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STRUCTURE AND STABILITY OF
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ABSTRACT

Microvoids appear to be universally present in a-Si:tl as demonstrated by
smali angle X-ray scattering including the presence of microvoids in  device
quality glow discharge a-Si:I1. We have studied the structural properties of these
microvoids with molecular dynamics simulations. Using molecular dynamics
simulations with classical potentials, we have created microvoids by removing
Si and 1 atoms from a computer generated a-Si:H network. The internal surfaces
of the microvoids were passivated with additional 11 atoms and the microvoids
were Tully relaxed. Microvoids over a limited range of sizes (5-90 missing atoms)
were examined. We obtained a relaxpd microvoid structure with no dangling
bonds for a microvoid with 17 missing atoms, whereas othor sizes examined
produced less relaxed models with short H-IT distances at the microvoid surface,
The strains near the microvoid surface are described. The microvoid model was
stable to local excitations on weak bonds in the vicinity ot the microvoid.

INTRODUCTION

Microvoids appear to be universally present in a-Si:1 including in device
quality a-5i:H material as demonstrated by small angle X-ray scattering (SAXS)
studies [1,2,3). The SAXS data [3] exhibit a void volume fraction of about 1% in
device-quality a-Si:H films deposited at 300 °C, Deposition of glow discharge
material at faster deposition rates (0,62 nm/s) and at the same substrate
temperature results in poorer quality material and an increase in the void
traction to about 4% with microvoids of about I nm in diameter. In contrast the
hot wire films deposited at 300 °C show a larger volume fraction or voids ol

approxmately -L5% and a significant fraction of Larger voids with sizes as large as
20-30 A,

An excessive density of microvoids has been generally believed to correlate
with poorer quality material ared  an increasing density of hvdrogen and aluo
dihvdride bonding configurations [4]. An open question is what is the correlation
between the microvoid content and  electronie quality of the oSl tilme?
Another extremely relovant question s what is the correlation between hy
induced instability in o-SicH o and the occurrence of the microvoids, Recentd
measurements [ oindicate a correlation between the inttial and  depraded
clticiencies ol wolar cells with microstructure This was evidenced by deposting,
i lavers of pin solar cells ot ditterent deposition rates with all other cell
conditions remaining the same and measuring the <olar cell etficieney. Tlis
sugpests o correlation between voids and Tight induaced degradation, arpuing tor
the importanee mounderstanding, the stracture and electrome properties ot the
microvoids Fhe stroctural properiies of microvoids are addreessed e this paper



PREVIOUS SIMULATIONS

Our previous molecular dynamics simulations have provided important
insights into microvoids in amorphous silicon networks. These studies were
pertormed on pure a-5i without H but they already indicate important teatures of
microvoids. We simulated[5,6] the growth of an a-Si film where clusters of Si
atoms were deposited on a cold substrate (Tg ~ 100 °C) and the surface ditfusion
was very limited. The grown film showed the spontancous formation of a
microvoid with a mean radius of gyration between 3.6 and 3.1 A, The microvoid
was somewhat ellipsoidal with a larger radius in the growth plane. A large
increase in the structure factor S(q) was found for wave vectors below 1.0A1. The
a-5i films had significantly lower bond angle and bond length strain than melt
quenched a-5i models [5].

The above findings on strain were reinforced by our earlier simulations ot
microvoids in bulk melt quenched a-Si models{e]. There too we observed the
anncaling of local bond angle and bond length strain on creating microvoids in
bulk a-5i maodels. This suggests that although a high density ot microvoids in
amorphous silicon may be undesirable, a certain density of microvoids may in
fact help in relieving local strains.

SIMULATION METHODS

In this paper we consider a-Si:bH models containing hydrogen, that have
many structural features in common with high-quality o-Si:HL lilms, Our starting,
point was the Guttman-Fong a-Si: 11 model [7] with 10% FT and all H bonded in
monohvdride bonding contigurations. The maodel initially had 60 atoms, but we
repeated the unit cell to create a 480 atom maodel with periodie boundary
conditions and a cube side of 21 AL This model has a distribation of bond lengths
with rms values of 0010 A tor Si-Si bonds, and 0.01 A tor Si 11 bonds together
with an rms bond angle distribution of 1047 in pooad agreement with
oxperimental estimates. The model was stable to Iocal excitations on weak
bonds[8] in the structure indicating that it v a good starting, point for the
microvoid studies,

Our computational methods are based on molecutar dyaamies atihziny,
chassical potentials deseribing Sictaand Si L aystemes (8]0 These models have been
titted to experimental information amd abiitio calealations and have been
found o provide a reasonable deseription of o St Very importantly these
models are robust enotgh to be applied o sysems waith G00-500 atoms and Larper
in sze tor long simulation times which i esential for stadying, microsiructure

We start with identifying an acbitrary sitheon sate an the a Sl network A
nucrovord was created by removiy shellsor Saand TE atones around this central
sites The method of removing <hells eea nataral way to nunmuze the number o
broken bonds e the stractare]S) wath the number o shells removed determiony,
the nerovord size Atter temoving the shells we allowed the stracture to rclas
to ity lowest enerpy configrration usang, o stecpest descent relasation. Thes allowe,
tor sanbace reconstiaction ad rebondimy at the nucrovord surtaee. This il
leaves damehinge bonds on the mucroverd sartace We then mtroduoced addiional



T soms to passivate these dangling bonds and allowed the new structure with
additional IT to tally relax. Both steepest descent relaxation and  tinite
temperature molecular dynamics annealing was emploved to achieve the
relavation.

RESULTS

We tirst examined the smallest possible microvoid structures created by
removing cither a single Si-atom or two Si-atoms (i.e. elimmation of a weak Si-
Sibond) from the network. The removal of two Siatoms is the analog of creating
a divacancy in a crystal. In these cases we had to introduce 4 and 6 additional H
atoms to passivate the dangling bonds created. In both ot these cases we tound
that the extra 1T atoms would come too close to cach other with H-H separations
of LOA and less. Henee al! these H atoms could not be accommaodated in the
small volume created. We did not oltain a reconstructed  divacaney structure
with two reconstructed weak Si bonds and four I atoms as observed by Buda el
al in ab-initio simulations [8]. This is a electronic effect that also involves
significant structural distortion to the amorphous network.

T'he neat case exanuned was creation of a microvoid by removing 2 shells
around a Si atom equivalent to 17 missing atoms. Relaxation of the network
relieved  Jocal strains but dangling bonds remained at the surtace ot the
microvoid. Then 22 additional T astoms were introduced to saturate the dangling,
bonds on the nucrovoid surface. Further relaxation led to a remarkable pertectly
saturated structure with no dangling bonds or other types of coordination defects
One dihvdride was created in the hvdrogenation process. The  resulling
microvoid structure had 14 s T Al the TTHT distanees were larger than Lo A,

We calealated the structure tactor S(q) tor this contiguration assuming, that
the N ray scaltering is dominated by the contribution from the Si The S(q) dud
demonstrate (Fyr 1y o rise at small g tless than 0.7 A D). The slope of Top(S(g) vs
q-‘- provided a radius of gyration Ry ol LZA ansumung Guinier seattering ( S()
B evpy( \|"R“" 73 ) The radins of pyration s consistent with the second nerghbor
distance m e b

We neat investigated o larger meerovord by removing 3 sholls around a ta
aAtom vorresponding to 43 misang S atoms, The relavation, hivdrogenation and
relavation provedure bad o a stracture wath S added B and 20 " 1L Although
no dangling or Hoatig, bonds remamed atter the relavation we foand 4 panes ol
unbotded TR Bstances Tess than TAA imdicating exeessive stram aid the
difticalty i sataratimg, all the dangling bonds on the microvond surtace. Thee
pairs of hvdrogen were already bonded to S atomse at the microvond surtace -0
that a clove T separation i not tavored: We also tonnd cases where T toroed
a brudging bond between o S atomes Vhe vesadts tor the S calealation (kg D
at sl o, revealed o radis of pyration WY A

Rewalts tor pncrovands with b atopue shells avonnd a0 S removesd
contesponding, o S8 meeany, done were samibee o the above $shell cane above
with peneratton ol several pans of close but pon bonded FETE distimees
mdicating that the excesn dencaty of T near the mrcrovonrd sueface wae not
tavored
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The logarithm of the structure factor S(q) as a function of the square of the
wavevector (, for the two microvoid madels, showing evidence for
Guinier scattering.  Only the small wavevector part is shown. Circles are
results with three-shell microvoid (43 missing atoms) and diamonds are
for the two-shell microvoid (17 missing atoms). Radii of gyration Ry
shown were determined from the slopes of these lines.



The above resalts for the difterent size microvoids s very suggestive that
there is a certain size microvoid with about 17 missing atoms that may be
favored. Accordingly we analyzed in detail the local strains and structure ot the
14 % I model created from 17 nussing Siatoms. This structure has rms
distributions of $i-Si bonds was 0.097 A and 0.018 A for Si-Fl bonds, together with
rms bond angle distributions of 10.5° for Si-5i-Si bond angles and 5.17 for Si-Si-H
angles. Notably there wore two weak Si-Si bonds but these were in the bulk of the
microvoid network and not at the microvoid surtace. Graphical visualization
was used to obtained a detailed picture of the bonding at the microvoid surface.

STABILITY

A persistent unresolved question is the relationship between microv oids
and light-induced degradation. To investigate this within a feasible
computational framuwerk, we investigated the stability of the a-5i:H network to
excitations on the bonds. We have adopted our previous approach 8] of a "hot
spot” which models a simple channel for the nenradiative carrier recombination
energy to be transterred to the lattice. The microvoid model with no dangling
bonds and 14 %I was selected and excitations with an excess kinetic energy of 1.7
to 2.5 ¢V were made on selected weak bonds in this structure (with bond lengths
larger than 2.7 A). The excess energy was allowed to equilibrate and in all the
cases examined we found the structure would rebond to the original bonding
configuration with no extra dangling bonds created. This suggests that metastable
energy states may not be divectly linked to weak Si-Si bond breaking,

These results are consistent with our previous results [8] that the presence of
dihydrides (SiF12) weakens the amorphous network and leads to [B] metastable
dangling bond states similar to light-induced defects,

ANALYSIS AND CONCLUSIONS

It should be clarified at the outset that only a mited aumber of microvoid
configurations were examined. To obtain better statistical features microvoids
around several Sissites should be considered. In spite ot this statistical
uncertainty the results are highly suppestive that microvoids ol a certain size
corresponding to about 17 missing atons and radius of pyration ahout 35 A
could be highly tavored as a stable microvoid contiguration that could et
without any dangling bonds on the microvord surface. The mucrovond
configuration determined in this molecular dynamics simulation was stable to
stmple bond excitations,

It s sipniticant that very small mictovoids ereated from a vacaney or
divacancy or a smple missing shell around a Si-atom in the network did not
have sidhicient volume to accommaodate the extra Honeeded to passivate the
dangling bonds, Sunilavly o very Large nucrovoid with radius of pyration about
YA wan not favored wath dose non bonded THEL distanees idieating that Larye
H o densaties at the nucrovord surtace s nob preterred.



t1s clear that o Puaare direction will be to examine the clectronie properties
of these microvoids with models that incorporate the electronic effects. A
promising model that has been developed is a moletular dynamics procedure
based on tighi-binding atomic orbitals that provides very accurate results for the
phase diagram ot Si, energies of defects in ¢-Si and the melting ot Si. Examining
these large microvoid models for electronic properties and stability with this
clectronic structure model will clearly be needed in turther work.

We have generated these microvoids by removing atoms from a bulk
network. An alternative procedure that is closer to experiment is to deposit Si
and H atoms on a Si-surface or model the decomposition of silane vn a substrate
and study the spontaneous formation of a microvoid. This is computationallv
intensive approach that could provide further insight into the size distribution
and structure of microvoids.
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