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We have examined the structure and physical properties of paracrystalline molecular dynamics
models of amorphous silicon. Simulations from these models show qualitative agreement with the
results of recent mesoscale fluctuation electron microscopy experiments on amorphous silicon and
germanium. Such agreement is not found in simulations from continuous random network models.
The paracrystalline models consist of topologically crystalline grains which are strongly strained
and a disordered matrix between them. We present extensive structural and topological
characterization of the medium range order present in the paracrystalline models and examine their
physical properties, such as the vibrational density of states, Raman spectra, and electron density of
states. We show by direct simulation that the ratio of the transverse acoustic mode to transverse
optical mode intensitiesya /1 1o in the vibrational density of states and the Raman spectrum can
provide a measure of medium range order. In general, we conclude that the current paracrystalline
models are a good qualitative representation of the paracrystalline structures observed in the
experiment and thus provide guidelines toward understanding structure and properties of
medium-range-ordered structures of amorphous semiconductors as well as other amorphous
materials. ©2001 American Institute of Physic§DOI: 10.1063/1.1407319

I. INTRODUCTION the short range order and long range disorder fixed by dif-
fraction. These glimpses come from the first sharp diffraction
The impetus for the paracrystalline model of amorphougpeak? more local probes of the material like nuclear mag-
semiconductors arose from our attempts to determine the deetic resonance and near-edge x-ray absorption fine
gree of medium range order present in these materials. Difstructure? and especially probes of the vibrational spectrum
fraction measuremertts’ show thata-Si, a-Ge, and other such as neutron scatteriffjand Raman spectroscopy’
materials that form tetrahedral covalently bonded crystal$Jnfortunately, interpreting these measurements in terms of a
maintain the same pattern of four nearest neighbors in thepecific sample structure has proven elusive.
amorphous phase, but do not have the long-range transla- One of the most successful avenues of approach to the
tional order that leads to sharp diffraction maxima. structure of amorphous semiconductors has been the creation
There have been tantalizing glimpses of medium rang®f computer generated models. The end-products of many of
order(MRO) at length scales on the order of 10 A, betweenthese modeling efforts have been continuous random net-
works (CRNg, a model of amorphous structure first pro-
dAuthor to whom correspondence should be addressed; present addre&qsed over 50 years ago by ZachariaSeBRN computer
Bell Laboratories, 700 Mountain Ave., Murray Hill, NJ 07079; electronic models have successfully reproduced the diffraction signa-
b)f;i';&\f;/é%ﬁ?'“ﬁﬁ;gm ] _ ' L ture and the_glectron and vibrational densities of states of
: gisch-Petrologisches Institut, UnivieBsitan, amorphous silicor?

Poppelsdorfer Schloss, D-53115 Bonn, Germany.
9Present address: Dept. of Physics, North Carolina State University, Ra- 1€ CRN model does not, however, capture the degree

leigh, NC 27695-8202. of MRO that has been obsen/éinh as-deposited amorphous
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semiconductor thin films using fluctuation electron ing temperature of 169920K observed in simulations is

microscopy:* Fluctuation microscopy provides information also a good match for the experimental value of 1683 K.
which depends on the four-body pair—pair correlationynfortunately, the SW potential models exhibit a high den-
function'® g4(r,r.r,6), which has been shown to be much sjty of coordination defects, as discussed in Sec. Il A. This
more sensitive to MRO than the pair correlation functionjs z1so observed in CRN models synthesized by quenching

gx(r) yielded by diffraction’® Fluctuation microscopy on  from the melt with the SW potential. In CRNs, this difficulty
thin films of a-Si anda-Ge indicate that both materials have s somewhat mitigated by using the Bazant—Kaxiras

significant ordering on a length scale ofl5 A* and that environment-dependent interatomic poten@DIP)2 dur-

this order degagg on thermal anneatih¢for a-Ge) and on g synthesis instead of SW, so we have also synthesized two
exposure to light' (for hydrogenated amorphous silidon models using EDIP. These models have far fewer coordina-

In contr_ast to the CRN model, our recent_ly proposed.[ion defects. Using two potentials also allows a rough test of
paracrystalline(PC) model of amorphous semiconductors which of the results are potential dependent

exhibits MRO that is in qualitative agreement with the fluc- As in the previous simulatior@ we started by arranging
tuation microscopy datd. A PC structure consists of small four spherical crystalline seeds on the fcc sites of the a three-

grains, less than 30 A in diameter, which have IOpOIOglcallydimensiona(?.D) periodic cubic simulation supercell by des-

crystalline bonding but within which the atoms are signifi-i nating atoms in the arains from a perfect Si crvstal. The
cantly displaced from their crystalline lattice positions by 9 9 . ne g pert Y -
strain from the grain boundarié$!® The grains are sepa- synthesis recipe with the SW potential is as follows: First,
rated by a more disordered matrix. Our PC model is similarIhe crystal is melted by heating it well above the melting
temperature ta =3000K at constant volume for 1000 MD

to the earlier microcrystalline mod#&.However, this earlier X ) ,
model failed to reproduce the diffraction spectr&hwhich steps while the seed atoms are kept fixed at their perfect-
rystal positions. We used a MD time step ok 20 °s

can be attributed to the lack of elastic deformation of the®
small crystalline grains. The atomistic computational tech.hroughout. In the next 1000 MD steps the four seeds are

niques used to generate the PC model structures include tgéadually rotated through random angles about random di-
effects of strain, and thus provide structures that can appeé@ctlons_. After further equilibration at high temperature, the
amorphous to diffraction but also be topologically crystal-Systeém is cooled down 6=1100K and a constant-pressure
line, provided the grains are small enough30 A). algorithm is applied to relax the system to zero external pres-
In this article we extensively analyze the structure andSure. From then on the system is allowed to evolve freely
various physical properties of five computer-generated P@ith no constraints imposed on the seed atoms. The synthesis
models with varying PC grain size. In Sec. Il we briefly continues until the internal energy and density of the system
summarize the molecular dynamiddD) based method used Stop decreasing. This synthesis phase typically requires
to generate our models. In Sec. Ill, we present the structura300 000 time steps. These rather lengthy simulations are
and topological analysis of our models. In particular, weneeded to relax the dense and overcoordinated liquid struc-
identify the topologically crystalline PC grains using S¢hla ture into a less dense amorphous structure. Next the system
cluster analysis and show that the PC grains are distinctly is cooled down under zero external pressure by 200 000 time
more ordered than the surrounding matrix. Section IV is destep runs af = 1000, 950, and 900 K allowing further relax-
voted to vibrational properties and includes calculations ofation. Below 900 K the mobility of Si atoms becomes essen-
the vibrational density of statd¥DOS), the Raman spectra, tially zero (at least at the MD time scaleso a final relax-
and the partial Raman spectra of the PC grains. In particulagtion at T=0K for ~20000 MD steps completes the
since our models have controlled and well-characterizedgynthesis process. The synthesis recipe with EDIP is similar,
variations in MRO, we demonstrate by direct simulation thatout the temperatures are different because the melting tem-
the ratio of the transverse acoustic to transverse optic interperature for EDIP is~160 K lower than for the SW
sities |14 /170 Of the vibrational density of states and the potential®® Therefore, following the high-temperature melt-
Raman spectra provides a measure of MRO. In Sec. V wénhg and seed rotation steps, we quenched the system to

present the electron density of sta(e®OS of the models. =900K and relaxed further at lower temperatures.
Finally, Sec. VI reports the conclusions from our analysis of  All the models start with four seed crystals. The EDIP
the PC models. models contain 512 atoms, the SW models 512, 700, and

1000 atoms. In the 512 atom structures, the seed centers are
separated by 2.83, wherea, is the diamond crystal lattice
parameter of Si, 5.430 A. The seeds in the 700 and 1000
Our approach to the synthesis of model PC material i€itom structures are separated by 3gl8nd 3.54, respec-
based on the method of synthesis from the melt developed bijvely. When used to grow polycrystalline silicon with larger
Keblinski and co-workers in the context of simulation of crystalline graing30—100 A, this method generated struc-
nanocrystalline material and uses their specialized MDures with signatures of crystallinity in their pair correlation
program?? The first three models were synthesized using thdunction that would be detected by diffraction. When the
Stillinger and Webé&r (SW) empirical Si potential. The well- grain size is smaller, as in the structures described here, the
tested SW interatomic potential provides not only a goodmaterial looks less like a crystal in diffractiofsee Sec.
description of the crystalline and amorphous pha8dmjt 1l A). A CRN structure was also created for comparison us-
also of the six-coordinated structure of the liquid. The melt-ing the SW potential and a “slowfi.e., involving several

II. MOLECULAR DYNAMICS MODELING
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million MD step9 quench from the melt, but without the
presence of any seed crystals.

We have also generated larger models using the SW po- 10 4
tential with the same average seed spacings but containing PC-K2
24 randomly rotated crystalline seeds and eight times as
many atoms. Each of these models has a statistically simila
structure to the corresponding smaller model and exhibited 8 —
similar medium-range order characteristics. Since we wish to PC-K1.5
perform vibrational and electronic spectra characterizations
which are computationally demanding, in the rest of this ar-
ticle we focus on thorough characterization of the four-grain
models.

As in our previous work?!® each model is named with
a type(PC or CRN, the creator’s initialin this case all K 4
for Keblinski) and an identifying number. In order of in- CRN-K1
creasing system and seed crystal size, we name the SW Pi
models PC-K1, PC-K1.5, and PC-K2. PC-K1 and PC-K2
have been examined previously under the same n&friés. 2
The CRN structure is called CRN-K1. The two 512 atom
structures synthesized with EDIP are called PC-K1EDIP1 MA L

2

ga(1)
<)
]

PC-K1EDIP2

|
5

Exp

and PC-K1EDIP2. PC-K1.5 and the EDIP structures have 0 - I I I
not been previously considered. All of the SW potential mod-

els and PC-K1EDIP1 start with 25% of the atoms in the 4 6 8 10

crystal seeds; PC-K1EDIP2 starts with 50%. r (A)

As we WIII demonstrate, these m'OQeIs of PC m.ate”aIFIG. 1. g,(r) of three PC models, CRN-K1, and experimental data from
capture basic structural features exhibited by eXper'memé}!)n-implanteda-Si (courtesy of H. Laaziret al®). Each trace is offset by
samples. However, as already mentioned, structures prepared from the one below.
with the SW potential are overcoordinated, which leads to
unphysical effects due to the excessively high density of de-
fects. Therefore, before calculating the electronic propertiebave only one instance of each model, so none of the quan-
of the SW models, we relaxed and annealed them with EDIRties reported here are ensemble averaged. As a result, they
in an attempt to reduce the density of coordination defects tshow a degree of statistical noise associated with the system
more realistic levels. This treatment did not alter in any sig-size.
nificant manner the PC character of the models as analyze
in Sec. Ill. Nor did a relaxation with the Kirkwood '&i Short range order
potentiaf’ (which did not allow bond switchingperformed The pair correlation functiog,(r), which is related to
prior to calculating the vibrational properties. This indicatesthe Fourier transform of the structure factor measured by
that the PC structure is robust in several potentials. diffraction, is a basic structural characteristic of an amor-

phous material model. Figure 1 shoggr) for PC-K2, PC-
IIl. SPATIAL STRUCTURE AND TOPOLOGY K15, PC-KIEDIP2, CRN-K1, andy(r) derived from x-ray
diffraction measurements on ion-implanta€sSi.® g,(r) for

In this section we examine the structure of the modelsthe models is calculated without simulated experimental
First we demonstrate that the short-range order of the modelsroadening out to one half the model supercell size. The
is realistic. Then we characterize the MRO of the models byheights of the first peak ig,(r) for all the models are given
fluctuation microscopy simulations and by examining theirin Table I. g,(r) for CRN-K1 and PC-K1EDIP2 is a good
topology to identify the topologically crystalline PC grains. match for the experimentah(r). The effect of the paracrys-
Finally, we examine the structure of just the PC grains. Wealline grains becomes more pronounced in PC-K1.5, and

TABLE |. Various measures of short range order in the models as-generated: the average borgd tregle
bond angle standard deviatidg, andD,,, the percentage of atoms with first-neighbor coordination

Model 9(deg Af(deg D, D; D, Ds D, Ds Dg g(r) 1% peak
CRN-K1 108.1 16.1 0.0 0.2 29 17.1 68.7 109 0.2 8.0
PC-K1 108.3 13.8 00 08 038 74 801 109 0.0 8.7
PC-K1.5 108.9 13.2 0.1 0.0 0.7 4.6 84.7 9.7 0.1 9.3
PC-K2 108.8 11.9 02 01 1.2 8.8 842 55 0.0 11.5
PC-K1EDIP1 109.0 12.0 0.0 0.0 0.0 1.0 957 33 0.0 13.3
PC-K1EDIP2 109.0 12.0 0.0 0.0 0.0 0.0 96.2 38 00 13.5

&The height of the first peak in the experimerga(r) is 6.7 (See Ref. 8
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especially PC-K2, with the appearance of additional peaks a
about 4.5, 6.7, and 10.3 A, which are not present in the
experimentalg,(r). The peak at 4.5 A corresponds to the

vector(3 7 3) in the crystal, which is the third neighbor dis-

3

tance. We note that the experimentgl(r) shows a weak N =
shoulder at this distance which is not present inghfg) of - x
CRN-K1. The peak at 6.7 A corresponds(fo; 1), which is ; 3
the sixth neighbor. Several crystalline pair spacings fall < %
within the width of the peak at 10.3 A, so it is difficult to g €
assign the peak to one predominating crystal vector. The @ g
small peak between the first two in CRN-K1, PC-K1.5, and 2 S
PC-K2 is a well-known defect of models synthesized by @ %

quenching from the melt with the SW potentfiland is not
present in the EDIP modelg,(r) for PC-K1 and PC-
K1EDIP1 is indistinguishable from PC-K1EDIP2 and are not
shown.

The other common diagnostics of short-range order are

the average Si—Si—Si bond andglethe bond angle standard

deviation A, and the first-neighbor coordination number

distribution. These quantities are shown in Table I. Atoms are k (A'1)

considered bonded if they are within 2.7 A of one another.

This bond length was chosen to give the highest percentadg®: 2 Variable coherence microscopy simulations for the SW models and
. . xperimental data for a sputteradSi thin film. The simulations refer to the

of four-coordinated atoms and simultaneously the lowest PElizft axis, the data to the right axis. CRN-K1 shows the low variance and lack

centage of five-coordinated atoms. The valuesAéffrom of structure typical of little or no MRO. The PC models show peaks which

11.9° to 16.1° fall within the range for various Si films  increase with increasing seed crystal size.

measured by Raman spectroscépiione of the SW models

approach the almost-perfect fourfold coordination of the real

material, which as mentioned above, reflects the synthesis by

quenching from the melt with the SW potential. The highrelatively k and Q independent variance is a signature of

density of coordination defects, particularly overcoordina-Structures with little or no MRO, such as a CRN. _

tion, also explains the deviation a@f from the tetrahedral 'Figure 2 shows the calculated variable coherence image

value of 109.47°. By contrast, models prepared with EDIPY@rianceV(k) for each SW model at a resolution 0.Q1/

exhibit much better coordination with very few threefold and ~ 15A and experimental data for a sputteedi thin film

fivefold coordinated atoms?being closer to the tetrahedral at the same resolution. These simulations carefully follow

angle, and a smallek@ than PC-K1, the corresponding SW the imaging process mthe electrop microscope, including the
model. effects of lens aberrations. MRO is characterized by the po-

sition and height of the peaks (k). The peaks iV(k) are
positioned near the diffraction maxiffafor a-Si at k
=0.31A ! andk=0.56 A"1. The peak heights, and there-
To characterize MRO, we need information beyond thatfore the degree of MRO, increase monotonically with in-
available from the spherically averaged(r). The four- creasing seed crystal size for the SW PC mod¢€(k) for
body correlation function probed by fluctuation microscopyCRN-K1 is representative of other CRN modéland lacks
contains such informatiotf,so calculations of the fluctuation a strong signature of MRO. Figure 2 also illustrates the high
microscopy signal from the models provide information sensitivity of fluctuation microscopy to MRO compared to
about their MRO, as well as a direct comparison to experithe relatively MRO-insensitive diffraction techniquésee
ment. In fluctuation microscopy, we compute the image inFig. 1).
tensity varianceV of images formed from diffracted radia- Figure 3 shows the calculated(k) for PC-K1, PC-
tion as a function of two paramete®:andk. Q controls the  K1EDIP1, and PC-K1EDIP2. PC-K1EDIP1, which was pre-
length scale at which the technique looks for MRO pared with the same seed geometry as PC-K1, shows only
(=0.61R). k controls the particular pair spacing 1/k) we  hints of paracrystallinity in itsv(k). PC-K1EDIP2, which
probe within the sample. Varyin@ at constank is variable  had twice as many atoms in the initial seeds, clearly shows
resolution microscopy, which yields a length scAleharac- the double-peak pattern of paracrystallinity. This shows that,
teristic of the MRO in the material. Varyingat constanfQ  while it is possible to synthesize a PC model with both the
is variable coherence microscopy, which yields informationSW potential and EDIP, the EDIP synthesis preserves less of
about the interior structure of any ordered clusters that exighe initial crystalline order than the SW synthesis. Also, there
on the length scale set Y. By choosing a deliberately low is no correlation betweek (k) and the coordination defect
microscope resolution, we can probe atomic correlationslensity across potentials, so this measure of PC MRO is
within volumes~10 A across. A large variance with a strong relatively insensitive to the potential-dependent details of the
k and Q dependence is a signature of MRO, and a smalldefect structure of the models.

B. Medium range order
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15 - calculated®® at k=0.35 A" * yields the MRO length scale
—  PC-K1 A, which is given for all models in Table Il. As expectetl,
N e PC-K1EDIP1 is related to the size of the seed crystals and increases mono-
Y —— PC-K2EDIP2 tonically in the SW models from PC-K1 to PC-K2. PC-
K1EDIP2 has a slightly smallek than that of PC-K1(SW)
model, while PC-K1EDIP1 has a largarthan either PC-K1
or PC-K1EDIP2. No variable resolution microscopy experi-
mental data are vailable at this point for comparison.

Also shown in Table Il is they,(r) correlation length
L., which is the length beyond which there are no more
structural oscillations ing,(r). Sincel, is derived from
g,(r), there is no difference i, between CRN-K1 and
PC-K1.L. does increase with increasing seed crystal size in
the SW PC models.

A more intuitive measure of MRO is the distribution of
dihedral angles®(¢). The dihedral angleb is the angle of

rotation of two tetrahedra about the bond that connects them,
0 { | | | | so it involves fourth neighbor atoms and is a physically in-
0.3 0.4 05 0.6 07 tuitive segment of the parameter space of the four-body cor-
relation function probed by fluctuation microscopy.
k (A'1) Diamond-like crystalline Si is characterized hy=60°,

called staggered bonding, while a hexagonal lonsdalelite-like

FIG. 3. Variable coherence microscopy simulations for PC-K1, PC-structure hasp=0°, called eclipsed bonding. Zachariasen
K1EDIP1, and PC-K1EDIP2. PC-K1EDIP1 shows little medium range or-

der, whereas PC-K1EDIP2 has clear peaks at the same positions as PC-iar.lgma”y propﬁsed the CRN model as a structure with a
constantP(¢).

There are effects clearly attributable to MRO from the

The position of the peaks iv(k) for the PC models PC grains inP(¢). Figure 4 showsP(¢) for the four-
compares favorably with the experiment. However, the absoeoordinated atoms in the SW PC modés® as to avoid
lute magnitude of the calculated variance for all models isproblems defining the angle for miscoordinated atpritbe
much larger than that observed in the experiment. This disPC models show increasing weight of staggered bomgls (
crepancy is, at least partially, likely due to the relatively ~60°) compared to CRN-K1 with increasing seed crystal
small size of these models which will artificially enhance thesize, while CRN-K1 shows a preference for eclipsed bonding
calculated image variance. Preliminary simulations on larget¢~0°). Considering spatial correlations between dihedral
models show a reduced variance, but significantly morengles is one way to tell if the increase is really due to the
modeling effort is needed to achieve more quantitative agregesidual effects of the grains. Following Luedtke and
ment with experiment. To compare the models to the experil_andmarnz,4 we calculate the sum and difference correlation
ment despite this difference in magnitude, we have calcufunctions C4(¢;1+ ¢,) and Cy(¢p,— ¢,) between adjacent,
lated the ratio o/ (k) at the first peak t&/(k) at the second connected dihedral angles. If the dihedral angles had no spa-
peak, as shown in Table Il. Only PC-K1 and PC-K1EDIP1tial correlations, we could calculat€y(d;,+ ¢,) and
are close to the experimental value of 2.7. The other PC4(d1— ¢») from
models and CRN-K1 have second peaks that are too large in
comparison to the first. oo°

Direct information on the MRO length scale is provided _ / o /
by the variable resolution variand4 Q). Analysis ofV(Q) Colbst &2 jo PGP b1+ d2) = ¢1)dd @

=y
o
]

simulated V(k) x 10°

TABLE II. Various measures of MRO in the models as-generated: the variable coherence peak hight ratio
V(k=0.3 A"1)/V(k=0.55 A~1), the variable resolution microscopy correlation lengtiat k=0.35 A2, the
g,(r) correlation lengthL., the seed crystal diametek,.4 the percentage of atoms in the topologically

crystalline (TC) grains % TC, the number of topologically crystalline grahg, and their average diameter
dpc. All distances are in A.

Model V(K) ratic® A LP dseed % TC Ng dpc

CRN-K1 1.4 4.62-0.06 7 — 0 0 —

PC-K1 26 7.80.2 7 11.1 13 2 11.4
PC-K1.5 1.2 8.50.2 9.5 12.3 32 2 16.9
PC-K2 1.4 15.40.6 12 14.0 57 4 18.3
PC-K1EDIP1 2.8 10.£0.6 7.0 10.8 10 2 10.0
PC-K1EDIP2 15 7.£0.9 10.2 13.6 15 3 10.1

&The experimentaV/(k) ratio for sputtereda-Si is 2.7.
®The uncertainty ir_. is =1 A.
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0.02 0.02
(@ (b)
0.01 — — 0.01 — -
= (@) (b) <
=N +
< 0.00 I I T | = 0.00 T 1 | I
o (c) (d)
0.01 — 0.01 — -
(c) (d)
0.00 I I I I 0.00 1717 T 1
0 20 40 0 20 40 0 30 60 90 0 30 60 90 120
¢ (deg) 0 + ¢, (deg)

FIG. 4. The dihedral angle distributid?(¢) for: () CRN-K1, (b) PC-K1,  FIG. 6. Dihedral sum correlation functig®y( ¢, + ¢,) for: (8) CRN-K1, (b)

(c) PC-K1.5, andd) PC-K2. The increasing MRO is reflected in the height PC-K1, (c) PC-K1.5, andd) PC-K2. The light line is the calculated value

of the peak atp~60°. and the dark line is the expectation for uncorrelated dihedral angles calcu-
lated from Eq.(1).

and
60° integrated absolute difference between the model correlation
Cy( by ¢,2):J P(¢")P((p1— o)+ ¢')dg’. (2)  functions and the prediction for a random distribution of di-
0 hedral angles, increases monotonically with seed crystal size
The model dihedral correlation functions and the calculationd®" POth Cs(é1+ ¢2) andCy(h1— ¢2). The peaks above the
for uncorrelated dihedrals are shown in Figs. 5 and 6 for th@rediction for uncorrelated dihedrals @y($1— ¢2) at ¢,

SW models. The degree of correlation, as measured by the $2=0° (Fig. 5 shows that like dihedral angles tend to
cluster together, and that more clustering takes place with

increasing seed-crystal size. The peak€ii¢,+ ¢,) near
120° (Fig. 6) show that the clusters are likely to be made up
of tetrahedra in the staggered configuration of a Si crystal.
0.024 (a) —H () The dihedral angle§ remain soIne\Ivhat equivocal, how-
ever. The peak at 50° i€,( 41+ ¢,) indicates some corre-
lation between staggered and eclipsed dihedral angles. Also,
CRN-K1 exhibits significant incidence of and correlation be-

0.01 4 7 tween eclipsed dihedral angles, evidenced by the peaks at 0°
in Figs. 4a) and Ga).

To further characterize the nature of the MRO, we ana-

Cold; - 00)

0.00 T T 1 T T 1 lyzed the topology of the bond networks. Topological mea-
0.02 — - sures are particularly useful for the analysis of amorphous
(©) (d) model structures because they are relatively insensitive to the
effects of strain. Table Ill summarizes the ring statistics of
0.01 — —
TABLE Ill. Ring statistics for the models as-generated.
% of rings withN members
0.00 T 1 I — “
M 4 7
60 -30 0 30 -60 -30 0 30 60 Mo 3 > ° 8 °
CRN-K1 02 15 308 401 141 36 39
0, - 0, (deg) PC-K1 00 14 338 482 95 28 14
PC-K1.5 00 14 297 547 81 13 07
FIG. 5. Dihedral difference correlation functi@y(¢,— ¢,) for: (8) CRN- PC-K2 0.1 0.8 18.9 66.7 8.3 1.7 13

K1, (b) PC-K1,(c) PC-K1.5, andd) PC-K2. The light line is the calculated PC-K1EDIP1 0.4 2.2 25.3 58.2 12.3 1.7 0.1
value and the dark line is the expectation for uncorrelated dihedral angleBC-K1EDIP2 0.5 1.4 25.6 61.5 10.4 0.7 0.0
calculated from Eq(2).
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the models. We define a ring as the shortest closed path of
bonds leaving an atom along one bond and returning on an-
other that encloses no shorter paths back to the original
atom3! Diamond-like crystalline Si has only six-membered
rings. The percentage of six rings in the SW models in-
creases with increasing seed crystal size at the expense o
five and seven rings, consistent with a trend toward crystal-
line Si bonding. However, PC-K1EDIP1 and PC-K1EDIP2
show a higher percentage of six rings than PC-K1, which
would seem to indicate a greater degree of crystallinity.

We have also employed a more informative topological
tool, the Schifli cluster’®32The Schidi cluster of an atom
is defined as those atoms and bonds involved in the rings
emanating from the central atom. A Sdfilgluster is iden-
tified by its Schidli circuit symboP® and the number of at-
oms in the cluster. All known small-unit-cell four-connected
crystals have uniquely labeled Sditlaclusters in this
schemée*3® For example, diamond-like crystalline silicon
has the Schlé cluster 6,-6,-6,-6,-6,-6,:29, indicating
that there are two different six-membered rings emanating
from each pair of bonds of the central atom and that there are
29 atoms in the cluster. A four-connected crystal with hex-
agonal stacking(the lonsdalelite structuye has the same
6,-65-6,-6,-65- 6, circuit symbol but contains only 27 at-
oms. We therefore refer to an atom which has the Sichla
cluster characteristic of a crystal as “topologically crystal-
line.” We apply this tool to search for MRO by computing
the Schldi cluster for every atom in a model, then searching
for the 6,-6,-6,-6,-6,-6,:29 cluster characteristic of crys-
talline Si. The Si SchR cluster itself has a diameter of 9 A,
which is a convenient MRO length scale, and connected re-
gions of Si Schlfli clusters set a MRO length scale intrinsic
to the model. We call such connected regions of Si Slihla
clusters the “paracrystalline grains” in the PC models.

Figure 7 shows for each of the SW PC models only those
atoms which are inside the PC grains. No CRN model that
we have examined has even one Si Sitintduster® PC-K2
has topologically crystalline grains at the position of all four
of the seed crystals. In PC-K1 and PC-K1.5, only two of the
four seed crystals remain topologically crystalline; the other
two have dissolved back into the disordered matrix. This
implies the existence of some stability condition for the ex-
istence of the grains depending on their size, density, and
processing history, which will be the subject of future simu-
lations. The EDIP models show similar behavior, with PC-
K1EDIP1 also retaining two grains. The number and averagelG. 7. A ball-and-stick representation of only those atoms in the PC SW
diameter of the PC grairdysc and the percent of the atoms in models that participate in the S}85,-6, 6,6, 6,:29 Schldli clusters.
each model within the PC grains may be found in Table ”.These are the topologically crystalline paracrystalline grains.
PC-K1EDIP1 has fewer atoms in smaller PC grains that PC-
K1, but has a larger variable resolution length This may
be due to subtle increased order within the PC grains ithe atoms in the PC grains and the atoms outside the PC
PC-K1EDIP1. The magnitude of the peaks\k) shows a  grains. Bonds across the boundary are ignored, so the two
correlation with the topologically crystalline fraction across P(¢) curves for each model in Fig. 8 will not quite sum up
all the models. to the correspondin®(¢) curve in Fig. 4. The bond angle

As has been briefly noted previousfthe PC grains, distributions of the PC grains are narrower than those of the
which we identify solely by their topology, show greater or- intergranular matrix, and the features {¢) near 60° are
der than the disordered matrix by spatial measures as welnly seen in the intergranular matrix. As shown in Table IV,
Figure 8 shows the bond angle and dihedral angle distribuA®@ is reduced inside the grains, both compared with the in-
tions of the SW PC models broken into contributions fromtergranular material and the entire mo¢ste Table)l, and 6

e e A e

PC-K1

——— [
e PP |

PC-K1.5

PC-K2
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In summary, in this section we have provided various
structural and topological analyses of the PC models with an
emphasis on MRO. We have discussed several characteriza-
tion techniques and their usefulness for probing MRO. We
have shown that the PC models show qualitative agreement
with fluctuation microscopy data, which is not shown by
CRN models. The models cannot yet give a quantitative rep-
resentation of the experimental structures. Comparison of
models prepared with the SW potential and EDIP suggests
that EDIP produces smaller grains with a higher degree of
internal order. This comparison also shows that the nature of
medium range order is related mainly to the degree of re-
maining crystallinity, rather than to nature and density of
structural defects. In the following sections we analyze the
physical properties of the models related to atomic vibrations
and electronic behavior.

10 (a) <

P(0) x 10

IV. VIBRATIONAL PROPERTIES

Now we turn our attention to the vibrational properties
of the models. We calculate the VDOS, characterize the lo-
50 100 150 0 20 40 60 calization, stretching/bending character, and acoustic/optic
character of the vibrational modes, then consider the Raman
0 (deg) 0 (deg) spectra of the models and the partial Raman spectra of the
PC grains. In this section we consider only the SW PC mod-
FIG. 8. PartialP(¢) andP(¢) computed for those atoms in the PC grains a|s and PC-K1EDIP1. Marinov and Zof$\vhave character-
fff’ “?b)“r';%irf Sthgf&g gg_l'(nzt?rgranmar matfatashed lingfor: (3) PC- ized a 216-atom CRN model cre_zate_d with t_he Wooten,
Winer, and WeairdWWW) bond-switching algorithrii{ us-
ing the same techniques used here, and we do not expect
b%RN—Kl to show any significant differences. PC-K1EDIP1
IS studied to investigate differences created by changing po-
)§entials; since PC-K1EDIP2 has no SW analog, it is not stud-
ied in this section.

moves closer to the tetrahedral angle. The grains also exhi
the staggered bonding characteristic of the crystal almost e
clusively, while the intergranular material ha®&¢) similar
to CRN-K1[Fig. 4@)]. The ordering within the grains is not
surprising, since the topology constrains the real-space strué. Calculation procedures
ture, but it has important implications for the physical prop-
erties, particularly the Raman spectsee Sec. IV E

The PC grains in the SW models are also characterize
by a lower local energy density as measured by the bondin
energy assigned by the SW potential to individual atoms i

El_haeblepclvgr;mgrtve:ﬁgsathgze em deT: ;n'tctzrg;;%llat[]ematﬁglz; as set to the experimentally observed Si—Si distarfoef
ports verage ditieren WNO'€5 36 A and the equilibrium Si—Si—Si bond angle was set to

?ﬁdel avere;g; energy for thltla Stct)rtr;]s n these two reglonme ideal tetrahedral value of 109.47°. The strain energy was
€ energy arfierence 1S small, but the grains are Very Small,; ;i o by an iterative process in which each atom was

and even atoms in the center of the grains are very close t&splaced one at a time in the direction of the force without

the intergranular boundaries. allowing bond breaking or reconstruction. This process was
repeated until convergence was achieved. The average shift
TABLE IV. Energy and bond angle characteristics of the PC grains in theof the atoms in the relaxed models va_lrles from. 0'1(.) A TOI‘
' PC-K1EDIP1 to 0.20 A for PC-K2. This relaxation signifi-

SW models.fpc and Afpc are the average bond angle and bond angle .
re Pe _ ge bond ang g cantly reduced the short-range disorder of the models. The
standard deviation for the PC grains, respectively, gdandA 6,; are the

same quantities for the intergranular materidlis the total energy/atom of total Str_a'n energyE o a_s given by the Kirkwood potential,
the model as assigned by the SW potentisi. is the energy/atom of the ~the strain energy per Si atoBy,;/N, the bond angle standard
atoms in the PC grains minug, andU g is the energy/atom of the atoms  deviationA#, and the bond length standard deviatibn of
not in the PC grains minus. Energies are in eV, angles in degrees. the relaxed models are given in Table V. The reduced short-
Abg Ua Ue Ug range disorder is evident in the reduckd (see Table)l. As
noted in Sec. I, this relaxation does not remove the PC char-
PC-K1 1086 6.3 1081 147 —4.16 -0.07 0.01  gcter of the models.
PC-KL5 1091 78 1084 125 -417 -004 0.02 All eigenfrequencies and eigenvectors were determined
PC-K2 1093 7.9 1079 147 —-418 -0.07 0.06 ) . S . .

by direct diagonalization of the full dynamical matrix as
3 for CRN-K1 is —4.16 eV. given by the Kirkwood potential. These values were used to

To calculate the vibrational properties, we use a
Eirkwood—type potentiaf, which is especially suited for vi-
rational studies of covalently bonded materials. We first
erformed a structural relaxation of all the PC models using
he Kirkwood potential. The equilibrium Si—Si bond length

Model Opc  Abpc b

Downloaded 26 Oct 2001 to 192.11.226.116. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 90, No. 9, 1 November 2001 Voyles et al. 4445

TABLE V. Various measurements of short range order in the PC models
after relaxation with the Kirkwood potentiaE,y is the total strain energy 16 ~
from the Kirkwood potential /N is the strain energy/atomé is the ® Lc
bond angle standard deviation, and is bond length standard deviation. vy A

14 -

Model Eor (€V) Ewt/N (eV) A6 (deg Ar (A)

PC-K1 193.93 0.3788 7.60 0.032
PC-K1.5 228.00 0.3262 7.11 0.035
PC-K2 297.43 0.2974 6.52 0.032
PC-K1EDIP1 107.12 0.2096 7.50 0.031

12 —

10 —

Correlation Length (A)

calculate the VDOS. The values of the stretching and bend-

ing force constants used for the energy relaxation and the

VDOS calculations are 125 and 5 N/m, respectively; they

were adjusted previousi§ to reproduce approximately the 6 I r I T I . I

position of the main vibrational bands afSi. To analyze

the character of the vibrational modes we calculate the par- 0.68 0.72 0.76 0.80

ticipation ratiop;(w), the stretching charact& ), and the lta/ o ratio

total phase quotiengs(w). Definitions and a detailed dis-

cussion of these parameters are given elsewtfere. FIG. 10. MRO correlation lengths from variable resolution microscopy
For the calculation of the first-order Raman spectra 01emdgz(r) (L) as a function of thé, /1 1o ratio of the VDOS. The lines are

. e a guide to the eye.
the models we use the bond polarizability approx-
imation®52%4°Each Raman line is additionally broadened by

15 cm ! to account for the additional disorder not present inex erimental neutron scattering measureméhiEhe calcu-
the computer generated models and their finite size. Thj P g )

broadening was determined by matching the calculated widt ::%?1;/%?; g.lsgocggspggit\;vegiggtg p(;'ef\flécr)git\fe(t)r?o gglcg:
of the TO Raman line after broadening to the experiment : ! u y ¢l u

value. The partial Raman spectra of the PC grains were ca v . .
P P 9 ~175 cm! is commonly assigned to transverse acoustic

|ng various potentiald®*1~4As in crystalline Si, the peak at
culated using the atomic displacements obtained by prOJeCt(_TA)-Iike vibrations, the weak peak at325 cm'* to longi-

Ibnc?rs:[hoeuf g?irrllzugs:a?r:i::g?srsa?rt&ms and their nearest neig udinal acoustiqLA)-like vibrations, the weak shoulder at
' ~400 cm'! to longitudinal optic(LO)-like vibrations, and
the high-frequency peak at500 cmi! to transverse optic
(TO)-like vibrations. In the SW models, the TA peak practi-
The general character of the VDOS, shown in Fig. 9, iscally does not change position with increasing PC MRO,
similar in all the PC models and is in good agreement withwhile the TO peak shifts to slightly lower frequencies in
PC-K2. The LA and LO peaks also become slightly more
pronounced. The VDOS for PC-K1EDIP1 is similar to that

for PC-K1, but the TO peak is higher, and the LO/LA peaks

B. Vibrational modes

— PC-K1EDIP1

0.4 — are better resolved. As we see below, this is related to the
PC-K1 o improved short-range order and lower defect density of the
""" PC-K1.5 EDIP model
--------- PC-K2 R . .
The most significant change in the VDOS is the change
0.3 5 in the ratio of the intensities of the TA and TO peaks

Ita/l1o. Figure 10 shows that various MRO correlation
lengths decrease with increasihg /1 1o ratio. This confirms

by direct simulation that thé, /1o intensity ratio in the
0.2+ g VDOS can be a sensitive probe of the degree of MRO. Of
the models considered, only PC-K1 hakg/1 g ratio close

to the experimental value of 0.88 obtained from inelastic
neutron scattering experimeritsyhich agrees with the vari-

VDOS

0.1 j 3

; able coherence microscopy simulations presented in Sec.
' I B.
The participation ratiop,(w) for the PC models is
0.0 shown in Fig. 11;p.w of PC-K1EDIP1 is generally similar
' I ! I I I to that of PC-K1 and is not showmp.(w) measures the
0 100 200 300 400 500 600 localization of the vibrational modeg,(w) close to 1 indi-

cates a delocalized mode, whipe(w) close to 0 indicates a
localized mode. The delocalized modes in all three models
FIG. 9. The vibrational density of states of the PC models. havep.(w) of ~0.58, despite the different sizes of the mod-

-1
wavenumber (cm )
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FIG. 11. The particip_ation ratipc(g)) of the vibrationgl_ modes of the SW FIG. 12. The stretching charact8fw) of the vibrational modes of the SW
PC models. The vertical dashed lines mark the position of the band edgei,c models. The vertical dashed lines mark the position of the band edges.

els. The localized modes are grouped around several fre- The modes near the 220—240 and 330—360 chand
quencies: 90, 230, 340, 450, and 550 ¢mmarked by the edges are predominantly localized on atoms which are at the
vertical dashed lines in Fig. 11. By comparison with the po-boundary of the PC grains. These atoms are either surface
sition of the main peaks in the VDO&ig. 9), we see that atoms of the grains and have one or more bonds to Si atoms
these frequencies mark the position of the band edges. Thautside the grain or vice versa—Si atoms which have one or
low-frequency TA modes are localized @y, D,, andDg more nearest neighbors belonging to the PC grains. Gener-
atoms, which have small residual strain energy as given bwlly, these are Si atoms with moderate residual strain energy.
the Kirkwood potential(D,, denotes an atom with coordina- The mid-frequency localization is less pronounced in PC-K1,
tion numbern.) The number of strongly localized modes which reflects the smaller number and size of the PC grains
(pc(w)<0.2) increases quadratically with the concentrationin this model, but also suggests a more relaxed grain bound-
of D;+D,+D3 atoms. PC-K1EDIP1, which has r®, or  ary region. In addition, there are a few modes near these
D, defects, exhibits a much higher(w) at the 90 cm? band edges in PC-K1.5 and PC-K2 which are strongly local-
band edge. The main difference in the participation ratio beized onD g atoms or on four-coordinated Si atoms with large
tween the PC models and the WWW CRN mddek well as  bond-angle distortions. Clearly, the heterogeneous structure
a-Si models generated by the activation—relaxation techef these models, with PC grains separated by a disordered
nique (ART),*" investigated previousf{f*®is that the CRNs matrix, leads to pinning of the vibrations in the grain bound-
do not show low-frequency localization. However, CRN ary region.

models ofa-Si produced with the Biswas, Grest, and Souk-  The high-frequency modes are localized Dg andDg

oulis method? also exhibit low-frequency localization on overcoordinated atoms or atoms with very large residual
undercoordinated atoms, which implies that such features argrain energy. This effect is further enhanced by the fact that
not specific to the PC structure, or the SW potential or EDIPthe D5 atoms themselves have very large strain energy. They
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nantly onD5; atoms. Such modes are not observed in CRN
models generated by the WWANor ART*® methods.

The general character of the total phase quotigiitw),
shown in Fig. 13, is also similar in all the SW PC models and
PC-K1EDIP1.qs(w) measures the correlations between the
individual atomic displacements. ls(w) is near 1, the
mode is acoustic-like, and s (w) is near—1, the mode is
optic-like. gs(w) also exhibits singularities near the band
edges at~230, ~320, and~450 cmi . The modes below
230 cm ! are acoustic-like, and the modes between 250 and
320 cm! are mixed acousticoptic. The modes between
320 and 450 cm® are mixed optie-acoustic. Finally, the
high-frequency modes beyond 450 ¢chare optic-like in
character. The calculated phase quotients confirm the assign-
ment of the 175 and 500 c¢m bands as acoustic and optic
bands and show that this character is preserved in PC models
of a-Si. The fine structure of the phase quotient near the
band edges becomes more pronounced with increasing PC
MRO and a new singularity develops &880 cm . Unlike
the SW PC models, in the WWW model afSi there are no
modes in the vibrational gap between 230 and 250 cih
The number of such modes is reduced in PC-K1EDIP1. In
the SW PC models the modes in that frequency range are
predominantly localized o®,, D,, andD5 atoms, as we
have seen from an analysis of the participation ratio.

C. Polarized Raman spectra

The total reduced VV and VH polarized Raman spectra
| | ' | for the SW PC models and PC-K1EDIP1 are shown in Fig.
0 100 200 300 400 500 600 14. The spectra are scaled to the same number of Si atoms. In
Frequency (cm‘1) the VH spectre_l, the LA—I__O_ range is practically featureless.
The TO peak increases in intensity, becomes narrower, and
FIG. 13. The phase quotieqt (w) of the vibrational modes of the SW PC  shifts to slightly higher frequencies with increasing PC MRO
models. The vertical dashed lines mark the position of the band edges. in the SW models. The high-frequency TO modes are pre-
dominantly of stretching charactésee Fig. 12 and thus
they are very sensitive to tetrahedral disorder. The average
are always within the first 15% of the atoms with the highestbond-length disorder in the four models is simi(aee Table
strain energy. V), but the bond angle standard deviatidA decreases with
The stretching charact&(w) for the SW PC models is increasing PC MRO in the SW models. With increasixg
shown in Fig. 12.5(w) is near 1 if the mode is predomi- the TO peak intensity falls and its full width at half maxi-
nantly of the bond-stretching type and near O if the mode isnum I';o grows, as shown in Table VI. This trend is borne
predominantly of the bond-bending type. The character obut in PC-K1EDIP1, which has a small&ép than PC-K1 and
S(w) is generally the same for the models and is similar toa higherl+o. The calculated ;o using the empirical corre-
S(w) for other a-Si models®®*® The low-frequency TA lation proposed by Beemaet al® (I'to=15+6A6), also
modes below 230 cit are predominantly bending in char- shown in Table VI, is in excellent agreement witho deter-
acter. The modes between 230 and 450 tifiLA and LO  mined from the simulated spectra using 15 ¢nuniform
modes are mixed bendingstretching in character. The broadening.
high-frequency TO modes above 450 thmare predomi- The behavior of the VV polarized spectra is the same as
nantly stretching in character. With increasing PC MRO thethe VH spectra because the average depolarization patio
fine structure of the stretching character in the mid-frequency= 1/l is the same in all models(§)=0.57). Since,
region (LA and LO bandg increases significantly. Unlike in however, the VV spectra are much more sensitive to the
CRN models® of a-Si, the PC models show no gap betweendetails of the structure, we observe a weak LA peak near 300
the low- and mid-frequency modes. The presence of defeatm ! in the VV spectrum of PC-K1.
Si atoms leads to this increased mixing of the TA and LA Similar to the VDOS, thd 14/l ratio of the Raman
modes, so PC-K1EDIP{not shown has a much smaller spectra has been proposed as a measure of MR®.ob-
density of modes in the gap region. Several low-frequencyerved in the experiment, the calculated intensity ratio
modes with much higher stretching charact&«)>0.2) |14/l for the VV polarized spectra is slightly larger than
are observed at-80—105 cm™. They are located predomi- |4/l for the VH polarized spectra in all three models.
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FIG. 14. The VV and VH polarized Raman spectra of the PC models.

I1a/l1o for both the VV and VH spectra behave similarly
with increasing size of the models. For simplicity, we will
consider further only the VV specttg, /1 1o in the SW mod-

els.

The VV spectruml 14 /1o ratio is ~0.043 for PC-K1,
~0.023 for PC-K1EDIP1, and reduces+d.031+ 0.001 for

100 200 300 400 500 600
Frequency (cm™)

Voyles et al.

TABLE VI. Characteristics of the reduced VH polarized Raman spectra of
the PC modelsw+ is the TO mode frequency;g is its intensity, and 1o
is its width.

Model wro (cm™) lto Trom? T (em™h
PC-K1 507 0.70 59 60.6
PC-K1.5 508 0.76 58 57.7
PC-K2 510 0.86 54 54.1
PC-K1EDIP1 506 0.81 66 60.0

#Calculated from the empirical relatidi;o=15+6A @ (see Table VY pro-
posed by Beemast al?®

Comparing the calculateld, /110 values with intensity
ratios determined from published polarized spectra of rf-
sputtered RFS and chemical-vapor deposité@VD) a-Si,
we see first that the model intensity ratios are smaller than
the experimental ones$s, /170=0.10—0.12 for typical RFS
a-Si, and l5/110=0.068—0.078 for CVDa-Si.***° The
calculated |4/l values are closer to the experimental
I1a/110 values for CVDa-Si samples, which generally have
a more ordered structure. It is also interesting to note that the
experimentall 1o /1 1o values decrease with increasing plate
temperature in RFS samples and with increasing substrate
temperature in CVD samples. Evidently, the relaxation of the
a-Si structure at higher temperatures leads to smaller local
strains and correspondingly smallef, /1o values. Alto-
gether, these results suggest that the PC-K1.5 and PC-K2
models have more ordered structure than typical RFS and
CVD a-Si samples prepared at relatively low substrate tem-
peratures, so PC-K1 is again the most physically realistic of
the current models.

Simulations of the partial Raman spectRRS of the
PC grains in the SW models are shown in Fig. 15. The PRS
are scaled to the same number of Si atoms in the grains.
Unlike the total polarized spectra, the PRS show significant
differences from one model to another. The differences are
especially pronounced in the VV spectigs /1 1o decreases
from 0.32 for PC-K1, to 0.24 in PC-K1.5, to 0.11 in PC-K2.
This indicates increasing order within the PC grains with
increasing grain size, as noted in Sec. Il B. At the same time
the depolarization ratio of the TA band increases from 0.20 in
PC-K1 to 0.55 in PC-K2. This means that in PC-K2
the low-frequency TA modes, localized on Si atoms from
the PC grains, become more symmetric bending in nature
than in PC-K1. Most significant are the differences in
the LA—-LO region. The depolarization ratio of the PRS in
the LA—LO region is much higher than the average depolar-
ization ratio in the total Raman spectra. The peak-800
cm tin the total VV spectrum of PC-K{Fig. 14) obviously
arises from the corresponding feature in the PRS of the
PC grains in PC-K1. Features similar to those in the LA—LO
region of the PRS of PC-K1.5 have been observed experi-
mentally in the VV Raman spectra of RPS° a-Si and

PC-K1.5 and PC-K2. However, the correlation with PC glow discharg® a-Si:H deposited at low substrate tempera-

MRO is less pronounced than the correlation of the/l +o
ratio from the VDOS(see Figs. 9 and 10 Generally, the

tures.
The changes in the LA-LO region of the PRS do not

decrease oftp /1 1o is consistent with the increase of the size correlate with the increasing crystallinity of the PC grains.
of the PC grains, taking into account that for crystalline SiHowever, we have shown that the modes at the band edges
It /170 should be zero.

near 250, 320, and 450 ¢rh which separate the LA and LO
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. . . . FIG. 16. The EDOS of the PC models. The light solid line is the initial
modes, are mostly localized on Si atoms in the grain boundeonfiguration, the heavy solid line is after annealing and quenching with

ary regions. This suggests that the differences are probablfstrelle.” The dashed line in the top panel is PC-K1EDIP1 in the initial
related to the nature of these grain boundaries. Additionagonfiguration.
study is required to quantify the changes observed.

V. ELECTRONIC STRUCTURE coordinated, with an average coordination of 4.15-4.20.

In this section we present the EDOS for the SW modelsThis, as we can see from the “unquenched” geometry EDOS
and PC-K1EDIP1. Prior to our electron properties studies thelata in Fig. 16, produces a much larger density of defect
models generated with Keblinkst al??> MD program using states in the band-gap region than is found in real materials.
the SW potential were further relaxed by simulated annealingn an attempt to overcome this difficulty by forcing the mod-
and quenching with the empirical MD code Estrelle, de-els to rearrange and reduce the coordination, each model was
scribed elsewher¥;°? which uses EDIB® For the actual annealed with Estrelle at 1000 K for 20 ps. This procedure
EDOS calculation the Fireball local-basib initio MD code  resulted in a decrease of the average coordination for every
developed by Sankey and co-work€rsvas employed, but model, although the reduction ranged from a significant
only to construct and diagonalize the Hamiltonian matrix fordrop, from 4.20 to 4.07, for PC-K1 to almost nothing for
a given configuration of atomic coordinates. To produce the?C-K1.5. This difference is likely due to chance local con-
EDOS graphs we used a Gaussian broadened formd(fer  figurations of atoms which cannot be reconstructed without
—-E). melting the model and removing its PC character. This is

The EDOS of all the models is presented in Figs. 16 andupported by the fact that PC-K1EDIP1 and PC-K1EDIP2
17. All the models show the expected features-46, —10,  have an average coordination number of about 4.02, which is
and —5 eV, which are assigned ® p andsp® states, re- smaller than any of the structures created with the SW po-
spectively. As noted in Secs. Il and I, all theitial geom-  tential. PC-K1 was also quenched directlyithout anneal-
etries prepared with the SW potential are significantly overing) from its initial configuration withab initio MD, the
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‘ ‘ little or no signature ing,(r). The fluctuation microscopy
\ i 1 simulations show strong correlations with other measures of
0.06 - f o\ J i MRO, particularly the fraction of the atoms in the model that
| . are topologically crystalline. Our structural analysis shows
- i | : \ | post priori that the MRO of the models increases with the
0.04 - L T size of the seed crystals.
We have shown by direct simulation that the ratio of the
J i : transverse acoustic to transverse optic peak intensities
i ‘ 1o /1o in the VDOS, and to a lesser extent in the polarized
;] Raman spectra, can also be a probe of MRO. In addition the
0.00 = o ‘ o 0 singularities in the vibrational characteristics near the band
Energy (eV) edges and the structure in the LA-LO region in the VDOS
6. 17, The EDOS of CRNKL at ! . i become more pronounced with increasing PC MRO. We
trellé” (éolideline), a V\(;WW-metho?i CleR?\r(]Ir;izlggsined ?ilri)ean;nclingnWART > have a]so confirmed for P.C Si models .the empirical
CRN (Ref. 47 (dot-dashed ling correlatior between the full width at half maximum and the
frequency of the TO Raman peak. Taken together, these re-
sults suggest that high-resolution inelastic neutron scattering
results of which are very similar to the results of the EDIPand polarized Raman spectroscopy experiments should be
anneal and subsequent quench and are not shown. able to provide valuable information about the degree of

None of these post-synthesis treatments reduced the aMIRO in reala-Si materials and should also be able to dis-
erage coordination of the SW models to an acceptable levelinguish between Si samples with a high degree of PC MRO
As we can see from Fig. 16, even PC-K1, for which we wereand CRN Si samples.
able to achieve the best “improvement” of the electron prop- ~ Comparison of calculations from the models with avail-
erties, still has a significant concentration of defect states ible experimental data shows that PC-K1 is the most physi-
the band-gap region, and CRN-K1 retains a high density o€ally realistic model of the medium range order present in Si
defects. There is also no obvious connection between the siznd Ge. Its subtle MRO is not enough to disturbgtgr),
of the PC grains in a model and the depth of its band gapwhich is a good match for the experimental data, but it is
There is, however, a transparent connection between the de@nough to provide the best available match for the fluctuation
sity of geometric defects and the deterioration of the electromicroscopy data. CRN-K1 has good agreement with experi-
properties of the models: the larger the deviation from perment in itsg,(r), but it does not match the fluctuation mi-
fect four fold coordination, the higher the concentration ofcroscopy data. PC-K1 also has the closest match of the PC
defect electron states in the band-gap region. This is demomnodels to the experimental VDOS and Ramag/l o ra-
strated by the clean band gap, shown in Fig. 17, of a pertios. The larger-grain PC models, PC-K1.5 and PC-K2, have
fectly coordinated CRN produced by the WWW metffod more MRO than real materials, as seen by the extra peaks in
and an almost perfectly coordinated CRN produced byg,(r), and the failure to match the fluctuation microscopy
ART.#’ andla /1o ratio data.

Better results are obtained using EDIP during synthesis, Calculations of the electronic properties show that only
as shown by the deeper band gap of PC-K1EDIP1 in the tofPC-K1 annealed with EDIP and PC-K1EDIP1 approach hav-
panel of Fig. 16. The EDOS of this model is as good as thaing a reasonable electronic band gap. This can be attributed
of the best CRN models synthesized by quenching from théo the high density of coordination defects present in the SW
melt with EDIP>* models. This demonstrates that whereas the paracrystalline

medium-range order of the models is quite robust, the de-
tailed defect structure is more sensitive to the choice of the
empirical potential used and the annealing/quenching proce-

We have examined the structural, vibrational, and elecdure employed in model preparation.
tronic properties of several PC model structures-&i cre- Consequently, further modeling effort is required to pro-
ated by molecular dynamics, with particular attention toduce more realistic PC models afSi. On one hand, larger
MRO. These models were created by molecular dynamicand more diverse models will allow us to find a better rep-
synthesis from the melt in the presence of small seed crysesentation of the subtle MRO reflected in the fluctuation
tals. microscopy and vibrational experiments and to explore the

Several characterization methods were found to be effedhermodynamics of PC materials reflected in the PC grain
tive for describing MRO in models. In general, methods thatsize and density stability condition. On the other hand, a
involve higher-order atom position correlations, such as flucmore through MD relaxation is needed to provide models
tuation microscopy simulations and the dihedral angle distriwith even lower defect densities. It may be possible to em-
bution, are sensitive to MRO. The pair correlation functionploy a variant of the WWW bond-switching algorithih,
0,(r) available from diffraction is not as sensitive. We alsowhich produces perfectly fourfold coordinated structures by
demonstrated that Sclilicluster topological analysis allows construction. Further simulations may also elucidate the na-
the identification of topologically crystalline regions in mod- ture of the grain boundary regions and their effect on the
els, even if those grains are heavily strained so that they havecalization of the vibrational modes.

EDOS (arb. units)

0.02 |- !

VI. CONCLUSIONS
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