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A Monte Carlo simulation for the growth of amorphous hydrogenated silicon (a-Si:H) thin
films by plasma enhanced chemical vapor deposition is presented. The goal of the model is to
predict the bulk and surface properties of films (e.g., hydrogen content, deposition rate, buried
hydride/dihydride ratios, porosity, and surface roughness) having thicknesses of 52000 A.
The effects on the film properties of the composition of the radical flux incident or the surface
are examined. Film properties were found to be criticaily dependent on the ratio of SiH;/SiH,

in the radical fiux. High values for this ratio results in film properties resembling chemical
vapor deposition. Film properties obtained with small values resemble physical vapor
deposition. Rough films (roughness > 18’ of A) accordingly result from radical fiuxes having
high SiH, fractions. We find that surface roughness and hydrogen fraction increase with
increasing growth rate and increasing filin thickness, though thin films ( < 10’s of layers) have
large hydrogen fractions due to there being a hydrogen rick surface layer with a thickness
approximately equal to the surface roughness. We also find a correlation between porosity
(subsurface voids) and hydrogen fraction, implying that the inner surfaces of voids are lined
with ==Si—H configurations. In simulating films grown from Ar/SiH, gas mixtures, we find
that a decrease in the SiH,/SiH, ratio in the radical flux, and an increase in the ion/radical
ratio incident on the surface are largely responsible for the degradation of film properties

observed with decreasing silane fraction.

1. INTRODUCTION

Thin films of hydrogenated amorphous silicon (a-Si:H)
fabricated by plasma enhanced chemical vapor deposition
(PECVD) are valuable materials for the manufacture of
thin-film transistors, direct-line contact sensors, xerograph-
ic materials, and solar cells.'™ The efforts of many research-
ers have resulted in a generally accepted working theory that
device guality films [ photoconductivity > 107° (Q om) ™),
tow surface roughness, hydride/dihydride ratio > 1, spin
density S 10'®cm ™ *] are obtained from pure silane plasmas
having radical fluxes incident on the substrate composed do-
minantly of silyl (SiH,). The mechanisms responsible for
this behavior were proposed by Gallagher.® He observed
that silyl cannot directly insert into hydrogen passivated
(=Ri—H) silicon bonds on the surface and as a result they
are highly mobile in the adsorbed state. The residence time
and sticking coefficient of these radicals then depends on the
generation of dangling bonds on the surface by ion bombard-
ment or etching reactions. The diffusive motion of these ad-
sorbed radicals, filling in surface roughness, results in
smooth films. Plasma conditions resulting in large fractions
of silylene {SiH,) in the radical flux, which can directly in-
sert into passivated surface sites, or conditions which result
in a high rate of activating surface sites by removing passi-
vating H atoms, result in rougher poorer quality films.

In simulating the deposition of thin films of ¢-Si:H by
PECVD one desires to predict physical and processing pa-
rameters such as growth rate, hydrogen fraction, hydride/
dihydride ratio, local bond structure (Si—Si and Si—H
bong angles}, surface roughness, and porosity. An extension
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of this predictive capability would be to relate these physical
parameters to electronic properties of the material, either on
an ab initic or semiempirical basis. Although the qgualitative
description of film growth described above is logical, there
are few, if any, quantitative models for film growth which
can predict these properties based on the cited mechanisms.
In a similar fashion, many models and descriptions of the
plasma kinetics of silane discharges have been presented,®™
however few have correlated plasma properties to film char-
acteristics. To date, Gleason ef 2/.'° have presented the most
complete physical model of film growth based on first princi-
ples simulation techniques. Their modei is capable of pre-
dicting bond angles, hydride ratios, hydrogen fraction, and
local order. Their work, though, did not address thick films
having many hundreds of layers. Therefore, bulk properties
such as surface roughuess and porosity were not predicted.

In this paper, we present a Monte Carlo simulation for
the deposition of a-Si:H from silane glow discharges and we
relate plasma properties (in the form of radical and ion
fluxes to the substrate) to bulk and surface characteristics of
the film. As described below, we do not address the issue of
short-range order (e.g., bond angles) as discussed by Glea-
son et al.,’® though, we do address bulk film properties such
as porosity and surface roughness. By using computed radi-
cal fluxes from a companion model for the plasma chemistry
of silane discharges,® a complete first-order model for the
growth of a-Si:H films is presented.

The model presented here emphasizes the bulk proper-
ties of the film as opposed to local bond structure. The mod-
eling techniques we use are capable of simulating the depo-
sition of thick films exceeding many hundred of layers while
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deemphasizing the details of the short-range order, particu-
larly bond angles. This tradeoffis accomplished by assuming
that the film is composed of a cubic lattice, where each lattice
point may be occupied by either a silicon atom or a void. The
use of the term lattice does not imply that there is any long-
range order in the occupation probability of a site by a silicon
atom. Mo assumptions are made concerning the coordina-
tion partners of each silicon atom. The amorphous character
of the film results from the random distribution of coordina-
tion partners for each silicon atom in the lattice, and from
the finite but random probability that a lattice point is occu-
pied by either a silicon atom or a void.

In Sec. II, the Monte Carlo model for film growth is
described in detail. Simulated properties of ¢-Si:H films
{roughness, hydrogen content, porosity) deposited from si-
Iane plasmas are discussed in Sec. III using parametric radi-
cal fluxes. The simulation of PECVD ¢-Si:H films grown
from Ar/SiH, gas mixtures is discussed in Sec. IV followed
by concluding remarks in Sec. V.

il. DESCRIPTION OF THE MODEL

Cur model for the growth of a-8i:H films uses Monte
Carlo techniques to sirnulate the impingement and adsorp-
tion of gas phase radicals and ions on the surface of a grow-
ing film, as well as for the processes which occur after ad-
sorption. These processes include the sputtering of surface
species by energetic ions, diffusion of adsorbed radicals on
the surface, the incorporation of radicals into the film, the
desorption of radicals from the surface, and the elimination
of hydrogen from the film by cross-linking between Si—H
bonds in the near surface layers of the film. Gas phase-sur-
face reactions are also simulated by including reactions
between the impinging flux and the surface lattice species
when nonsticking radicals strike the surface. For the results
discussed here, we typically modeled the growth of 3 square
patch of ¢-Si:H approximately 100-250 A on a side having
up to 1000 layers or a thickness of 20003000 A. Periodic
boundary conditions are used for the lateral dimensions of
the film. In the discussion that follows, the term “site” de-
notes the x-y coordinate of a position on the film as viewed
normally from the plasma. The term “lattice point” denotes
the position of a particular atom or void in the film below a
given site. There are many lattice points stacked vertically at
each site.

The simulation proceeds schematically as follows. A
flux of radicals is directed towards the surface, isotropically
for neutrals and vertically for ions. The identity of the indi-
vidual radical and the local morphology of the impingement
site determines whether the radical adsorbs, sputters, bonds,
or chemically reacts with the surface. An adsorbed, but non-
bonded, radical may diffuse on the surface until encounter-
ing an activated site (i.e., a dangling bond, =8Si—) at which
time it bonds, a process which constitutes film growth. SiH,
radicals which bond to the film, may later interconnect with
adjacent surface species to form the amorphous network.
Cross-linking may occur between both nearest and next
nearest neighbors, the latter possibly resulting in the forma-
tion of voids. Adsorbed species exceeding a specified resi-
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dence time without bonding to the film may desorb, thereby
enabling calculation of a sticking coefficient. By specifying
characteristic frequencies for each process, the rate of occur-
rence of a particular event is determined relative to the rate
of arrival of radicals on the surface. The model then proceeds
as an effective integration in time of the equation of motions
of each particle in the simulation.

An important feature of the model is the categorization
of lattice points as being either in the near surface layer or in
the bulk film. Since we desire to simulate volumes of a-8i:H
films having 10°-10’ individual lattice points, it is not com-
putationally practical to retain statistical information for
each point. The model instead retains statistics for each lat-
tice point in the near surface layer at each site. The near
surface layer is typically 5-20 atoms deep. When a radical
bonds to the surface at the top of the near layer, the lattice
point at the bottor of the near laver is rernoved and its statis-
tical information added to the average values for the bulk
film. Although the near surface layers at each site are only 5~
20 layers thick, the height of film at adjacent sites may differ
by an arbitrary amount. Therefore, the rms difference in
height (or roughness) of the film may exceed the near sur-
face layer thickness.

A. Lattice points and site heights

Lattice points in the near surface layers are classified as
being either unoccupied or occupied by a silicon atom. An
occupied site is identified by its coordination partners. For
example a point identified as SSSS denotes occupation by a
silicon atom having four other Si atoms as coordination part-
ners. A point identified as SSHE has two Siatoms and an H
atom as coordination partners, and a dangiing bond. Lattice
poinis at a particular site which are uncecupied and buried
beneath an occupied point are denoted as a void. The frac-
tion of voids beneath the surface layer is therefore an indica-
tion of the porosity of the film. The topmost occupied lattice
point is the surface of the film at that site. The average thick-
ness of the film is then the average of the topmost heights for
each site. The roughness of the film is the rms deviation of
the thickness of the film from its average value.

B. Radical fluxes

The flux of neutral radicals incident on the surface may
consist of an arbitrary mix of SiH, (0<#<3) or H. We do
not presently counsider disilane radicals. The flux of ions is
assumed to consist of only a single generic charged species.
The distribution of radicals is either specified as a part of a
parametric survey, or is obtained from the resulis of the elec-
tron kinetics and plasma chemistiry model described in Ref.
6. The time interval between impingement of a neutral radi-
cal from the plasma onto the surface is

htp = (PLH 7, (H

where @ is the total neutral radical flux and L is the physical
length of the square of film we are simulating. The length is
based on the width, in number of sites, of the lattice assum-
ing an average lattice constant of 2.5 A. For every Aty dur-
ing the simulation a radical is directed towards the surface
based on selection of a random number r (0 <r<l). The
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particular radical which is directed towards the surface is
that radical satisfying

Fo_ o <r<F, F,=3%f, (2)

where f; is the mole fraction of radical / in the fiux of radicals
incident on the surface. A simitarly defined timer increment,
Az, for the ion flux determines the frequency with which
ions are directed towards the surface.

The site on the surface (x,, y;) at which the selected
radical impacts is randomly selected by use of two additional
random numbers: x; = # L, y;, = r,L. The particular site is
constrained in the following fashion. Assuming that the neu-
tral radical flux is incident isotropically onto the surface, the
probability that a radical impacts in a deep well (resulting
from surface roughness) is small. The local morphology of
the selected site is therefore inspected to determine whether
the site sits at the bottom of a well. A well is defined as a site
which is lower than the height of its nearest neighbor sites by
an amount greater than or equal to the near surface layer. If
this is the case, the radical which would have otherwise im-
pacted in the well is placed on the surface site adjacent to the
well. Assuming that ions are incident vertically, they may
impact on any site including those in wells.

C. Selection criteria for plasma-surface reactions

The surface lattice points at any site may be classified as
inert, passivated, or activated. An inert surface site is occu-
pied by a silicon atom fuily coordinated to other silicon
atoms (i.e., SS88). A passivated surface site is occupied by a
silicon atom having at least one Si—H bond and no dangling
bonds (e.g., SSHH) whereas an activated surface site is oc-
cupied by a silicon atom having at least one dangling bond
(e.g., SS8D). Al neutral silane radicals incident on an inert
site are assumed to adsorb onto the surface. All neutral si-
lane radicals incident on an activated site may directly incor-
porate into the lattice; for example,

SiH,{(g) + SSSD - S88S - SHHD, (3)

where (g) denotes a gas phase species.

Neutral silane radicals SiH,, , #<2, may also incorporate
into passivated sites by displacing a hydrogen atom from the
surface species, a process which is nearly thermoneutral. For
example,

SiH{g) + SSSH - 88SS + SHHD. 4)

SiH,, radicals with n<2 therefore effectively have sticking
coefficients of near unity unless later sputtered off the sur-
face. In the model, silyl radicals (SiH,) may only incorpo-
rate into an active surface site and therefore most often move
directly into an adsorbed state since the fractional surface
density of active sites is small. This condition is important in
determining the surface properties since the mole fraction of
SiH, radicals in: the incident flux is typically »>0.9 for plasma
conditions which result in device guality films.

The rate of generation and passivation of surface sites is
important in two respects. First, the removal of hydrogen
from the surface is important in the accounting of the total
amount of hydrogen in the film and in determining the char-
acteristics of the hydrogen rich surface layers. Second, the
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net rate of generation of dangling bonds on the surface by
removing passivating H atoms in part determine the sticking
coefficient for SiH, radicals since this radical requires an
activated surface site for incorporation.

New passivated and active surface sites are continually
being generated by radicals which incorporate into the film
and constitute the new surface species at that site. Nonstick-
ing radicals, molecules, and ions from the plasma may also
react with the surface species to generate activated sites. Spe-
cifically, in the model we assume that an H atom (in the
incident flux) landing on an active site passivates the dan-
gling bond, whereas H atoms landing on a passivated site
extract a hydrogen thereby etching the surface. For example,

H(g) + SSSD - S8S8SH, (5)
H{g) + SSSH-SS8SD + H,{g). (6)

The latter process is analogous to the gas phase hydrogen
abstraction reaction,

H + SiH,-SiH; + H,. (7)

The analogous reactions to Egs. (5) and (6) may also occur
with SiH, as the reactant instead of H. The former reaction,

SiH,(g) + SSSD —SSSH + Sitl, (g), (8)

may be important since the flux of SiH,, striking the surface is
large compared to that for H. The etching reaction,

SiH,(g) + SSSH -S$SSD <+ SiH,(g) + Ha,(g), (%)

is not likely to be rapid since it is endothermic by approxi-
mately 1.9 keal/mole.!’ Nevertheless, as will be discussed in
Sec. IV, the net rate of passivation of the surface by SiH, is
important in accounting for film properties.

Dangling bonds may also be generated by sputtering off
the passivating H atom by ion impact and by sputtering of
loosely adhered silicon containing surface species, for exam-
ple,

M*(g)+SSSH-M *(g) + SSSD + H(g). (10)

The model ignores the direct contribution of ion impact to
the densification of the film, as addressed by Mueller'? and
by Dreviilon.'? The precise mechanism for hydrogen remo-
val by ton impact is not specified in the model, though it is
assumed to be a combination of sputtering and thermal spik-
ing. In the simulation, a maximum number of H atoms is
specified, typicaily ten, that may be removed from passivat-
ed bonds per incident ion subject to the availability of
==8i—H bonds in the vicinity of the ion impact. In practice,
the average number removed per incident ion is less than ten
due 1o this requirement.

Ion impact may also sputter off loosely adhered SiH,
groups on the surface, a process which has been described as
“scouring” of the surface.'® Typically, these groups are the
terminus of polymeric chains which are not presently simu-
lated in this model. To investigate the importance of this
process, we defined loosely adhered S$iH,, groups as species
on the surface which have only one silicon atom as a coordi-
nation partner (i.e., SHHH, SHHD, SHDD, SDDD). We
then included the process, for example,

M 7 (g) + (SS88-SHHH) - M * + 8SSD + SiH.(g) (11)
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in the model. The importance of this process is discussed in
Sec. IV.

0. Surface diffusion and reactions

During the simulation, adsorbed radicals on the surface,
principally SiH;, diffuse from surface site to surface site. Ad-
sorbed radicals are moved from their current surface site
with each increment of the global timer. The direction of the
move in the plane of the surface {one of eight directions
including nearest and next nearest neighbors) is determined
by cheice of a random number. An adsorbed radical is al-
lowed to make a specified number of such moves before be-
ing removed from the surface; that is, being desorbed. The
specified number of maoves is an input parameter chosen to
give a reasonable sticking coefficient. Under conditions
which experimentally vield high quality films, allowing ten
such maoves for SiH, results in a sticking coefficient of 0.05-
.25, in fair agreement with recent measurements,'>'®

The diffusive motion of the adsorbed radical is con-
strained in the following manner. The height of the film at a
particuiar site is #. When an adsorbed radical is moved, we
define the height of the film at the initial site as 4, and the
height of the film at the site to which the adsorbed radical is
chosen to move as #,. Moves with A, >4 are allowed; that is
the adsorbed radical is allowed to make a lateral move or fall
onto a site of lower height. Moves with 4, < #, are not al-
lowed; that is the adsorbed radical is not allowed to climb to
a higher surface site. An adsorbed species may be trapped in
& well as a result of a move. A trapped radical is one which
does not move from a surface site for the maximum number
of attempted moves. In this case the model assumes that the
radical is permanently trapped and will eventually bond at
that location. It is therefore bonded in place and, if neces-
sary, H, is eliminated.

When an adsorbed radical moves over a new surface
site, it may bond to the occupying Si atom and incorporate
into the film in the same manner as described above for neu-
tral radicals incident from the plasma. An adsorbed radical
which does not bond to the surface site beneath it is moved
again on the next cycle. When an adsorbed radical moves to
a surface site where the height of the film at an adjacent site is
higher than its present location these are additional consid-
erations. Under those conditions, as well as when the radical
attempts a move with s, > h;, the adsorbed radical may bond
with the lattice atom having the same height at the adjacent
site. This adjacent lattice atom is buried beneath its own
surface site and constitutes part of the near surface layer for
that site.

E. Cress-linking, interconnection, and hydrogen
elimination

Cross-linking is the process whereby =Si— (e.g.,
SSSD) and =8i—H (e.g., SSSH ) configurations, bond, and
form the amorphous network of the film. Cross-linking is
also an important process for removing hydrogen previously
incorporated into the lattice. Cross-linking may occur
between silicon atoms in adjacent sites having dangling
bonds, for example,

888D + S8SD - 8888 4- S888,

(12)
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or between silicon atoms in adjacent sites having passivated
bonds, for example,

SSSH -+ SSSH - S888 + §S88 + H,(g). (13)

The former process is exothermic. The latter process, though
being endothermic, is believed to be largely responsible for
eliminating hydrogen from the film. An activation energy of
1.35 kcal/mole has been assigned to this process by observ-
ing hydrogen content as a function of substrate tempera-
ture.’” Cross-linking may occur between ==Si—H configu-
rations topmost on the surface and those buried beneath the
surface but exposed on a sidewall, a process which consti-
tutes film densification.

Cross-linking, interconnection, and hydrogen elimina-
tion are simulated in the following fashion in the model. A
characteristic site examination frequency for nearest neigh-
bors, v, , and for next nearest neighbors, v,,, are specified.
These frequencies yield intervals, Az, = 1/v,,, which specify
the average time between inspecting adjacent lattice points.
After Az, haselapsed at 2 particular lattice point, a survey of
nearest neighbor lattice points is made. The nearest neighbor
lattice points are the ==Si— and ==Si—H complexes within
a lattice constant of the central point. If the central laitice
point is a =Si~— complex, the survey consisis of examining
the nearest neighbor points in a random order searching for
another ==Si— complex. A successful search results in an
interconnection as shown in Eq. 12. If the central lattice
point is a =8i—H complex, the survey searches for another
=S8i—H complex. If the search is suceessful, the choice of
another random number determines whether there is
enough thermal energy available for the endothermic pro-
cess to take place. This is determined by having

— In{ry>e,/T,, where ris a random number (0,1}, €, isthe

activation energy, and 7, is the substrate temperature. If
these conditions are met, interconnection with hydrogen
elimination occurs as shown in Eq. 13. The procedure de-
scribed for nearest neighbor interconnection is also followed
for next nearest neighbors, with the examination interval
being &f,, = 1/v,,.

F. Yoid formation

Cross-linking and interconnection with next nearest
neighbors can result in the formation of voids {or porosity).
The algorithm for these processes is identical to that de-
scribed above for interconnection between nearest neigh-
bors. The frequency of interconnection with next nearest
neighbors, however, must be less than that for nearest neigh-
bors as evidenced by the low porosity of films ( S15%)
which can be deposited. To account for this observation, a
ratio of v, /v, > 50 was typically used. As cross-linking
with at most next nearest neighbors is allowed, the voids
generated in the mode! are at most one lattice constant wide.
They may, however, have either vertical or horizontal ex-
tents of up to many hundreds of lattice constants. In forming
voids in this fashion, low porosity may occur in films which
have an extremely rough surface, since it is not possible {in
the model) to cross-link at greater distances than next near-
est neighbors which would otherwise bridge roughness and
form large voids. The large surface roughness, though, gives
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the appearance of a porous near layer, and in measurements
of surface roughness a void fraction is often cited based on
the near layer roughness. Qur definition of porosity are voids
(vacant laitice points) below the topmost occupied lattice
point at a site.

Cccupied surface lattice points on both vertical and hor-
izontal surfaces are usually passivated by hydrogen. There-
fore, the formation of voids traps hydrogen below the sur-
face. Qur algorithms do not presently aliow for evolution of
hydrogen from subsurface sites and voids. Therefore the
bulk hydrogen fractions for porous material {void fraction
> 10’s of percent } are likely to be overestimated. This effect
is discussed below.

ii. SIMULATED PROPERTIES OF 2-SkH FILMS

In this section, we will discuss resulis obtained from our
model for the simulation of the growth of hydrogenated
amorphous silicon films from silane plasmas when the radi-
cal fluxes are specified as part of a parametric survey. In Sec.
IV, we discuss results for when the radical fluxes are ¢b-
tained from a companion model for the electron kinetics and
plasma chemistry of discharges sustained in silane.®

Before beginning the parametric survey, we present a
sample of a simulated surface of ¢-Si:H for typical plasma
deposition parameters shown in Fig. 1. The radical fluxes for
this case were obtained from the electron kinetics and plas-
ma chemistry model. The discharge conditions are a silane
pressure of 250 mTorr, substrate temperature of 500 K, and
power deposition of 100 mW cm 2. The total moncsilane
radical fiux incident on the substrate is 2.5 X 10" cm %5 !
in the ratio of SiH,/SiH,/S8iH/H =0.93/0.0064/
1.8 < 107 */0.06. The total ion flux incident on the surface is
1.3x10" cm™%s™ ! and at most ten surface sites may be
activated per incident ion. The frequencies for examination
of nearest and next nearest neighbors are v, = 3.9s ! and
= 8 X 1072 s ", respectively. The calculated deposition

Y
¥ nn

FIG. 1. Simulated surface of an e-Si:H film, being relatively smooth, depos-
ited from a pure silane discharge (250 mTorr, power == 100 mW cm -3,
The film (area 125X 125 A”) has an average thickness of 750 A with an rms
surface roughness of 20 A,
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rate from the model using these parametersis 4.5 A s . The
hydrogen fraction of the simulated film is fy = 12%, and
the ratic of hydride/dihydride bonds in the bulk material is
2.1, which does not include the hydrogen rich surface layers.
By summing the SiH, fiux incident onto the surface and
comparing the fluence to the amount of SiH, desorbing, we
obtain a sticking coeflicient for SiH; of ~0.12. The calculat-
ed surface roughness {(the rms deviation from the average
film height of 750 A) is approximately 20 A. All of these
parameters are in good agreeement with experimental re-
sults for device quality films grown by PECVD." The quali-
tative appearance of the surface agrees well with recent scan-
ning tunneling microscopy measurements of the surface of
plasma deposited @-Si:H films.'® Our predicted spin densi-
ties are fractionally large (a few times 10 7%, or =~ 5-6 X 10™®
cm ) for films which otherwise have good properties. De-
sirabie spin densities are typically S 10'® cm®.! We interpret
this discrepancy as there being thermal structural relaxation
of the Si network affer burial of the surface species which
reduces the spin density,' a process we do not include in the
model.

A. Surface roughness

The surface roughness of ¢-Si:H films is important with
respect to their use in thin-film devices and in multilayer
structures where the lattice period may be comparable to the
surface roughness.'® Works by Knights,?® Tsai er af.,2! Col-
lins and Cavese,”*** and Collins and Pawlowski®® have re-
sulted in a qualitative anderstanding of the origin and scal-
ing of surface roughness. In summary, plasma conditions
which have a predominance of silane radicals which have
high sticking coeflicients (SiH, ,n<2) generally result in
rougher films and poor sidewall coverage. The low surface
mobility for these radicals results in shadowing of precursor
or random surface features and magnify their roughness.
These conditions are found in low-pressure silane plasma
( < 100 mTorr) or diluted silane plasmas where the proba-
bility of radical scavanging reactions, exemplified by

SiH, + SiH, - Si,H¥, (14}

is low. Deposition under these conditions resembles physical
vapor deposition (PVD). It is generally believed that plasma
conditions which result in radical fluxes dominated by SiH,
resuit in smoother films and higher quality material, and
resemble chemical vapor deposition (CVD).

To investigate the effect of adsorbant mobility on the
roughness of a-Si:H films, we parameterized our mode!
while varying the fraction of SiH, in an impinging flux con-
sisting only of a mixture of SiH,/SiH,. Those results are
shown in Fig. 2. We find that the surface roughness is rela-
tively constant until the silyl fraction is less than 0.4, below
which surface roughness increases markedly. As the growth
rate is a function of SiH, fraction (see below) we performed
our calculations for both constant growth rate and constant
magnitude of the radical flux, and obtained similar rough-
nesses. The ion flux was kept constant throughout. These
resuits imply that surface adsorbant mobility is most influ-
ential in determining the surface roughness. However, only
modderate fractions of a highly mobile radical, such as SiH,,
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FIG. 2. rms surface roughness as a function of composition of the radical
flux {SiH;, SiH,). PVD-like deposition resulting from a large SiH, fraction
in the radical flux ( > 0.5) has a high surface roughness,

is sufficient to ill in and smooth the surface. The sticking
coeflicient for SiH, is approximately 0.25 for these condi-
tions. It appears, then, that the surface roughness generated
by SiH, sticking in a PVD-like manner can be mitigated by
having approzimately 2 0.1 (0.5 flux fraction X 0.285 stick-
ing coefficient} of the deposition resuit from the higher mo-
bility species, SiH,.

Surface roughness is a function of film height, as well as
deposition species. Collins and Cavese? found that for con-
ditions dominated by PVD-like deposition surface rough-
ness increased with increasing film height, whereas this de-
pendence on film height was not as strong for CVD-like
conditions. They found that roughness scales as 2% for 0.2
pm<h <2 pm. Drevillon'® has also found a correlation
between growth rate and surface roughness. In that work,
Drevillon viewed surface roughness as a porous overlayer on
top of homogeneous bulk material.

We simulated ¢-Si:H films with different heights for
CVD and PVD-like conditions by using incident radical
fluxes of SiH,/SiH, = 0.9/0.1 and 0.15/0.85, respectively.
Cur results are shown in Fig. 3. For PVD-like conditions
surface roughness scales almost linearly with thickness. For
CVD-like conditions surface roughness has only weak de-
pendence or: film thickness for thicknesses greater than 100
monolayers (about 250 A). The poor scaling of surface
roughness for PVD-like conditions (i.e., large ratios of
SiH,/8iH,) results primarily from the shadowing effect of
precursor or random roughness in the first few layers.
Roughness increases with increasing thickness as the shad-
owing effect becomes maore severe. This effect is likely exag-
gerated in our simulation by not including densification by
ion impact and interconnection with more than second near-
est neighbors {see below ) though the roughness must clearly
be greater than for the CVD-like conditions. For CVD-like
conditions, a guasiequilibrium is reached between shadow-
ing and the “8lling” effect of mabile surface species.

For CVD-like film growth, the deposition species with a
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FIG. 3. rms surface roughness as a function of film height for PVD-like
conditions (SiH,/SiH, = 0.15/0.85 in incident radical flux) and CVD-like
conditions (SiH,/SiH, = 0.9/0.1). The rms roughness for PVD-like condi-
tions increases with increasing film thickness due to shadowing effects.
CVD-like conditions guickly reach an equilibrium when mobile adsorbed
SiH, radicals on the surface fill in surface roughness at approximately its
rate of generation.

high surface mobility, SiH;, requires a finite residence time
on the surface to fill in roughness. This residence time must
be sufficient to allow the mobile radicals to diffuse a distance
approximately equal to the transverse dimension of the sur-
face roughness. One would then expect that the surface
roughness would increase with increasing deposition rate as
the average residence time of mobile species on the surface
decreases. In simulating films for CVD-like conditions,
though, we find only a weak dependence of surface rough-
niess on growth rate, as shown in Fig. 4.

B. Hydride/dihydride ratio

The ratio of buried hydride to dihydride configurations
in g-8i:H films is also an indication of film quality, with bet-
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F1G. 4. Film properties as a function of film deposition rate; rms surface
roughness and the ratio of buried hydride/dihvdride configurations. The
composition of the incident flux (8iH,/SiH, = 0.9/0.1) was kept constant
for all cases while the magnitude of the flux was varied. The average film
thickness for all cases was 750 A.
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ter films (e.g., higher conductivity) having large {SSSH)/
(SSHH) bond ratios.”® In our simulations, this ratic de-
creases with increasing growth rate as shown in Fig. 4.
Slower growth rates allow longer residence times of SSHH
configurations on the surface, and therefore there is more
opportunity for interconnection and hydrogen elimination
which increases the hydride/dihydride ratio. Many of the
dibiydride configurations are contained in voids which, in
our model, do not further interconnect (see below). There-
fore the dihydride density may be overestimated. Low
growth rates then appear to produce better material based on
both roughness and hydride/dihydride ratio criteria.

C. Hydrogen fraction and porosity

Before discussing the relationship between hydrogen
fraction and porosity, we are careful here to differentiate
between surface roughness and voids. The former is an rms
deviation of the surface height. The latter is the fraction of
unoccupied lattice sites below the surface and is thus a mea-
sure of film porosity. We have therefore defined the term
porcsity to mean a true volumetric defect density. In the
literature, the term porosity is often used to describe a defect
density based on mean film thickness which includes surface
roughness. For example, the (volumetric) void fraction of a
typical film is 10%-20%. A defect density based on mean
film thickness, defined as

R, = (average roughness)/(mean film height), (15)

would add an additional defect density level of about 5% for
a film having a roughness of 20 A and height of 400 A.

The atomic fraction of hydrogen in a-Si:H films, f; , is of
interest with respect to its effect on electronic properties,
such as the optical band gap and photoconductivity. It is
generally observed that f; increases with increasing depo-
sition rate.'**”?® This dependence has been attribuied to a
“burial effect” where the shorter residence times of =Si—H
configurations on the surface resulting from increasing
growth rates reduce the probability for cross-linking and hy-
drogen elimination. We found a similar dependence of hy-
drogen fraction on growth rate, as shown in Fig. 5; thatis fy;
increases with increasing growth rate. When we do not allow
void creation, the same general dependence of /}; on growth
rate is obtained, however the value of fy; is lower at slow
growth rates. The increase in fy; at low growth rates corre-
lates directly with an increase in the porosity of the film with
decreasing growth rate, also shown in Fig. 5. This correla-
tion between voids and hydrogen fraction has been made
experimentaily for both ¢-Si:H films,'?* and ¢-Ge:H
films.’® We find that large amounts of hydrogen are being
trapped in voids as a result of the sidewalls being passivated
by H atoms.

The increase in void fraction we predict at low depo-
sition rates is typically not observed. Void fractions are ei-
ther constant with growth rate or tend to increase with in-
creasing growth rates under some conditions.”
Mathematically, our result is a consequence of the fact that
interconnection with next nearest neighbors occurs at a fixed
rate, so slower growth implies more void formation. These
conditions imply that ion impact densification and heating
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The increase in hydrogen content at low growth rate for simulations where
voids are created results from hydrogen being trapped in subsurface voids.
The effect may be magnified by the model, which does not allow hydrogen
evolution from voids after burial.

of the film, both of which will evolve hydrogen and close
voids affer burial, must be important.

The average void sizes obtained in our simulations are
approximately 20-40 A>. We find that the atomic hydrogen
content increases, and the ratio of hydride to dihydride con-
figurations decreases, as the average void size increases. (See
Fig. 6.} This correlation suggests that dihydride configura-
tions are more likely to be found in voids, and by implication
hydride configurations are more uniformly distributed.
These predictions agree with the results of Reimer,
Vaughan, and Knights'* who, using NMR methods, were
able to differentiate between isolated monohydride and
greuped dihydride configurations in a-Si:H, Since filmms that
kave high monohydride fractions typically have better elec-
trical properties, films having smali void sizes shouid simi-
Iarly have better properties.

The average void sizes in Fig. 6 are small, <40 A3 and
have equivalent spherical diameters of 3.5-4.0 A. The distri-
bution of veids is compact, with the relative density falling to
< 107* for voids having volumes of greater than a few
hundred A® (see Fig. 7). Beyond this size, the distribution
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FIG. 6. Hydrogen content and hydride/dihydride ratio of a-Si:H as a func-
tion of average void size.
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has a long tail which extends to larger volumes. There are
infrequent occurrences of voids baving volumes greater than
many thousand A%, These farge voids tend tc be long fis-
sures, more often vertical than horizontal. For comparison,
though, their equivaient spherical diameters are <20-25 A.

Void fractions, or porosity, tend to be constant for films
> 750-A thick and for deposition conditions for which SiH,
is the predominant deposition radical, as shown in Fig. 8.
For the cases shown, the void fraction of PVD-like deposi-
tions is less than that for CVD-like conditions when only
subsurface porosity is considered. The porosity of the PVD-
like material may be artificially low since the model limits
void formation to those created by cross-linking with next
nearest neighbors, which as described above, is not able to
bridge over large roughness and create large voids. Cross-
linking or bridging gaps across more than one lattice point is
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FIG. 8. Density defect as 2 function of film thickness. The simulated depo-
sition conditions are the same as for Fig. 3. The solid lines denote bulk po-
rosity. The predicted values for PVD-like conditions may be artificially low
due to the assumption in the model that cross-tinking can take place with at
most next nearest neighbors. When the effect of surface roughness (R,
dashed lines) isincluded, PV D films have a larger density defect than CVD-
like films.
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required for PVD-like deposition have a higher porosity
than CVD-like conditions. When including the apparent
density defect due to surface roughness, as given by R, in
Eg. 15, the defect density of the PVD-like films exceeds that
of PVD»-like films as shown in Fig. 8. The majority of density
defect for thin PVD-like films { < 2000 A ) can be attributed
to surface roughness,

D. Hvdrogen rich surface layers

The growth mechanism for a-Si:H films suggested by
Gallagher implies that both lateral and vertical surfaces of
the film are saturated by ==Si—H configurations.® This
mechanism then requires that there be a hydrogen rich layer
at the surface whose local depth is indicative of the depth of
active growth, and whose average depth is approximately
the surface roughness. Measurements of hydrogen evolution
by post deposition sputtering of 2-Si:H films have shown this
layer to be 5 layers thick at room temperature, and a mono-
layer > 500 K.*' Simulations of film growth by Gleason er
al. indicated that the active layer is 1.0-2.5 atoms deep'” not
including surface roughness. To account for the effect of this
active layer on fy, Gleason gives the expression
Jfu =N, f, N, J., where the subscripts denote bulk material
b or surface layer material s, &V is the fraction of atoms in a
particular region, and f; is the hydrogen fraction in region /.
From our simulations we find that £, is 0.5-2.0 depending on
conditions. The local thickness of the hydrogen rich active
region in cur model is < 4-5 layers as our computed hydro-
gen fractions are insensitive (o the depth of our near layer for
values 2 5.

Extending this logic, the hydrogen content of the film
should also scale proportionally to Ak /h, where Ak is the
surface roughness, since more roughness provides more ex-
posed surfaces which are passivated by H atoms. Since the
ratio Ak /h decreases with increasing film thickness, one
would expect that the hydrogen content of thin films to be
higher than that of thick films. Simulated hydrogen content
as & function of film thickness is shown in Fig. 9. In very thin
films (less than a few hundred A’s) fy approaches 50%
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FIG. 9. Atomic hydrogen fraction, fy; as a function of film height for the
same deposition conditions as used in Fig. 3. Thin films have higher fy; since
a larger fraction of their atoms are contained in the hydrogen rich near sur-
face layer.
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since the exposed surface areas contain a significant fraction
of all atoms in the lattice. For moderately rough films, we
have found that up to 30% (roughness 40 A, height 750 A)
of the total atomic hydrogen present in the films may be in
the near layer region and within ~25 A of the average sur-
face. PVD-like conditions result in a higher hydrogen frac-
tion due to their higher growth rate and larger surface
roughness.

V. 2-8i:H FILMS FROM Ar/SiH, PLASMAS

It has generally been observed that the properties of a-
Si:H films degrade upon dilution of the input silane gas with
argon. The films become rougher,”” begin growing with a
columnar structure,* and the fraction of hydrogen found in
voids or polyhydride configurations increases.’® Concur-
rently, deposition rate and hydrogen fraction increase.”” To
simulate ¢-Si:H films using realistic deposition parameters,
we computed radical fluxes using the plasma chemistry
model described in Ref. 6 for a parallel plate f PECVD
reactor. The deposition conditions were 250 mTorr gas pres-
sure and a substrate temperature of S00 K with an Ar/SiH,
gas mixture. The power deposition was varied about 50
mW cm ™ in order to give the same flux of silane radicals
onto the surface.

Computed flux characteristics are shown in Fig. 10(a)
as a function of silane fraction in argon. As the mixture is
diluted with argon, the ratio of SiH,/SiH, in the incident
flux decreases, and the ratio of the total ion flux to silane
radical flux increases. The SiH,/SiH, ratio decreases with
argon dilution due to the lower net rates of radical scaveng-
ing reactions such as that in Eq. (14) and

H + SiH, - SiH, + H,, (16)
both of which combine 1o increase the SiH,/SiH, ratio. The
ion to silane radical ratio increases due to there being a larger
fraction of power coupled into argon which produces domin-
antly ions.

Simulated film properties for PECVD of 4-Si:H in Ar/
SiH, mixtures with a constant magnitude for the radical flux
are shown in Fig. 10(b). We find that the bulk hydride/
dihydride ratio decreases, deposition rate increases, and hy-
drogen fraction increases when pure silane is diluted with
argon, in agreement with experiments.'* The as-buried spin
density alsc increases with argon dilution, in spite of in-
creased hydrogenation of the film. This effect is likely a re-
sult of the higher rate of arrival of Sitl, and higher growth
rate which reduces the time for interconnection on the sur-
face. Film roughness remains fairly constant for these condi-
tions at ~20 A. This systematic agreement with experi-
ment'* was obtained by limiting the role of ions to sputtering
loosely adhered SiH,, groups, and having the net rate of pas-
sivation of the surface be a constant. These results imply that
the net rate of passtvation by gas phase species is dominated
by SiH, but rate limited by an activation energy barrier for
the reverse process which produces dangling bonds. One
should, therefore, find a more sensitive dependency of passi-
vation on substrate temperature than silane partial pressure.
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FIG. 10. {a) Computed parameters for the radical flux in SiH,/Ar plasmas
as obtained from the model described in Ref. 6. (b) Deposition rate, hydro-
gen fraction, as-buried spin density, and hydride/dihydride ratio for simu-
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V. CONCLUDING REMARKS

A model for the growth of ¢-Si:H thin films from silane
plasmas has been presented. From the results of the model,
we find that the physical properties of the film depend on
both the relative fraction of the radicals in the incident flux
and on the rate at which the radicals impinge on the surface.
The roughness of the a-Si:H films depends most critically on
the sticking coefficients of the impinging radicals, and secon-
darily on the deposition rate. We find that SiH; fractions of
> 50% in the incident flux and deposition rates of < 3-4 A/s
produce smooth films (roughness <20 A). We also find a
correlation between subsurface voids, hydrogen content,
and high dihydride densities implying that hydrogen is
trapped in voids when their passivated sidewalls are covered
over. Subsurface evoliution of the hydrogen trapped in these
voids must likely take place in order to reduce the hydrogen
fraction and void density of siowly growing fiims. In com-
paring our results to experiment, we find that passivation of
dangling bonds on the surface is likely dominated by SiH,,
and not radical species. The observation that high quality

M. J. McCaughey and M. J. Kushner 194




filns are obtained in moderate pressure pure silane plasmas
baving low dissociation fraction is therefore partly explained
by the following criteria. The silane pressure must be sufli-
ciently high that insertion and abstraction reactions of radi-
cals with the feedstock maintain a high ratio of SiH,/SiH, in
the radical fiux. Low dissociation fractions are required to
insure that passivation of the surface by SiH, is complete.
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