co-
ordinated configuration, the distribution is smooth and pre- FIG. 4. Top: Radial distribution function for configuration B
sents a single peak centered at the tetrahedral angle. relaxed with the modified Stillinger-Weber potential. Solid line:
To compare with previous molecular dynamics Stua?‘eS, experimental results from Ref. 12. To obtain a better fit, the
we have also relaxed our cells with the standard Stillingercomputer-generated structure is scaled _by a _Iinear factor of 0.99.
Weber potential, which is known to give an incorrect amor_Bottqm: Bond-angle (_1|_str|but_|qn for conflguratlon_B relaxed W|tr_1
phous structure. After relaxation of configuration A, we find Keating and.the modlflgd Stllllnger-Woeber potential. The curve is
17 atoms with fivefold coordination and three threefold-Smoothed with a Gaussian of width 2°.
coordinated ones; similar results are found with the two other
networks. The resulting configurational energy, given in

Table Il, compares favorably with molecular dynamical re_tively low coordination measured by x-ray scattering. Our

sults. results, on the contrary, indicate that there is very little de-

Contrary to the topological properties, which seem rela- : ;
tively independent of the details of the potential, we see th endence between the _de_n5|ty of the_ amorphous material and
s topology, at least within the application of our two em-

the ideal density of amorphous silicon compared with that of> | potentials. A vol h t th t level
the crystal changes qualitatively as a function of the potentia?'hr'cﬁd pr? entia S.h Vo um? IC ange a ﬁ perceltn eved
used. Configurations relaxed at zero pressure with the Keal oY therefore have very little impact on the topology an

: . . e - will reflect mostly some fine details of the real atomic inter-
ing potential show a reproducible densification by 2% Whlleactions

the modified Stillinger-Weber potential, also at zero pres- '
sure, leads to a structure which is up to 6% less dense. The

latter results are in qualitative agreement with experiffent

and previous simulations using a similarly modified
potential’® Recently, Laaziri and collaborators have pointed We have presented here modifications to the Wooten-

to the lower density ob-Si as an explanation for the rela- Winer-Weaire algorithm that allows one to produce large

— Keating
mSWwW

0.04

0.038

0.02

Distribution (Arb. Units)

0.01

IV. CONCLUSIONS
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