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The growth of silicon particles in the neutral plasma region of pure silane, rf capacitively coupled, steady-
state discharges is calculated with a homogeneous, plasma-chemistry model. Plasma conditions are typical of
those used in hydrogenated amorphous sili@${;H) device production. Sifdand SiH,~ grow into particles
by the step-by-step addition of silicon atoms, primarily due to reactions with @ittrition of growing SiH,*
radicals and ions witlz charges, which are “particles” for large occurs by diffusion of neutral and positively
charged radicals to the electrodes. Rate coefficients for electron, ion, radical, and silane collisions with the
SiH,.2 for x=1-10 are estimated from detailed considerations of the literature and relevant physics. Self-
consistent anion, catiom( ), and electronri.) densities and charge fluxes are used, and charge neutrality is
maintained. Typicallyn, /n,=100, which causes a large fraction of neutral particles and thereby a major
particle flux into the growinga-Si:H film. The density of visible particlesx¢10%) varies many orders of
magnitude with relatively minor changes in discharge power, pressure, and electrode gap. This parameter
dependence agrees with experiment, and by adjusting collision parameters within a reasonable range the
calculated particle densities can be brought into exact agreement with experiment. An additional result of the
model, which has not yet been detected, is thatJiclusters with 3Xx<30 are continuously deposited into
growing films, and for typical conditions yield a very significant fractids-10 % of total film growth.

PACS numbegps): 52.80-s, 52.65-y

[. INTRODUCTION eration is not significant. The latter conditions are more rep-
resentative of those used for the productionae®i:H de-
Hydrogenated amorphous silicoa-Si:H) photovoltaics vices.
(PV) or thin-film transistors are most frequently grown from  The question of what role these incorporated Si particles
dc of rf plasmas in pure silane (SjHor SiH, diluted into  play in the electronic properties &-Si:H devices is not
H,. Silicon particles also grow in these plasmas as an uninknown, and probably varies with plasma conditions and de-
tended side effect, and some of these are incorporated intdce. It is well known that higher powers or film-growth rates
devices. This has stimulated a desire to understand theause film electronic quality to deteriorate, and as will be
causes and behavior of these particles, and if possible tshown below particle incorporation increases very rapidly
control particle incorporation into growing films. with power. However, there are other factors, such as cation
Many particle-in-plasma measurements have been carridgsombardment and increased heavy-radical contributions to
out in noble gas discharges, where the cation density) (  film growth, that also increase with power, and all of these
equals the electron densityd). Due to the higher electron are onlycorrelations Ellipsometry observations have shown
velocity, this causes most of the particles to be negativelyhat particle incorporation can influence the film optical
charged and suspended in the plasma by electrostatic forcesoperties[4] but this does not prove that electronic quality
[1]. However, this expectation of efficient particle trapping under device-production conditions is affected. The particles
appears to be misleading for silane discharges, as a large flaxe made of the same materi8i and H as the film, but they
of 2-8-nm radius 1(;,) particles have been observed to con-may have a different structure due to the different growth
tinuously deposit int@-Si:H films from rf silane discharges environment in the plasmalt seems likely that the isolated
[2]. Thus, a significant fraction of this size particle mustnanocrystals that are sometimes observeddi8i:H films
become neutral and escape the plasma. The present modetre formed in the plasmaOne would expect most prob-
explains why this occurs; in an attaching gas like silane lems to occur at the interfaces between particles or clusters
>n, and this causes a large fraction of particles to be neuand the remaining film, particularly underneath the particles
tral. The model presented here also explains measured trendimce the particle and film have different shapes at contact,
in particle growth and density from a recent experiment thatind this region is shadowed from the plasma and incident
utilized typical device deposition conditiori8]. However, radicals. However, hydrogen might passivate many of these
several other experiments in silane or silane—noble-gas mixites, and until device or film-quality measurements are made
tures have reported different results, in particular particle agwhile changing only particle incorporation, the net influence
glomeration. This only occurs for relatively high plasma of particle incorporation remains uncertain. Also, in cases
charge densities and accompanying large densities of smalthere microcrystalline films are desired, such as some doped
particles. The present calculation applies to conditions wherkayers of PV cells, one may wish to assist incorporation of
small-particle densities are much smaller and their agglomerystalline particles. In either event, finding ways to control
particle incorporation inta-Si:H films is desirable, and a
primary motivation of this study. This is the first attempt to
*Also at Quantum Physics Division, NIST. develop a detailed plasma and chemistry model to under-
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stand particle growth and release imteSi:H films. 80% of the electrode gap, and particles grow and reside
Since the initial observation of particles in silane dis-primarily within this region. The sheath between the neutral
charges by Rottet al. [5], and in silicon processing dis- plasma and electrodes contains a high electric field that ex-
charges by Selwyf6], a variety of measurements and mod- cludes negatively charged particles and rapidly drifts cations
els have shown that particles negatively charge and ar® the electrodes.
thereby trapped in the neutral plasma of a rf dischdije Particle growth in the neutral plasmill be treated with
There they grow until of sufficient size to be dragged awaya homogeneous modeising average electron, ion, and radi-
to pumps by gas flow, perhaps aided by local plasma modical densities and temperatures appropriate to this neutral
fication at plasma edges where they accumuléél. These  plasma region. In this model negatively charged particles
plasma models have not considered particle losses to th@njong are trapped in the discharge, neutral particles can
electrodes or the specific conditions of discharges used tgitfyse to the electrodes, and positively charged particles
producea-Si:H devices. Thus, it came as a surprise that vis{cationg that diffuse into the sheaths drift to the electrodes.
ible particles can be continuously deposited iai8i:H films  1pig particle loss competes with growth, so that particle den-
[2]. ities are a monotonically decreasing function of particle

It has also become apparent that the appearance of ViSibi‘?ze

particles suspended in thg plasma depend.s' strongly on In normal deposition discharges, gas flow drifts particles
plasma parameters, often W'th an abrupt transition as poW%rger than several nm to the downstream end of the dis-
or pressure increasg8]. Choi and Kushner have provided a charge, where they grow tam size and are eventually

gualitative understanding of the cause of this sensitivity todragged away to the pumps. The use here of a homogeneous
power and pressufd0]. They note that, in essence, particle model for initial particle growth is reasonable for these dis-

grov;th corr:ﬁ etes with dlﬁt‘usweol?ss and the c?]m dpfeftltlpn dle'charges, because the spatial distribution of greater than 1 nm
PeNAs on INese parameters. COurse, such difiusive 105, o particles within the quasineutral plasma region does not
requires that the particle first become neutralized, so a ful reatly effect particle growth and losses. However, it is im-

m?;je][ must Ico?smer tge p?rtlcle cl:lh'c_lrge dl_sttr:nz#tmn t?_alt rebortant to recognize that when effects such as gas flow, ion
SUls from €electron and cation Cotisions Wi € particles. ing, and thermophoresis concentrate particles within

This particle charge distribution will be a function of particle smaller regions, this will alter the local particle charge bal-

size and then.,. /n. ratio, so a viable model must obtain this ance and increase the escape rate, causing fewer particles to

rat!o Versus discharge parameters if‘ the prgsence_of IoartiC!egfrow to visible sizes compared to the present calculation.
This is done here, where the ratio is combined with a colli-

sional and chemical model for growth from Sidnd SiH;™
into SiH,, and SjH,,~ clusters and then intmostly sili-
con) particles. Particles grow primarily from Sikl" anions and Sik
The present calculation depends on a large number afadicals, first into SH,,” ions and SiH,, radicals, then with
electron, ion, and particle collisional rate coefficients, all re-increasingx into clusters containing multiply bonded silicon,
quired versux andz for Si,H,,* particles of chargeq for  and finally into compact, primarily silicon material with a
many orders of magnitude of To obtain these a recent largely H-terminated surface, equivalent to #&i:H mate-
review by Perrin has been heavily utilized and was veryrial that grows on the electrode&Crystalized particles are
valuable in obtaining what we believe are reasonable valuealso possible, and even likely with,Hlilution.) We will use
[11]. (Neither the review nor the present model would bethe word “particle” to describe alk>1, SiH,* radicals,
very realistic without the many studies on which that reviewclusters, ions, and clumps &-Si:H, regardless of size,
is based, but these are too numerous to credit hetew-  structure, or charge equal zg, whereq is the proton charge.
ever, these primarily involve<10 and it has been necessary We will usen(x,z) to denote the density of $,%, ignoring
to go far beyond the data and theories reviewed there. Thushe H content of particles and reactants in all parts of the
a major portion of this manuscript is devoted to discussiongalculation
of the basis of the assumed rate coefficients. Tests are re- The calculation is carried out by first establishing the den-
ported for the sensitivity of the results of changes in some osities of thex=1 particles, and then iteratively calculating

B. Overview of the model

the least certain values. heavier particle densities from collisions and diffusion of
higher particlesA key assumption used is that no collision
Il. DETAILS OF THE CALCULATION decreases the number 8f atoms in a particle As a result,

starting with densitiesn(1,z) for z=—1,0-1, then(2,2)
with z=1,0,—1 can be calculated. Then tin€3,z) are cal-
The primary emphasis is on parallel-plate, capacitively-culated using thesa(1,z) and n(2,z), and thisx—x+1
coupled, rf or high-frequency discharges, for powers andteration is repeated tg=60, wherez=—2 is also stable.
pressures commonly used for the depositioraeBi:H de-  Similar x—x+1 iterations are then carried out with
vices. [Typically, silane density is (#6-10%/cm®, the =1,0—1,—2 until z=—3 is stable atx=210, etc. tox
electrode gap is 1-10 cm, and the film-growth rate is 0.1—-1= 10* (particle radiug ,=3.6 nm) or 10 (r,=7.8nm) cor-
nm/s]. The calculation also applies, with some modification,responding to measured particle sizes.
to the negative-glow region of a dc discharge. Only pure For eachx—x+1 step the rate of neutral-particle diffu-
silane discharges will be treated here; the methods describesive loss competes with the growth rate. Thus, a fractional
can be extended to the silang/hixtures that are also com- attrition of particles occurs for each growth step, and as
monly used. A neutral plasma typically fills the central 50—greater than 1D growth steps are required to produce the

A. Discharge conditions
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rp>4nm particles measured in R¢8], the measured par- -4 T JLI— J===="
ticle density is a very rapid function of this fractional attri- > T electson attack™” |
tion per step. Small neutral particles diffuse to the electrodes @ .6 < -
much faster than they recharge negatively, so they are largely g 7 < < - cationafiach ~
lost from the discharge. As particles increase in size the X gl - R A o//,,_,,’
electron-charging rate increases and the diffusion rate de- § AN E .o oradical™ _
creases, so that neutral-particle losses per growth step are é’ 10 0 _
much less severe. However, many growth steps are neededto 3 i
reachx=10%, so the predicted density of visible particles is g 2 - |
very sensitive to losses at allvalues.(Only calculations to = S “~~._ TTanionssilane

x=10" are presented here, as the density expected for larger £ T catons IR ]
x is apparent from this and these calculations were done with & 14|~ silane \<A=‘°L:‘\:
a PC, for which iterating tox=10> required 30 min. In - i ; | ‘\\:
contrast to this extreme sensitivity of particle density, the '161 1'0 1(;2 10° 104

radius growth rate of observable particles varies slowly with
plasma parameters, and often bears a direct relation tg SiH
density[3]. FIG. 1. Rate coefficients for electron attachment 6 cation

Radical densitiesr() greatly exceed total cationn() attachment, ang=1 radical attachment to a particle containixg
and anion (_) densities, so radical collisions normally Siatoms. The particle charges indicated by the number by near
dominate particle growth. The exception is the growthxof each line, and/ is the number of Si atoms in the cation or radical.
<100 anions an<6 cations, which grow primarily from
SiH, collisions. At low film-growth rate G), pressure ), ties as follows. The discharge is described by value®fdr,
and electrode gap() SiHs is the only significant radical, so and G, the film-growth rate due to SifHincorporation.
both radical and Siligrowth mechanisms add one Si atom atThen the SiH density,n(1,0), that is required in the neutral
a time to the growing particlegSimilarly, SiH; dominates  plasma to yield thisG, is calculated from diffusion theory
film growth.) However, asG, P, andL increase, higher radi- and published Si incorporation-efficiency measurements.
cals(SiyH,, with x>1) add significantly to both particle and (The SiH; density exceeds that of other Sjladicals typi-
film growth. The general case is treated here by calculatingally by a factor of 100, because they react rapidly with SiH
the mixture of light SiH, radicals withx=1—30, and using [12,13. This is the same reason that most film deposition is
all of their collisions with particles and film to calculate both by SiH,.) Next, from radical diffusion theory and published
growth rates. It is assumed that whentgj radicals withx  rf-plasma models for the efficiency of electron collisional
>1 incorporate into the film or the particles they axi&i  dissociation of silane), is obtained fronG,. The values of
atoms. This appears likely because Si-Si bonds are strong(1,1) andn(1,—1) are then obtained using,, rate coeffi-
and should remain intact when one Si of the radical attachesients for their formation by electron collision and rates for
to a Si at the film or particle surface. Since we have no directheir destruction, which is primarily due to collision with
knowledge of the probability of @H,, (x>1) incorporation  SiH,. Finally, then, andn_ values are obtained from the
into either particles or film, it is assumed that this is the sameull calculation by requiring charge neutrality in this neutral-
for both and independent of This is done primarily to plasma region. This results when the cation density is suffi-
simplify the calculation, but it appears reasonable within acient to neutralize anions at the rate they are produced, since
commonly used model where radical attachment occurs ainions cannot escape the plasma. As described in Sec. Il C,
surface dangling bonds. Some effects of these assumptions adjustable parameter related to cation diffusive loss is also
on the results will be discussed below. used to obtain exact charge neutrality. The quantitative rela-

The calculation includes particle-particle collisions in- tions used to obtain tha,, n(1,1), n(1,0), andn(1,—1)
volving all neutral particles witlx<<30, all positive particles values as functions of the discharge parameets andG,
with x<<100 and all negative particle with<<200. Particle- are derived in Appendix A.
particle collisions where botk values are greater than 200  Equally important to the validity of the results are reason-
are found to make a negligible contribution to particle able rate coefficients for binary collisions between pairs of
growth for the plasma conditions normally chosen herethe species: electron, cation, anion, silane, radical, and par-
However, for conditions that yield a totai>200 particle ticles of all charge and size. The quantitative basis for the
density near the total ion density this “particle agglomera-values used in the calculation is provided in Appendix B.
tion” does begin to appear. This sets the validity limit of the The resulting rate coefficients and typical rates are given in
present calculation. Figs. 1 and 2.

Only steady-state particle densities are calculated in this The probability that a particle of size will escape as a
paper. As described above, this is done by iteratively obtain-neutral or cation depends on the fraction in those charge
ing the n(x,z) densities from then(x’'<x,z") densities, states, as opposed to anions that are trapped in the plasma.
starting with thex=1—2 step. Thus, valid densities of the This, in turn, depends on the number of negative charges that
x=1 particles withz=1, 0, and—1 are required, and as can reside on a particle, so it is important to establish at what
particle densities are very sensitive to charging rates it is alsg values multiple charging can occur. It is common in the
essential to utilize reasonable valuesmfandn, . Self-  aerosol field, where this issue is most studied, to recognize
consistent values have been obtained for these crucial denswo major constraints on multiple charging of particléd].

x (dimensionless)
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FIG. 2. Rates for electron attachmewt: 6 cation attachment,
andy=1 radical attachment to a,$l,, particle of charge for ng,

n., andn, conditions of Fig. ¥), as given in Table I. Charged- ) )
particle reactions with silane, and diffusion rates of neutral and FOr the growth ofx>200 particles, the calculation has

positive particles are also shown for these conditions.
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linked Si atoms with an occasional H within and a primarily
H-terminated surface, equivalent to tleSi:H film. This
structure is generally thought of as a particle and the smaller
x values as molecular negative ions or radicals, but for con-
tinuity we describe all as a “particle.” Althougim is ig-
nored in the calculation, it must actually be a value that
prevents the neutral particles from reacting with silane but
allows them to react with the film. Thus, they behave as
“monoradicals” like SiH; that have a single dangling bond.
With the exception of thex<<200 anions ank<6 cations,
the charged particles also do not react with stable gases.
Largex particles have a largely H-passivated surface, but just
as for the film we expect an occasional dangling Si bond.
These particles will stick to the film surface due to van der
Waals forces, and eventually incorporate by Si-Si bonding.
Most of the anion and cation densities arexan200 par-
ticles and most of the radical density has 10. Thus, col-
lisions of these lighter specié¢mbeled with No. Sky) and
electrons with other particledNo. Si=x) dominate particle
charging and growth.

already produced the densitiey)y,z’), of the lighter par-
ticles that dominate collision rates, and these are distinguish-

The first results from the tunneling of one electron throughgple from the particles undergoing &r>x+ 1 growth step.
the potential barrier outside the particle, as shown in Fig. 3rnys; a net collision rat®(x,z),=Sk(x,z,y,z');n(y,z'),
for a particle of radiuR,=0.4nm. The secon(Rayleigh
limit reflects the ability of water particles to remain intact ., yever, a simplification that speeds the calculation without
using surface tension forces to counteract the charge repul igeant joss of accuracy for>200 is to lump ally radi-
sion. Silicon atoms are bound together by much larger forceéal contributions to particle growth into an equivalent rate

(~5 eV per atony, so only the first constraint applies to the
silicon particles of interest here. This is evaluated in Appen
dix C to obtain thex values where=

—2, —3, etc. become

summed ovel andz’, can be defined for each reactidn

for adding only one Si atom during ai—x+ 1 step. For the
z=0 case this is done by using an effective rB{&,z) g of

stable, and this result is used in the calculation to set the sizg F (X:2)R(X,2)ry, whereR(x,z)g, =k(x,2,1,0)ren(1,0) is
threshold for each charge state.

4

C. Particle-density equations

When x exceeds perhaps 50, thel3$i* “molecule” is : ¢ it
expected to consist of a roughly spherical structure of crosgndependent ok, which minimally alters the results as long
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FIG. 3. PotentiaV(r) felt by one electron versus radi(s from

the center of a Si particle charged by a second elec@n) is
shown for three different particle radd,, , with a step equal to the
electron affinity(EA) occurring atR, . Tunneling through the po-
tential barrier is shown for the smallest particle M¢r) plus the
interelectron Coulomb repulsion energd,f is below 0, both elec-
trons can be attached to the particle.

the rate due to Siklonly. The multiplierF(x,z) is given by
2)3,31k(x,z,y,O)RRyn(y,O)/k(x,z,l,O)RRn(l,O); it normally
ranges from 1-5 and is nearly independent xofor x
>200. Thus, the calculation generally useéx,z)=F(z)

as the same factor is used below in b8{x), andM(x), .
As will be described below, a similar simplifying assumption
is used for particle growth due to cations.

From Fig. 4, which applies fox>200 where the light
radicals are distinguishable from tinéx,z) under consider-
ation, then(x,z) can be obtained from the(x—1,z") den-
sities with a matrix equation of the forndn(x,z)/dt
=9(x),—M(X),n(X,2"). This expresses the fact that each
populationn(x,z) arises from a source tern®(x), due to
transfer from all particles with fewer Si atoms, plus some
termsM(x),,/n(x,z") that represent mixing between adja-
cent z values with the sama&. The loss ofn(x,z) due to
transfer tox+1 and diffusion is contained in the diagonal
termM(x),.n(x,z). Note that, since only electron=1 cat-
ion, z=—1 anion, and neutral-radical collisions are in-
cluded, M(x),,» has only diagonal and first off-diagonal
nonzero terms. For the steady-state caselmfx,z)/dt=0
this yields

S(X)z: M (X)z,z+ in(x,z+1)+M (X)z,zfln(xaz_ 1)

TM(X)2,N(X,2), 1

where
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4 ] 4 } Nt 1] age overz. Sincex can be a very large number, this total
] et s T g ] Stenedteeh T delay can b_e quite significant (;ompared to 1 s. However,
R(X-1-1)p Radical Attach transients will not be described in this paper.
%(R(x-u-nc f Cation Eleczmn The solution of the(z,z’ matrix) equation M(x)n(x)
R0 AL RO} Attach  gation =9(x) is n(x)=M(x) 1S(x), and in principle one can use
R{X-1,-)gp Charge Exchange . . . .
J this to iteratively solve for each set ofx,z) using the pre-
— ol x40 RO 1y X+1.0 vious set ofn(x—1,z"). However, it is shown in Appendix B
RO¢1.0) Radical Attach that the ratedR(x,z—1),x and R(x,z—1)gp can be deleted
Ao, oo DitieSion without loss of accuracy, and this removes Mgx),,
o, n(x_ml:wmc e o Loss Erochen term in Eq.(2). It is th(_en more dlrect_to carry out_the
R(X-1.0)ep \ R(X0)ep Detach n(x,z')—n(x+1z) iteration by consecutively decreasiag
N / —_— Silane Attach from +1 to 0 to —1, and so forth. This avoids the matrix
XN e ! [ Fdical Atiaoh X+1,+1 inversion and is faster.
As x increases the average negative charge on the par-
ROC1+)p R(X+1)p Diffusion ticles increases, but for< 10* or r,=3.6 nm the averageis

less than 3. Thus, onlyvalues to~6 are required to estab-
FIG. 4. Diagram of the collision processes that cause particldish densities of visible particles, and for much of tke

growth, charging, and diffusive loss far>210 particles. Particles =1-10 range a smaller range is required. Obtaining the
Si;H” are shown in boxes labeledz and collisional transfer be- jterative solutions of Eq(1) to x=10* thus requires only a
tween these is represented by arrows. The collisional rates are writewy minutes on a PC.
ten asR(x,2); wherej describes the process, ard refer to the It is also possible to modify the iterative solution to an
|n|t|.al partlcle. For the at.tachmen.t of Si from a radi¢ad R, from a ~integration forx>10° by separating the calculation of charge
cationj=C, from silanej =S. Anion attachment plays a very mi- atigs at eaclx from the calculation of growth and attrition.
nor role in growth and charging, so it is not shown or included inThis is outlined in Appendix D to show how the calculations
the calculation. For electron attachmeéig EA, for electron detach- can be extended efficiently and accurately to largealues
mentj is ED, and for cation charge exchange without attachment This method was used to provide confidence in the accuracy

is IX. Diffusive loss is labeled=D. Cation and radical attachment f . . : . .
. . . the largex iterative solutions, but only iterative results for
are shown as adding a single Si, whereas both add a range of gl_

atoms. In the calculation the cation attachment adds six Si and t _'I}h_ 1.01 arg preS(nintgd herf' h icl h .
radical attachment adds one Si at a rate that represents a sum over e Iterative ?Q‘o utions _0 the partlc_e-groyvt _equatlons
all radical sizes. for x<200 are different, since the particle withSi atoms

and the radical or ion witly Si atoms are frequently indis-

_ _ _ _ tinguishable. Furthermore, the reactions ofxa®i-atom par-
S =[RXx=12)rertR(x~12)sIn(x~12) ticle with y>x particles is significant, yet the(y,z’) have
+R(x—1,z—1)jan(x—1z—-1), not been determined when timgx,z) must be established.
This situation, and the method of solution, is treated in detall
M(X)zz-1=—R(X,z—1)1x—R(X,2— 1)gp, in Appendix E.
The film-growth rateG is dominated by neutral radical
M(X)z,z2+1= —R(X,z2+1)ga, diffusion, and by generalization of EGA1) to many radicals
is given by
M(X),,,=R(X,2)ept R(X,2);x + R(X,2) A
30
+R(X,2)st R(X,Z2)g efi T R(X,2) a G=0.477L_1p_12 n(y.0yR(Y.0)p . @
+ 8, 0R(X,00p+ 8,1R(X,+ 1)p . y=1
The ratesR(x’,z’); refer to a collision that transforms the Il RESULTS

x',z' particle into arx,z particle by process, or to diffusive
loss. With reference to Fig. 4=S (or R) is a collision with We will primarily consider conditions similar to those of
silane (or a radical, J=IA is positive ion attachment)  Ref.[3], as other measurements of particle growth in pure
=IXis ion charge exchangd=ED is electron-induced de- silane[15] or a silane-He mixtur¢16] did not observe par-
tachment,J=EA is electron attachment, and, R(x,0)p ticles by light scattering until a rapid agglomeration stage
and 8,;R(x,+1)p terms are neutral and positive particle occurred. Typically r,~5 nm particles agglomerated,
diffusion to the electrodes, whe® ,: is the delta function. whereas at the highest-particle densities covered by this cal-
In Eq. (1), M(x), is the relaxation rate for each density culation agglomeration of ,>1 nm particles is just begin-
n(x), to come to steady state with the density of particlesning to be significant. It is not the purpose of this calculation
with one less Si atom. For typical discharge conditions theo explain such high-particle densities or large-particle ag-
corresponding time is much less than 1 ms. However, it igjlomeration, which should not occur under device-
important to recognize thahe total time after discharge production conditions. Thus, the range of conditions reported
initiation in which the density (x,z) reaches steady state is here stops short of those that produce such large-particle
the sum of alll<x' <x decay ratesln essence, each density densities.
X is delayed relative to thex—1 density by a time Typical experimental conditions in Ref3] were ng
[M(X)(5,5]~ ", where(zz) refers to a density-weighted aver- =10 cm™3, G=2 A/s, L,=1.5 cm, andT=300 K, but a
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FIG. 6. Particle density(x), as a fraction of all particles with
the samex value (the number of Si atoms in the partigldor the z
values(particle charggindicated. The plasma conditions are those
of Fig. 6(a), given in Table I.

the same conditions as Figia. In Fig. 5b) the anion-silane
reaction rate coefficient has been changed by lowedirgj
Eqg. (B6) from 100[in Fig. 5a)] to 10. At the same tim&
has been increased3x to yield similar particle densities at
largex. Conditions are given in Table I.

In Fig. 7 the neutral and ion surface fluxes are combined
and particle densities are plotted from=1-10 (rp
=0.16-3.6 nm). For comparison to particle radius, a particle
silicon density of 5< 10?%cm?, or 94% of the crystal silicon
density is assumed,; thenx=209(rp/nm3) or r,
=0.16&3nm.) ThreeG values that yield a large range of

FIG. 5. Particle densitp(z) versusx, the number of Si atoms in  X= 10" particle densities are presented in Fig&)#7(c); the
the particle, and particle charge The diffusion flux ofz=0 and  conditions and parameters are in Table |. The total particle
+1 particles out of the neutral plasma region is also indicateddensity, summed over charggx) is labeled “Total” in
where the units are f&m 3s7? (i.e., the flux forx=z=0 is ~2 Fig. 7.

x 10" cm3s71). The plasma conditions for partg) and (b) are The densities in Figs. 5 and 7 refer to particles of size
given in Table I. so they represerttn/dx. To changeln,,/dxto particle den-
sity per nm of radius, labeled “Total/nm” in Fig. @ n,,/dx
largerL and lowemg are used in most device production andis multiplied by 1 nmxdx/dr,=17.8&%3 Note that
the calculation has been carried out fo=1.4—4 cm and Total/nm is leveling off at the right side of Fig(d. This
ns=0.35—-1x10' cm 3. The overallG range covered is occurs because particle loss is negligible for these conditions
from 0.5-10 A/s, while for each, ng combinationG has  at largex, while radical-dominated growth yields a constant
been varied to yield a range of larg@sible) particle den-  dR,/dt. (The later results frorﬂx/dttxr'f,drp/dt and a cross
sity from a high value near the ion density to a negligibly section for the Si addition that is proportional rt§.) Par-
low value. In Fig. %a) we show the particle densities versus ticles start to grow at all times, so a consteng /dt yields a
x andz, calculated for values of andng in the middle of constant Total/nm in the steady state.
this range withG chosen to provide a midrange particle den-  In Fig. 7(b) the Total/nm line is dropping slowly, but can
sity. To clarify lowx behaviorx=1-1C is covered in this easily be extrapolated to=10° (rp=7.8nm), or even 10
figure, and the neutral and cation flux to the electrodes ar¢r,=17 nm) by recognizing that it eventually levels out at
shown separately. The density of each charged particleery largex. In Fig. 7(@ an extrapolation of the Total/nm
n(x,z) is shown as a fraction of totalparticles in Fig. 6 for  line is not as evident, but this particle density is too small to

Log (Particle density x cm3)

1 10 100 1000
x (dimensionless)

TABLE |. Plasma conditions related to the figures cited. In all cdse® cm andng=7x10"%cm™3,

G1 G Ne n, n,
Figure (Als) (Als) D, B A (cm™3) (cm™3) (cm_y)
5(a) and 7b) 1.40 2.00 35 2.8 100 810° 2.15x10°  1.85x1cP
5(b) 2.34 4.00 3.6 2.28 10 2.w1¢° 2.8x 10 1.8x10°
7(a) 0.80 0.97 3.0 3.7 100 74108 1.58x10Y° 1.5x 107

7(c) 3.6 6.83 1.3 2.20 100 3310° 4.9x10'° 8.3x10°
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FIG. 7. Particle densities versusthe number of Si atoms in the
particle, and charge where a numbefz) is adjacent to the line.
Total refers to a sum of densities ovgiand Total/nm is the density
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FIG. 8. Total particle densitisummed over) with x=10" (n,)
for a range ofNg andL values, whereNg is the silane density in
units of 1% cm™2 andL is the effective electrode gap in cm units.
(L is slightly larger than the actual gap due to a finite radical density
at the boundary.For eachNg,L combinationG has been varied to
yield 4 or 5 values ofi, that span the range of 10'—10° cm 3.
The abscissa is a combination of the parametgysL, andG that
cause all of then, data to group together.

be significant. In essence, the competition between growth
and loss forx<10* determines whether or not observable
densities of larger particles occur.

To speed the calculations, anions witht —4 have been
deleted, whereas-5, —6, and —7 can occur forx>1940,
4300, and 8400, respectively. In Fig. 6 it can be seen by
extrapolation that these higher charged ions are not very im-
portant forx<10*. Their absence shifts the data in the Fig. 8
slightly to the right. At the highest reported,, negative
charge carried by largeparticles and these neglected large
|z anions become significant. It also becomes difficult to find
the conditions that yield overall charge neutrality. For the
entire range of parameters, which yield 10 orders of magni-
tude in particle density,n,=1-5x10%cm® and n,
=0.5-5x10% cm™3, with the larger values corresponding to
higher particle densities.

In Fig. 8 thex=10* Total/nm particle density, is plot-
ted as a function ot, ng, and G that yields a universal
behavior for the full range of these parametéFor eachL
andng severalG values were usedThis universal curve is
found to be a function oh2°GL*®, so it is most sensitive to
changes irL, next toG, and least t;ng. As can be seen by
extrapolation in Fig. 7, choosing= 10> or 1¢° (r,=7.8 or
17 nm would decrease the lower-density points slightly in
Fig. 8, but would not significantly change the pattern. Thus,
n, in Fig. 8 fairly well represents the particle sizes; (
=4-20 nm) measured in Rdf3].

The total steady-state particle density, the integral oyer
of Total/nm, is clearly not bounded for the conditions in
Figs. 1b) and 7c). This results from ignoring, in the steady

per nm of particle radius. Flux refers to radical plus cationstate, the time delay from discharge inception until size

diffusive-loss flux, in units of 1®cm™3s™%. The plasma conditions
for parts(a), (b), and(c) are given in Table I.

appears. In any real discharge, particles drift, fall, or are
dragged out of the neutral-plasma region by effects not in-



PRE 62 MODEL OF PARTICLE GROWTH IN SILANE DISCHARGES 2697

cluded here, before residing for the long times required taeutralizing rate gradually increas@sg. 2), son(x,—1) as
grow to large size. well asn(x,0) decrease due to diffusive particle loss to the
To test the sensitivity of particle densities to variations inelectrodes. Notice that as increases to where a higher
the rate coefficients, the parametef Eq. (B6) was low-  negative-charge state-(N) becomes stable)(x,—N) rap-
ered from 100 to 10(As can be seen in Figs. 1 and 2, this idly reaches a slowly changing ratio of the otimgx,z) (see
parameter determines thecutoff of anion growth due to Fig. 6). This ratio is maintained by electron and cation
silane collisions. This greatly lowers,, so to clarify more  charge-transfer collisions, whose rates are much greater than
subtle differencess has been raised about a factor of 3 to diffusive loss of neutral particles. Thus, the entire distribu-
yield a similarn, value in this comparison, which is in Figs. tion of charge decays as a group with increasinghe frac-
5(@) and §b) with conditions in Table I. Note that this pri- tional decay per growth step is primarily the neutral fraction
marily changes the(x,z) for 10<x<100, as might be an- times its diffusion rate, divided by aweighted growth rate.
ticipated. But as can be seen in Fig. 8, a factor of 3 along th¢This growth rate is almost independent offor large x.)
horizontal axis is a major effect, demonstrating that thisCation diffusive loss also contributes but is much smaller
anion-silane reaction is very important. than the neutral flux since, as can be seen in Fi@,5
Another major uncertainty is the neutral-particle sizen(x,0)/n(x,1)>1.
where electron capture becomes efficient. As can be seen in Next consider the cations in Fig(d, labeledn(+1) in
Fig. 1 from the inflection in the slope of the electron- the figure. The anion densitp(—1) is larger even though
attachment rate coefficients, this occursxat300 for the  the cations are produced at a much higher rate. This occurs
assumed parameters. The consequence of raising this trangecause the @i, "-SiH, growth reaction is very rapid for
tion point tox~3000 has also been investigated, again byx=1 (Fig. 2). However, asx increases this reaction slows
finding the change i necessary to yield the samgvalue.  and essentially terminates far-6; further growth is due to
G must be raised a factor of 2.0 to compensate for thigollisions with the much lower density radicals. Thus,
change in attachment probability; again this is a very large=4—8 dominaten(+1). (Not all of the SjH,," + SiH, re-
change, implying that the efficiency of electron attachment imgctions forx<7 have been measured, so the exact position
the 10<x</1000 region is quite important. of this cation-density peak is uncertain, but its existence ap-
The calculation has also been tested for changes in thgears to be an inevitable consequence of the published data.
assumed anion-silane reaction rate coefficidy,1)s of  Evidence of such a cation peak has appeared recgtily
Appendix B. If k(y,1)s=0 is used as a limiting case, this put is not consistent with measurements of cations that im-
yields SiHy" rather than SH," as the dominant cation. pinge on the substrate during the discharge. The probable
Since the cation-particle collision rate variesyas'’? this  cause of this is discussed in more detail in R&8]. For x
raises the rate of cation charging of particles-bg2x. This ~ >50, n(+1) also reaches a slowly changing ratio to the
causes slightly higher neutral and positive particle fractionsothern(z), as seen in Fig. 6, since electron collisions occur
and thus increased particle diffusive loss. A slighty20%)  more rapidly than cation diffusion.
higher G is then required to yield the previous particle den- A small discontinuity inn(x,1) occurs a=60—65 due
sity. This is deemed a minor change in particle density fromg a change in the treatment of cation collisions. ker60
a drastic change ik(y,1)s. Since cations make a minor contributions from all cations witly between 1 and 60 are

contribution to particle growth, this is not affected. included in the calculation, but for>60 it is assumed that
this entire population of cations hgs=6 and reacts at an
IV. DISCUSSION effective rate equal to the previous sum. Thus, the disconti-

nuity at x=60—65 is an artifact of a simplification in the
Before comparing to experiment, we will explain some calculation.

features of the results. Referring to Figak consider first Turning now to experimental comparisons, as described
the neutral “particles,” which as previously noted are radi- in the Introduction silicon particle growth has been studied in
cals that react with the surface but not stable gases. Thg number of experiments, primarily at three laboratories. Un-
lightest is SiH, and forx<<30 the others result from radical- fortunately, two of these laboratories utilize silane highly-
SiH; reactions. The densityn(x,0) drops rapidly with in-  diluted in a noble gakl6,19. The particle growth chemistry
creasingk due to rapid diffusion to surfaces, untile&=30it  under those conditions, particularly at high powers where
reaches the negative ion densityx,—1). Forx>30 the  much of the silane is dissociated, is totally different than in
densitiesn(x,z) with different charges are closely coupled the low power, silane, or silane-hydrogen discharges utilized
by cation and electron collisions. For this casemof/n,  to producea-Si:H devices. In addition, they find that particle
=200, these rates are about equal and as a regulD)  growth goes through an agglomeration stage, which does not
=n(x,—1) for x>30 (see Fig. 6. More precisely, the ratio occur for the discharge conditions of interest here.
n(x,0)/n(x,— 1) slowly decreases asincreases because the In addition to the mass spectrometry measurements of

electron collision rate increases more rapityg. 2), since  negative ions described in Sec. lll. Hollenstaihal. [15]

the electron-repelling surface potential decreasex &s  have studied larger particlés20-nm radiug in pure silane

creases. rf and VHF discharges by light scattering. They observe that
Consider next the anions in Fig(e, labeledn(—1), after a delay of~50 s, a 2<10°cm 2 density of r,,

n(—2), and n(—3). The densityn(—1)=n(x,—1) is =~20nm particles suddenly appears and grows to over 40 nm

nearly constant froox=1-50 due to the Sigrowth reac-  within few seconds while the initial density drops by over an
tion, which is much faster than cation collisional neutraliza-order of magnitude. The particle-growth rate and density at-
tion. For x>50, this growth reaction slows and the cation trition both then slow for the next 30 s. These observations
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are similar to those of Ref16] and other studies from the drdt=44L.G(P/Pg)( v,/ 1) (3)
Kyushu laboratory, although the long induction period is dif-
ferent. Agglomeration is clearly indicated, and probably oc-with L in cm, Po=1 Torr=133 Pa, andy, and y; are the Si
curs because densities of agglomerating particles exceed tiecorporation probability per SiHreaction with the particle
cation density{20]. Since growth before agglomeration was and the film surface. The particle-growth data in reghoaf
not observed, the present theory cannot be compared to thidg. 5 and the film-growth data in Fig. 9 of R¢B] can be
data. combined to obtaindr,/dt)/G. When this is done, th&
While the power and pressure conditions used by the Holcorrection in the Ref[3] citation, and thex1.25 correction
lenstein group are similar to those used to obtain good qualetween the apparemf, in Fig. 5 and the maximunn, is
ity a-Si:H devices, the small-particle densities are muchmade, the lowest-pressure dated.28 Torj yields
larger than in Ref[3]. We do not have a good explanation (drp/dt)/G equal ©0~0.6 of Eq. (3) with y,/y;=0.5-1.
for this major difference. This is excellent agreement, or it shows that/y;=1, but

At our laboratory we have studied particle growth in pureth® measureddr,/dt)/G ratio rises withP and reaches
silane rf discharges at the low film-growth raté&1-0.4 ~1.5 times Eq(3) at the highest pressure of 0.4 Torr. This is

nm/9 appropriate for device productidr3]. We measured stil reagonable_agreemgnt with E), but it is clear that
ro(t) andny(r,.t) for particles withr,—4—20nm versus something not included in the present theory occurs at the

. . L higherP. The higher power data in regidhof Fig. 5 of Ref.
time (t) after discharge initiation. We observed a nearly con-[s(]gl further requi%es tﬁis as it represgntscbrr(/gt)/G ratio
stant rate of , growth, except at very early times. Extrapo- !

. . several times that given by E¢B).
lating from the observed growth of 4-20 nm particles back 5,5 hosgible cause of the increased,(/dt)/G ratio de-
to discharge |n_|t|at_|on |nd|cate§ a slightly mcreased_ ea”yscribed in the previous paragraph is thgt y; changes. This
growth rate, which is also seen in the present calculation angdy|q result from different particle interactions with particles
results from polarization forces between small charged pargersys film: for example, ion bombardment of the film is
ticles and radicals. This linear growth rate is inconsistentyych more energetic than for the particles, particularly at
with agglomeration during the observed growth from 4 to 25|ower P. This could increase the film reactivity and thereby
nm radius, or by extrapolation even for smalley. The  ,, at lower P, consistent with the observed trend in
present calculation is consistent with this, as significant ad(dr,/dt)/G. Another possibility, suggested in RéB], is
glomeration only occurs for plasma conditions that yieldthat asP andG increase heavier radicals make an increasing
very-high-particle densities, at the right side of the data incontribution to both film and particle growth; these diffuse
Fig. 8. more slowly to the surface, yielding increased density in the
To compare the calculations to ReB] data we must plasma versus flux to the film. However, we note here that
relate the calculated, steady-stet®,/dr, to light scattering heavier radicals also collide less frequently with particles due
observations, which are most sensitive to the largest particleg a lower velocity, and when both factors are taken into
of a density distribution. It is reasonable to assume that thgccount the net difference is minor compared to SiA
apparentr,(t) andny(r,,,t) from the measurements repre- third possibility appears most probable, and is consistent
sent a weighted average over a population of particles thaith the higher-radical densities in the present calculation.
start growth with equal probability at all times after dis- Radical-radical collisions that yield stable molecules lower
charge initiation. The distribution at timeafter discharge the radical flux to the surfaces relative to radical density in
initiation is then given by the integral @fr ,(t—tsa)} Over  the central region where they are formed. This will raise the
tsart, Wherer(7) is the size andv{r} the density of par- ratio of particle growth and/or film growth, and it occurs at
ticles that have grown to for a time This distribution is  higher P and G values where the calculation yields a large
weighted byr?, the Mie scattering cross section, and asfraction of higher radicals, consistent with the experiment.
shown in Ref[3] this yields § ) apparer=0-85( p) max, Where  This decrease in radical flux to the electrodes also modifies
the maximum results fromts,=0, and ny(ry,t)apparent  the relationships betwee®, n(1,0), andn,, given in Ap-
=1 nm-dny(r,)/dr, evaluated atr(,) spparent ThUs, the true  pendix A and Eq.(2). Including this would somewhat in-
particle-growth rate is 1/.85 times the apparent rate and therease the larger-particle densities in Fig. 8, but the addi-
reported apparent density g is close to the total/nm den- tional complication to the calculation does not appear
sity atr, reported here in Figs. 5, 7, and 8. justified in view of the many rate-coefficient uncertainties.
We will first compare to particle-growth rates in RE3], As noted in Ref[3], and is apparent from E¢3), one can
but as this is a steady-state calculation additional consideapproximately calculate the particle-growth rate without the
ations are needed. It is clear that the full time-dependenpresent model. The real test of this model is the measured
equation will yield a time delagt(x) associated with each  particle density versus conditions. For this comparison the
to x+1 step, where tit(x) is the rate of removing+1 r,=8 nm, particle-density data in Fig. 7 afdata in Fig. 9
particles. This removal rateM(x),, in Eq. (1), must be of Ref. [3] can be combined to yield apparemty(r,
weighted by the variousn(x), densities, but forx =8nm) versusG andng atL=1.5cm. As noted earlier in
>10°M(x),, is dominated by the radical-induced particle- this section, the calculated total/nm particle density ats
growth rate that is nearly independentzofCalculatingr ,(t) close to the apparent measured density gt so we have
in this manner shows that it is linearfrior r,>1.3nm. The plotted the experimental, (r,=8 nm) in Fig. 8. There the
initial growth is more rapid, such that whep(t) is extrapo-  theoretical points correspond tg=4 nm, and somewhat
lated tot=0 it intercepts the axis at,=0.8nm. Forr, lower values would occur far,=8 nm for the lower-density
>1.3nm, we obtain points. Nonetheless, it can be seen that the data follows the
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same pattern as the theory, and that the rangesaind G correction; to these can be argued or will appear some day,
values studied in the experiment yield a consistent patterRUt we believe that the general patterrrgf=3.6 nm particle
when plotted versus the°GL15 abscissa of Fig. 8. Thisis a density f1,) versus plasma paramete#sL, andG seen in
strong indicator of the validity of this scaling parameter. ~ F19- 8 will remain. However, the actual values of these three
In addition to the general scaling behavior, the theoreticaParameters where a particulay occurs, or perhaps the cur-
points are very close to the data in Fig. 8; even closer if th&/ature inn, versus the abscissa in Fig. 8 will change.
theory points are lowered to represegt=8 nm. No adjust- Although theL depende'nce'was not measured, the data of
ments of rate coefficients have been made to obtain this ne&ef- [3] groups together in Fig. 8 when plotted versus the
agreement, and this is a coincidence. As described in Sec. [I[fombination of parameters éhatlaslso groups the theoretical
the uncertainties in many rate coefficients are large enougffsults. The value of thi®"°GL™> parameter that yields
to yield a factor of 2 horizontal shift of the theory in Fig. 8. theoretical particle densities is also close to the experimental
In addition, recall from Appendix A tha, and thereby, is yalge. Although such _close agreement is a coincidence, it
uncertain by perhaps a factor of 3, and may have considefndicates that the basic character and causes of Si particle
able dependence aB, which is not included in the theory. [t 9rowth in pure silane discharges has been explained here.
was also noted earlier in this section that is probably The techniques and rate coefficients reported here can also
higher for the highen,, in Fig. 8, due to radical-radical col- be_ used to _develop understanding of particle growth in silane
lisions that lowerG relative to silane dissociation. It is also Mixtures with i, argon, and other gases.
quite likely that radical-radical collisions are more effective 1 N€re have been several other interesting results from the
at producing highek radicals than has been assumed. Thefalculation besides visible particle densities. One is the
appearance of Sils and SjH,, as first-order products of rather Iarge'contribution of r_\igher radice(_ts)ntaining more
silane dissociation and subsequent radical-silane reactio@@n one Si atomto both film and particle growth. This
demonstrates the chains of radical-silane reactions that cdfSults from radical-radical reactions, and it is most extreme
occur[12]. as the plasma parameters move to the right in Fig. 8. Actual
One additional comparison to experiment can be mad¥alues of film growth due to all radical§s) versus only
using Ref.[2] where particle incorporation into films was SiHs(G1) are given for several cases in Table I. This in-
measured. In Fig. (B) particle fluxe 10" %/scnf in thex ~ Ccréasing fraction of film growth from higher radicals, with
—10°~ 10 range, and as each particle carrieSi atoms to increasingG, may have important implications for film qual-
each of two surfaces, the total atom flux to one surface i&Y-

102% Yscnf. The flux of Si atoms from particles with Another, perhaps surprising, result is that in this neutral
size between x, and x, is thus F(xo) plasma region where particles reside, the electron density is

11270 1 _ 127 normally 100—300 times smaller than the cation and anion
10 ondXX Iscnf=10' In(x/x)/s cnf, and for Xo densities. As has been described above, this is the cause of

=10’ and x;=10°, corresponding to the range of particle the very large neutral fraction of particles, and thus for the

sizes observed in films in Ref2], F(xo)=2x10"/scnf.  |arge particle flux to the substrate under conditions where
For Fig. Tb) G=2 A/s, or 16° Siatoms/s crh so for these n,>10* or so in Fig. 8.
conditions the Si atoms deposited in these particles2%6 One clear conclusion from this work is that if “large”

of the film volume. Figure @) shows that whes decreases particles(e.qg., with greater than $(Si atoms are deleterious
about a factor of 2 this flux decreases byL0%, and in Fig.  to a-Si:H devices, then the only way to avoid a large flux to
7(c) it increases by a similar factdFor the particle density the electrodes is to keep the abscissa of FigN8%(1G)

of Fig. 7(c), which is far above the experimental densities,below a critical value. On the other hand, it may be possible
the total Si consumed by growing particles greatly exceedso direct this particle flux to only one electrode or particular
that going into film] In comparison, in Ref[2] where the  regions of either electrode, and thereby keep them out of the
deposition ofR,=2-8 nm particles onto the growing film a-Si:H device. Some methods that might achieve this have
was detected, these represented*010 * of the film vol-  peen discussed in RefL8]. However, these methods do not
ume. The experimentals, L, andG that yielded this frac- prevent the higher radicals from incorporating into films.

tion are close to the range of parameters in R&f.although
T=520K in Ref.[2]. Thus, as in the comparison to RES],

the theory is well within the expected range of agreement
with Ref. [2]; at most a factor of 2 translation along the  This work was supported in part by the National Renew-
abscissa of Fig. 8 is required. able Energy Laboratory, under Contract No. DAD-8-18653-
01. | also wish to thank A. V. Phelps and M. A. Childs for
valuable suggestions.
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V. CONCLUSIONS

The purpose of this paper is to establish a quantitative  AppENDIX A: DENSITIES OF X=1 PARTICLES
basis for understanding particle growth and densities in si-

lane discharges. This has required establishing reasonable Since SiH diffuses without reacting with silane and is
values for many different types of collisional rate coeffi- produced primarily within the centrglof the electrode gap,
cients, all versus the number of Si atoms in one or bottit assumes a nearly fundamental-mode spatial distribution,
colliding species. In doing so many assumptions and apnr(Z)=n.sin(wZ/Lp), where n(Z) is an abbreviation for
proximations have been made, and the rationale for these ha$1,0) versusZ and n. is the value midway between the
been explained. We are certain that many improvements anglectrodesZ is the distance from slightly behind one elec-
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trode, sincelLp, typically exceeds the electrode gapby  nated byx<<100 and anions by<200, so recombination of
~10% due to the boundary conditi¢8]. (Corrections in this  light cations and anions essentially balanég. The re-
distribution due to radical-radical reactions are not includegcombination of this distribution of JH;" and SiHy"
in the present calculationThe SiH; flux to each surface is Should be summed overandy to obtain the total recombi-
D,dn/dZ=Dyn.m/L, at Z=0 and Ly, where D, hation rate, and this is done in the full calculation using an
=R(1,0)p is the SiH diffusion coefficient. It is assumed that %y-dependenk(x,y), . However, this mutual neutralization
each SiH reaction with the film surface incorporates an av-rate coefficient is not very sensitive toandy within this
erage of 0.4 Si atoms in the fini21,22. Thus, n, range, and a fairly good estimate is obtained with a single,
=G,pLp/0.47D, and ~90% of this will be used as an average value oky=8X 10 8cm’/s. Thiszyields a particle
average across the neutral plasma region where particléarge neutralization rate of n.ky=(n.)ky, and overall
reside,
N, =(Nekans/kn) ", (A3)
n(1,0=0.8G,pL/D;. Al . .
(10 WP (AL) wheren, can be obtained from E@A2). A typical value for
_ _ 6 — H —~
A typical value for G,=2 A/s, ng=10"%cn?®, and L, G=2 Als, ng=10"cn?, and L=15cm is n,=

0
=1.5cm isn(1)=5x 10"%/cm’. 2x10%%cn.

The contribution of all radicals to particle growth is taken
into account in the calculation by using E®) for G, and APPENDIX B: RATE COEFFICIENTS AND RATES

equivalently 0.Zxn.k, is the total radical rate of Si-atom
attachment to particles.

The dominance of dissociation in producing film growth  The cross sections for electron collisions with Jikie-
in low-power, pure-silane discharges is well establige; sulting in elastic, inelastic, ionizing, and dissociating pro-
the primary mechanism is that each Sithssociation yields cesses, have been measured or inferred from swarm mea-
approximately two Sikiradicals from H-atom reactions with surements[11]. In the rf discharge, cycle, and volume-
SiH,. (In addition, it yields about one $i; molecule from averaged rate coefficients for collisional dissociatidg) (
SiH, reacting with SiH.) Thus, we assume that each disso-and dissociative attachmenk,) are needed to model par-
ciation yields two SiH molecules, that each of these pro- ticle growth. Models for these dischargl3,24] have pro-
duces 0.4 Si atoms in the film, and that the dissociation ratgided effective rate coefficients for discharge conditions
per cnf of electrode area iRy=n.kynsL’ whereky is the  fairly close to those of interest here. We will use nominal
dissociation rate coefficient arld is 70% of the electrode values,ky=1x10"°cm’/s andk,=8x 10 *2cm®/s, in the
gap. The rate of Siglinduced Si deposition per énof dis-  center of the model results and close to the values recom-
charge is 2G;, where p is the film silicon density mended by Perrifill]. The present calculation is only sen-
(5x10%%cm’), and G; the growth rate on one electrode. Sitive to the ratick,/ky, which is relatively insensitive to rf

1. Electron collisions

The n,, required to yieldG; is thus power and pressure because both processes have a threshold
near 8 eV.
Ne=2.5G;/kgnglL". (A2) Electron collisions with particles are a very important but

little-studied aspect of particle charging, so we will discuss it

Using the measured dissociation cross section, rf disin considerable detail. These collisions can lead to attach-
charge models have provided a range of valueskfothat ment, decreasingby 1, or to electron detachmefa second-
vary about a factor of 3 from a nominal value of ®xm®/s,  ary electrop, increasing by 1. But as noted in Appendix A
where the variations depend on discharge conditions anthis detachment makes a much smaller contribution to rais-
model assumption3,24). Using this nominal value, which ing z than cation attachment, so we delete it in the calcula-
has an uncertainty of-3x. A typical value, forG=2 A/s,  tion, takingR(x,z)gp=0.
ng=10"%cm?®, andL=1 cm, isn,~10%/cm’. Electron attachment to a negatively charged particle re-

This paragraph explains the anion and cation densitieguires that the electron kinetic energi be sufficient
that occur in the neutral plasma region. Since anions canndéd  overcome the  surface  potential ¢(x,z)=
escape the plasma, the total anion charge density (vill zg/dmegr = Eoz(5.9%)Y3. This leads to the well-known
reach steady state when this charge is being removed at tloebit-limited  electron current to the particlei,
rate new anions are being formed. The latter is principally=qwrf)(ue)neexp(—qwkTe) [1]. This describes the rate of
SiH;™ production by electron collisions with silane, at a rateelectron collisions with a particle, but in order to attach to
per unit volumeR = n.kans wherek, is the dissociative- the particle the electron must lose kinetic energy within the
attachment rate coefficient. Anion charge can be removed byarticle, as indicated diagrammatically in Fig. 9. This is also
electron collisions, but as pointed out by Peffiri] this is  true for attachment to a neutral particle; the only difference is
much slower than anion-cation mutual neutralization in these¢he lack of a barrier outside the particle. Inside the particle
discharges. Thus, charge neutralization by positive ions eshe electron suffers a combination of elastic scattering by
sentially equalsR,;. As anions build up in the discharge, irregularities within and at the surface of the particle, and
cation density keeps pace to yield a nearly neutral plasmmelastic scattering due to excitations of particle phonons,
and this buildup stops, typically in-1 ms, when mutual SiH bonds, and electron-hole pairs. Trapping an electron
neutralization balances SiH production. In steady state the within a crystal Si(c-Si) particle is more difficult than in a
total cation density1f,) greatly exceeds,, so in essence a-Si:H particle because the mean free path for scattering
n,=n_. This calculation shows that cation charge is domi-(\g) is much larger in the former materidlThe degree of
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4 T versed by electron-hole recombination accompanied by ejec-
tion of the extra electron; essentially Auger ionization.
Radiative electron-hole recombination and vibrational or
phonon excitation compete with Auger ejection, to yield at-
tachment for a fraction of ionization events. For simplicity
- we assume that this fraction is 1, and test the effect of a
smaller value in Sec. lll. It is also likely that a significant
fraction of electrons will scatter from all particles, so for all
X we take an attachment probabiliB,=0.7P,. These con-
siderations suggest an attachment probability R(x),
=0.71—exp(—a/1.5 nm)]=0.71—exp(—x"¥9)].  Note
that P(1),=0.07 andP(x), approaches its higk-imit for
y [ S R R E B x~10°.
0 -5 -0 -05 0 05 10 15 20 Forx<50 a molecular picture seems more appropriate for
r (nm) electron attachment. Electron attachment to a molecule is
normally stabilized by dissociation, and in the present case
FIG. 9. Diagrammatic representation of electron capture by af Si,H,, molecules H or H detachment should dominate. A
particle (the path with arrowsdue to elastic scattering combined relevant example is the SjHlissociative attachment to form
with inelastic scattering, primarily by forming electron-hole pairs SiH;~, which starts the negative ion growth process. The
that stabilize by radiative recombination and phonon coupling. Thggte coefficient for this procesk,=8x 10" Uendls, repre-
dashed line is the ground state for one captured electron. sents an attachment probability ef3x 10~4 per collision
by all electrons, and-3x 102 for electrons with the-8 eV
crystallinity may depend on power as well as the gas temrequired to excite the dissociating state. Agcreases, the
perature. required excitation energy should rapidly drop, and the cross
In a-Si:H, elastic scattering from Si disorder occurs with section at this energy should increase at least as fast as
As~0.5nm for electron energie§, near the conduction- Based on this, a reasonable approximationAgmwould ap-
band edge, and about 1 nm might be expected for 3-e\lear to be P(x),=0.71—exp(—4x10 *x”)] with 7y
higherEq (i.e., Qscart~ 2% 10™ *°cn?). Bulk a-SicH film typi- ~ =1-2. This yieldsP(1),=3x 10"* and the highx limit is
cally contains H:S0.3 at 300 K, and 0.1 at 530 K where approached at=50 (or 2500 for y=2 (or 1). To obtain the
device films are normally made. The SiH vibrations haveprevious “solid” result of approaching the highdimit at
0.25-eV stretch and 0.078-eV wag modes that are infraregl=10°, and the “molecule” result at smak, we will use
active, indicating a strong dipole moment. Electron excita-
tion of these vibrations will rela,, probably with a cross K(X,2)ea= TRV e)Ne X — A(X)/Te]P(X)4,
section of ~5x10 Y cn? at E;.=2-4 eV, which is the
measured vibrational excitation cross section per H atom itvhere

SiH, and SjHg. (This yields a mean free path for vibrational 4
excitation\ ,=13 nm for H:SF0.3) P(X)a=0.41—exp(—4X10 "x")}. (B1)

lonization, the creation of an electron-hole pair, has a . . . _
P qu will nominally usey=1, but will also test the sensitivity

effective threshold of~1.5 times the band gaRg, and it _ ) - : .
has been suggested in ballistic-electron studies that in GaP va_ry_mgP(x)a in the qr|t|cgl 30<x< 10’ region. This rate
coefficient is plotted in Fig. 1, and the rate(x,z)ga

the mean free path for ionization, or electron-hole formation, . . o A
is A~10 nm E— E)2E~ 2 with energies in eV unit§26].  ~ NeK(X)ea is plotted for typical conditions in Fig. 2.
Assuming this also applies to these Si particles, at This k(X,z)ga is obviously quite uncertain, but electron

~1.6eV as ira-Si:H or a somewhat quantum-confined small attachment is most significant in the calculation %o 30,
c-Si particle, and takinge=A,+Eg=5 eV in the above re- and forx>10° a high probability of attachment appears rea-

lation yields A ,,~3 nm, whereA, is the electron affinity. sonable. Thus, this is a significant but not overpowering un-

The probability @,) that the electron causes an ionization certainty.

event before exiting a spherical particle is a complicated _ _ .

problem of random scattering and relaxation, which we will 2. Cation-particle collisions

not do here although some more exacting, related work ex- cCollisions of singly charged positive ions,, B, "L, with
ists [27]. Instead, a rough estimate will be obtained by con-negatively charged particles, ,8i, N, are normally de-

sidering the character of one-dimensional diffusion with re-gcriped by orbit-limited currertOLC) theory[1], which ob-
actions. The probability of traversing a distanceithout an  t5ins the neutralization rate coefficient

ionization (the reactioh is expEx/Xy), where Xg
=(Ashio/3)>~1 nm. (The characteristic distance fdx K(X,2) 0 =0, 7 5(1+qd/KT )
ionizations isNY? times this) Of course, this diffusion solu- 05
tion does not apply to a particle that is smaller thay) the =0 (1+y/X)"mz(Eg /KT )rpX1 nm,
average straight-line traversal length is thed.6r,, yield- (B2)
ing an ionizationP;=1.6r ,/\jo,=Tp/2nm forr <\s.

lonization removes 1-2 eV frork,, temporarily stabi- wherev, is the relative velocity and , the ion velocity, and
lizing the electron in the particle. However, this can be re-we will use kT, =k(300 K)=0.026 eV except as noted. In

V(r) (eV)
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the second part of EqB2) we usedq¢=Eyz(nm/r ») and ment to a neutral particle. The dominant interaction between
q¢/kT,>1. As is customary, the cation radiag§y), was an ion and neutral particle is the polarization potential,
neglected compared tq in Eq. (B2). For the small particles  V(R)=—C/2R*, whereC=(q?/4ms)a and a=(4mr}/3)

of interest here it can be significant, and yielding is the particle polarizability since the particle index of refrac-
tion is much greater than 1. This leads to the familiar Lange-
k(y,x,2) 0 C=0v1(y 1+ x40 7z(Eo /KT,) vin rate coefficient for ion-molecule reactions
X[rp+a(y)+1%(1 nmirp), (B3) k(x,0),a=27(C/2M) = (8x 10" m%s)(r,/nm)*?
(B4)

wherev, is the SiH, velocity.
The OLC theory assumes that the particle and ion remaitvhereM is the reduced mass and IA is the ion attachment.
charged throughout their orbit and must make contact to unThe second expression applies for an ion mags-08 and a
dergo a collision. However, for smak andy an electron ~much larger-particle mass, as is appropriate for the calcula-
jump often occurs at a larger radius due to a level crossingon. Whenr , exceeds the effective orbiting-capture radius,
between the ion-pair potential and an excited state of tth(X,O)|A:v+7TI'§, so we add this hard-sphere value to that
neutral complex. This charge-transfer mechanism, somén Eq. (B4) for the total rate coefficient. This total rate coef-
times called “harpooning,” was used by Hickm#&and oth-  ficient, for y=6, is shown in Fig. 1, and the rat(x,0)5
ers previously to describe mutual neutralization of small =k(x,0),4n. is plotted for typical conditions in Fig. 2.
molecules[25]. Hickman fitted a large number of mutual-
neutralization reactions by, in essence, assuming that the 3. Charged-particle collisions with SiH,
electron jump occurred at a rading=0.9 nm(eV/Ag) 4,
where A¢ is the electron affinity of the negative ion. This
yields theky of Eq. (B3), but withr,+a, replaced byrc

As noted in Sec. Il B, the growth of negatively charged
particles must compete with neutralization by cation attach-
whenever the latter is larger. As can be seen from the chan ent, follqwe(_:l bY pa.rtlcle diffusion to the surfaces._For

mall x this diffusion is very fast and almost all particle

of slope ofk(x,—L)y in Fig. 1, for they=6 cation this L . . .
occurgforx<(16 anngyieIds% maximum zilifference of about neutralization results in particle loss. Thus, the fraction of

a factor of 2 atx=1. For particles with—zq charge we initially formed SiH;~ that survive to become large and ob-
multiply this rate coefficient by, but since multiple servable is very sensitive to the growth rate fram 1 to

; : 100. The anion measurements of Hollenstein, Howling, and
[ fox>60 th t I I : ) Y ’
;::z;\r:ge_slon y oceur fox=60 ther correction only applies associate$28] suggest that this growth rate is very fast due

The average cation in the calculation lyas6. Compared to C(_)Ilisions with SiH, so this_is very_importanE }0 m_odeling
to y=1 (SiH}) this raisesa(y). in Eq. (B3) by /6 and particle growth. By collecting anions &, with x

| th . tributi by \6 it d =1-40 in the afterglow of a pulsed discharge, they have
owers the cation contribution e, by V6, so overall it does clearly established that initial ion growth must occur through
not have a major effect on the ion-attachméoit ion-ion

recombination rate coefficienk(x,z),5 . These coefficients the process

for y=6 andz=—1, —2, and—3 are plotted a&(x,z) 5 in SiH,,~ + SiH;— Si, . 1H,,~ +(H or H,) products
Fig. 1, and the rateR(x,z) o =k(x,z),an, are plotted for (B5)
typical conditions in Fig. 2.

A collision between a cation and a negatively chargedn essencex— x+ 1 growth occurs much more rapidly than
particle could yield charge transfer to the ion without attach-collisions with SiH, radicals or cations, so no other explana-
ing to the particle. Here we will provide reasons for deletingtions of the data are possible. They have deduced a rate
this process. First, the ions have at least one dangling Sioefficient ofk(x,—1)s=3%x10"'2 cm®s for smallx, and
bond and are reactive even without their charge. Thus, ibne interpretation of the data suggests that this value may
appears likely that if they contact the particle they will insertapply fromx=1-40. However, for the discharge modulation
into a Si-H bond and attach. For thg>r,+a, region de- reported the observed heavier ions may have accumulated in
scribed in the previous paragraph, a fractibr[1—(r, the reactor over many discharge cycles, so another interpre-
+a,)/rc]? of the orbits yield a charge transfer without con- tation is thatk(x,—1)s=3x 102 cm®s for x<~6, but
tact, and thereby without attaching the cation. This is a sigk(x,—1)s has not been established for>~6. Conse-
nificant fraction of ion collisions only fox<10, and forx ~ quently, we will estimate an effective value a&f where
<6 particle growth by Silgcollisions is much faster than by k(x,—1)g starts to decrease, from the following reaction
ion or radical collisions. Thus, the distinction between anion-model.
cation neutralization with or without attachment has no prac- Since SiH does not react significantly with the growing
tical consequence for smak. In addition, since radical- a-Si:H film and the particles are expected to have a very
induced growth greatly exceeds ion-induced growth akall similar structure and surface H coverage, we do not expect
this distinction is never important. By setting(y,X,z)a SiH, to react with the larger particles. In fact measured par-
=n.k(y,x,2)q-¢ andR(x,2)ex=0 (EX is the electron ex- ticle growth rates require this for thre>4 nm particles that
change the full neutralization rate is obtained while simpli- were observable by light scatterifig]. One major difference
fying the particle-growth equations. between a Sil collision with a charged particle versus the

The above paragraph treated cation attachment to nega-Si:H film is the electric field around the particle. This po-
tively charged particles, obtaining a rate proportionalzto larizes the Sil molecule, leading to the interaction potential
that is O for a neutral particle. Here we treat cation attachV(R)s=—Cg/2R?* where Cg=|z|(q*/4meg)as and ag
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=4.6 A% is the polarizability of SiH [11]. This yields, for ~andy Si atoms will yield product particles witk’ Si atoms.

SiH, (radiusas=1.5A) at the particle surface wheR=r The rate coefficient versus’' should represent an average
+ag, V(Rg)/KT=—160z(x3+0.9) * for T=300 K. Fopr over the range of products that result from a mixture of

z=1 this ratio equals 1 at=19. SiyHm and SjH,, collisions. For smalk andy the expected

to a negatively charged particle is to equate itl{@é\g)/dx, gues_sed in any event since data is not avallabl_e. Fpr barge
where the electron affinitAg is given in Appendix C. This ©F Y it may be simpler, but some major approximations are
yields Eg /kT=38x~%2 which is similar to the previous ex- still required. For largec particles, the important collisions
pression in thex=5-30 region of interest, and equals 1 for &€ with light << 10)_ radjcals. We' have already indicated
x=15. This additional binding energy can enhance the abjl@bove that at the-Si:H film we will assume that GHn,

ity of SiH, to bond to the particle, both by increasing the fadicals incorporate with a probability>() that is indepen-
surface residence time and by partially overcoming the reacdent ofy andm, and that this incorporation attachgsSi

tion barrier. The reaction of a surface Si-H bond with a SiH 0ms. Since a large-particle should have essentially the
Si-H bond, to yield a Si-Si bond plus,His on average Sa&me surface as the film, it is reasonable to make the same
exothermic by~0.2 eV, but a considerable reaction barrier is 25Sumption for incorporation of i, into a largex neutral
expected since SiHdoes not react efficiently witla-Si:H particle. Thus, for largex and §mal|y,_ the rate coeff|C|e_nt
surfaces below-1500 K[29]. Thus, it is not apparent if this  K(X,Y)rr for growth to a particle withx+y Si atoms is
extra impact and binding energy can provide a plausible exPrKus(X,¥), wherekys(x,y) is the 300 K, hard-sphere rate
planation of reactioriB5). However, it is interesting that this Cc0€fficient.(The subscript RR refers to radical radical
fractional enhancement decreases with increa$ingpnsis-

. " . . k(x =P r,+a,)?
tent with the familiar observation of fewer particles at el- (Y)rR=Proreim(rp+2y)

evated temperatures. =P, 4X 10 Y (x+2)3+ (y+2)32
Using the previous paragraph as a guide, the calculation 1o .
will use ak(x, — 1)s that decreases with increasirgusing a X[(x+y)/xy]*? emPs™t, (B7)

parametefA) to adjust the falloff rate: ) ) ] ) )
wherev , is the relative velocityt , is the heavy-radical, and

k(x,—1)s= ko[ 1—exp( —Ax~43)], (B6) 4y is the light-radical radius. This is shown versugor y
=1 in Fig. 1, and the resulting ra(x,1) is in Fig. 2 for
with ko=3x 1022 cm¥s. This is shown foA=10 and 100 typical conditions. _ , N
in Fig. 1, and the typical rat&y(x, — 1)s=K(x,— 1)ans is in _The other important radical-radical collisions are those
Fig. 2. with x=1-10 andy=1-10, as these determine the mixture
Reactions of SH,,* cations with SiH{ have been re- ©f small radicals. Radical-radical collisions are very exother-

viewed by Perriri11]. Most of these reactions are very rapid _mic, so they are expected to occur with gas-kinetic rates and
for x<3, but they decrease rapidly for higheand are too indeed do SO where they are measured. quever, there are
small to be observed for>6. Both the reaction rate coeffi- Many possible product radicals, many of which are expected
cients and the products are sensitivertas well as, and in {0 rapidly react with one or more SjfHadding Si atoms but
manyx,m cases the charged reaction products are not knowrs®metimes producing a stable higher silane. The overall ef-
Of course, neutral radical reaction products are not measurd§Cct should be to increase radical size part of the time, by
for any x,m case. Thus it is not feasible to keep track of all Producing a mixture ok’>x ory radicals. In the most im-
x,m cations or the radicals that might also result, and thigortant case of the Si+SiH; reaction, one product
would immensely complicate the present calculation if it(SiHz1SiH,) yields only stable gases, while,8f,+H and
were possible; major approximations are required. Some cafdz With m=2-5 yieldsx’=2 and 3 radicalgsome after

ion reaction products have added the Si from the,SiHd rqdmal—sﬂane reactionsoften accpmpanled by an additional
some have not, but few split into smallerthan the initial ~ SiHs after the H reacts. Thus, it appears as reasonable as
cation. It therefore seems reasonable to take afnything else to assume that the average effect per gas-
mrindependent rate coefficient for adding one Igix,1)s, kinetic collision is that a fractior®, of all reactions leads to
that smoothly and rapidly decreases frgm 3 to 6, while ~X=x+Yy and all others have no effect. The obvious advan-
neglecting any collision-induced decreaseiThe first step tage of this simplification is that it is the same assumption
is dominated by Sikl"+SiH, since SiH" rapidly converts used above fok>y, so Eq.(B7) applies for allx andy.

to SiHy" and the other Sik" products of electron collisional ~ AS already noted, in the calculation we use the same prob-
ionization are minor. Thus, the calculation starts with this@Pility P, for Si incorporation into particles and film. As
measured value ask(1,1)s and multiplies this by 10ng as thisis done the results are largely independent of the
exp(—x/4)* to smoothly terminate it bx= 6. Thisk(x,1)s is actual value ofP,. The visible-particle growth rates ob-
shown in Fig. 1, and the resulting rate for typical conditionsServed in Ref[3] at low P and G are consistent with this

is in Fig. 2. As will be seen below, this leads to an averagedSsumption of a similaP, for film and particles, although
cation mass ok~ 6. changes occurred at the higheandG studied where higher

radicals and radical-radical collisions are important. We
therefore assume this here, takifg=0.4 from measured
SiH; incorporation probability intoa-Si:H film [21,22.
Since particles are represented only by the number of SiNote that this is the probability of Si incorporation per re-
atoms, a collision between neutral particlesdical$ with x  action, not the reaction probability per surface collisjon.

4. Radical-radical collisions
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5. lon-radical collisions to radicals is important.Thus, we adjust the factdd, to

The long-range Siklinteraction with a(zq) charged par- Yield charge neutrality; in practicB,, is usually 1-5. Sum-
ticle is essentially the same as that of gildescribed in Sec. Mmarzing,
3 of this Appendix. The resulting Langevin rate coefficient is

k(x,2)_=2m(Cr/2M)*2, (B8a) R(X,1)p=Dpv,[3ng(Qust+ Q)] H(m/Lg)? (B10)

whereM is the reduced mas§r=|z|(q%/4me,) ag and ag

=4.6 A% the polarizability of Sitj, is assumed. For 3,  is used, where the hard-sphere cross sedfiggandQ, are
radicals withy>1 the radical polarizability and mass are given (as rate coefficienisin Egs. (B7) and (B8a and Lg
both approximately proportional ¥ so the sam&(x,z)_ is =g g will be used. Note thaR(x,1)p xS for the smallx
used. When the particle radius greatly exceeds the effectivg,| es that contribute most of the positive ion loss. These

radius for orbiting capture, the ha}rd-sphere_: cross seflign diffusion rates are shown f@,= 1 and typical conditions in
(B7) without the P, factor] applies, and is added to the Fig. 2

Langevink to obtain ak(x,y,z) g that is reasonably valid for
all x,y,z,

K(X,Y,2)ir=K(X,2), +Kus(X,Y). (B8b) APPENDIX C: MULTIPLE CHARGING OF PARTICLES

V(r) outside the particle in Fig. 3 is the Coulomb poten-
tial felt by one electron when a second is centered within the
particle. When the second electron penetrates the particle at
r=r, the electron affinityAg is subtracted an¥;,=V(r,)

- —Ag(rp). We takeAg(r,,) for Si particles from Fukuzawa
6. Diffusion rates etal. [30], whose result can be represented As

The neutral-particle diffusion rate will be taken as the = (4.05-2.% ) eV. In thex=50-1000 region of primary
fundamental-mode rate for particle diffusion in silane, whichinterest here this yield8g=3.3-3.8 eV. As indicated in the
is R(x,0)=D(x,0)(w/Lp)?, whereD(x,0) is the diffusion figure, V;, is assumed constant within the particle and the
coefficientLp=L+2AL, L is the electrode gap, and\2 is  extra Coulomb-repulsion energy is evaluated ed4msr ;,)

a small added length due to a finite density at the boundaryaveraged over uncorrelated electrons uniformly distributed
Except forx<<3 at lowL andP, 2AL is insignificant and it within the particle. The electron kinetic energy associated
will be deleted below.(An experimentalL, should be with confinement is neglected as relatively unimportant.
matched to the used in this model.D(x,0)=A(X)v(X),/3  Generalizing toz total electronsV(r) .= (z—1)q%/4meor

is used, whera(x) = (Qxgng) "' is the =0) particle mean  — g (z—1)(1 nmt) with E;=1.44 eV. In calculating the
free path between silane collisiongx), =vs(1+x H)*°is  coulomb repulsion energysf) we initially assume that the
the relative velocity, and s the silane velocity. WithQ, o gielectric constant is that of bulla-Si:H, for which ¢

This rate coefficient is plotted versusin Fig. 1 fory=1
and z=—-1 and —2, and the rate R(X,—172)r=
k(x,1,—1),rn(1,0) is plotted for typical conditions in Fig. 2.

— 2 H
=m(rp+ag)” the overall result is =12¢, similar to crystal Si. We then obtain,=0.12(z
R(x,z=0)D=(77/3)vs(1+x’1)°'5L’2(rp+as)*zngl —_1)_(1 nmR,) .eV for z uniformly distributed electrons
within the particle.
=1.7x10* s 1+x 10 As can be seen in Fig. 3, W;,+ 6,<0 the electrons in-
side the particle are stable against tunneling out. A calcula-
X[(x+2)Y3+1.4]72L2Ng 1, (B9) P g -

tion shows that itV;,+ §,>0 tunneling will occur in a very
short time compared to particle-growth rates, so the criteria

whereNg=ng/(10'%cn®) andng is the silane density. for stable charaing ta electrons iV(r.) — Ac(r.) + S.(r
Cations drift rapidly to the electrodes once they enter the ° romng S 1SV(rp) ~ Ae(rp) + 0,(1p)

sheaths, which typically extend-20% of the electrode <0.  This reqiures o/l nm>30.35(z 1)_+0.02%(z 1)

- +0.12, wherex=209( ,/1 nm)°, which yields x,=30, X3
gap from each electrode. If one assumes no electric f|eI6_L200 — 720 _1980 053 ~10
within the “neutral plasma” region, thenR(x,1)p <X~ (eU,X5= (p2= -5 M, Ip3=1.UNM, I'pg
=D(x,1)(w/Lg)? where Lg is the width of the neutral _=1.5 nm, rp5_:2.1 nm for the critical x and_ragjlus of the
plasma region, an(D(x,l)=(QX‘ZnS)‘lv(x),B with Q,, first fewlmulnple charge:.;,where the subscnp;.ﬂeiowever,
equal to the Langevin plus hard-sphere cross sections. Hovi-~6€0 IS more appropriate for the crystal &2 case of
ever, residual fields that accelerate the thermal cations td2nly 30 Si atomg31], and an even smaller may apply to
ward the sheaths normally exist within the quasineutraP-Si:H so we will instead use,=60, r;,=0.66 nm for the
plasma region, and the actuR{x,1)p will normally exceed double-charge limit. It can be seen in Figs. 5-7 that a rela-
this value. The size of this effect is not known, but the samdively small fraction of multiply charged particles occur for
field acts on all cations and mobilities are proportional tovalues near the limiting values. As a result, the calculation is
diffusion coefficients, so we will account for it by multiply- not very sensitive to this exact size. However, these are much
ing R(x,1)p by a single factoD,. Electron collisions with  smaller limits than are common in the aerosol field, where
silane produce cations at a considerably greater rate thamater droplets have weaker intermolecular binding and a
anions, so most cations are lost by diffusi¢An exception smallere. They are also much smaller than suggested for
occurs at very highP, L, andG, where electron attachment these Si particles in Ref32].
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APPENDIX D: INTEGRAL EQUATIONS FOR LARGE- X
PARTICLES

The charge ratiog$(x),=n(x,z)/n(x,0) are obtained by
ignoring thex changes associated with the charge-transfe
processes in Fig. 4, yielding

dn(x, + 1)/dt=R(x,0),an(x,0)[R(X, + 1)

+R(X,+1)galn(x,+1),

dn(x,0)/dt=R(x,—1),an(X,— 1)+ R(X,+ 1)gan(x,+ 1)
—[R(X,0)p+R(x,0)ga+ R(X,0),4]n(%,0),

dn(x,—1)/dt=R(x,—2),an(x,2) + R(X,0)gan(x,0)
—[R(X,=1)gat R(X,=1)ja]

Xn(x,—1), etc. (D1
For steady state the left side of equatidqisl) are 0, and
particle growth and loss is then calculated using-ax+ 1
transfer rate TrX) and diffusive loss raté (x),

dF(x)/dx=—[1+Tr(x)/L(x)] *F(x), (D2)

where
Tr(x)= n(x,O)E f(X)[R(X,2)g+ R(X,2)st R(X,2) a1,

L(X)=n(X,0[R(X,0)p+R(X,+1)a/f(X) 1]

Here F(X)=n(X)or Tr(X) is the x—x+1 flux and n(X)
=3n(x,2) summed over. The approximations in Eq$D1)
and(D2) are appropriate at large where comparing results
to the iterative solution yields excellent agreement %or
>10%. Agreement is also obtained for 28x>10° if a mi-
nor correction is applied to thi(x), ratios to allow for the
finite x range over which each anidof charge—z) reaches
a steady-state ratio after it initially appears.

APPENDIX E: PARTICLE-GROWTH EQUATIONS
FOR X<200

For x<<200, the “particle” with x Si atoms and the radi-
cal or ion withy Si atoms are frequently indistinguishable.
For x<30 each neutral radicat’ is formed by radical-
radical reactions and by cation-anion neutralization, in eac
case withx+y=x’. (Recall that cation-electron neutraliza-
tion is small and ignore@ The x’ radical is lost by reaction
with all other radicals, by electron attachment and by diffu-
sion to the electrodegAnion and cation attachment yield
very minor loss rates, and are ignored herEhus, for x
=1-60, each iteration uses

x—1
n(x,0)=|y§1 k(y,x—Y)raN(Y,0n(x—y,0)/2
+R(X—1)an(x—1,—1)

+R(m)EAn(X11)]LO(X)11 (ED)
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where the loss rate is

30

L0<x>=y21 K(Y,X)raN(Y,0) + R(X)gane+ R(X,0)p -
. -

The cationx’ similarly results from radical-cation colli-
sions withx+y=x" assumed, plus silane collision with the
x—1 cation. It is lost, with raté_;(x"), by electron attach-
ment, silane collision, diffusion to the sheath, collisional
neutralization with all anions, and growth by collision with
all radicals. Thus, each iteration uses

x—1
n(x,1>=y§1 k(x—y,y)rN(x—y,0)n(y,1)

+R(x—1,)gn(x—1,1)L4(x) "1, (E2)

with

L1(X)=R(X,)gat R(X,1)p+R(X,1)g
30 200

+y§l k(y,x>.Rn<y,0>+y21 k(y,x)yn(y,—1).

The anion growth equation for each iteration is

x—1
n(x,—1>=y§1 k(x—Yy,y)arN(Y,0N(x—y,— 1)

+R(x—1,—1)+R(x,00gala1(x) "L, (E3)

where the loss rate is

30
LA1<x>=R<x,—1>s+y§1 K(y,X) arN(Y,0)

100
+y§l k(y,x)yn(y,1).

Iteratively solving Egs.(E1)—(E3) for each step ofx
=2-60 requires already knowing(y,0) for y=1-30,
n(y,1) for y=1-100, andn(y,—1) for y=1-200. This
quandary is solved by assuming an analytic form for each
n(y,z), using this to evaluate the sumslig(x), L4(x), and
La1(x), iteratively solving Eqs(E1)—(E3) for x=2-60, and
comparing the resulting(x), to the assumed values. The
'[iarameters in the analytic forms are then improved and the
iteration is repeated until the solution closely resemble the
assumedn(x,z). This procedure is much easier than it
sounds, first because tinéx,0) for x=1-30 are almost en-
tirely determined by radical-radical reactions and radical dif-
fusion [Eq. (E1D) with R(m)ga=R(x—1);4=0]. The ap-
proximationn(x,0)=n(1,0)x B yields an excellent fit to the
full solution for x=1-10, which covers the significant radi-
cals. NormallyB=2-4, with a larger value corresponding to
smallerG, P, or L. Next, the rapid anion-silane reaction leads
to a nearly constant(x,—1) for x=1-100, followed by a
rapid decrease for largec Thus, for the purpose of calcu-
lating the anion sum irL(x), it is sufficient to assume
n(x,—1)=n_/100 for x=1-100, andn(x>100,-1)=0,
wheren _ is the total anion charge. This approximation leads
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to rapid convergence becaukéy,x), varies quite slowly
with y [seek(1x), in Fig. 1]. Finally, the cation-silane re-
action leads to a major peakiirf{x,1) nearx==6 (Fig. 5), and
k(x,y), varies slowly with y, so assumingn(x,1)
=n, 6(y—6) yields a very good initial approximation to the
sum inL;(X), wheren, is the total cation charge.

For x>60, carrying out any of the sums in Eq&€1)—

and
m—1
ygl K(x=y,y)n(x=y,0n(y,1)
=k(1x—1)rn(1,00Mn(x—1,1)
+k(x—6,6)gn(x—6,0n_ . (E5)

(E3) is cumbersome, time consuming, and unnecessary since

they are slowly varying functions of So forx>60 we also
replace the(source sums in the numerators of Eq&EL)—

In Eq. (E4), the use of a constant multipliétr, indepen-
dent ofx, is valid for largex. It typically underestimates the

(E3) with approximations. Since radicals yield the most par-exact multiplier by~1% byx= 100, but this has a negligible

ticle growth, the most important approximations are
x—1

y; k(y,x—Y)rrN(y,0)n(x—y,0)/2

—K(1x—1)ran(1,0Mg, (E4)

consequence if the same factor is used in both the numerator
and denominatofLy(x)] of Eq. (E4). This also applies to

the constant multiplieM; of Eq. (E5), which represents the
light radical part of the cation growth, and lossLip(x). The
remaining term in the approximation of E@5) comes from

the light ions.
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