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Abstract−Two sets of μc-Si : H films as a function of pressure were fabricated by very-high-frequency plasma en-
hanced chemical vapor deposition (VHF-PECVD). Deposition rate, Raman crystallinity, and photo/dark conductivity
were investigated under both low and high power conditions. A plasma fluid model and a surface hydride-dependent
precursor diffusion model were constructed to understand the evolution of microcrystalline silicon under low and high
power conditions. Silyl, hydrogen, ion flux, silyl surface diffusion length are believed to have much influence on film
growth rate, crystallinity and photo electronic properties. But the interesting point is that under a certain condition one
or more of these parameters dominate μc-Si : H growth, while other parameters have weak influence. Short-life radicals
are found to be the possible major factor on the deterioration of photo sensitivity of μc-Si : H films.
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INTRODUCTION

Twenty years ago, the researchers in Jülich institute first intro-
duced VHF power (>13.56 MHz) to deposit silicon films, and about
10 years later, they introduced μc-Si : H as the absorb layer (i-layer)
of p-i-n solar cells. Ever since then, VHF-PECVD has been widely
used to fabricate μc-Si : H materials and solar cells, combined with
high power/high pressure method [1-4].

However, despite the widespread use of VHF-PECVD processes
and the fact that deposition of silicon from silane is one of the best
studied VHF-PECVD systems, the details of the chemistry occur-
ring during deposition are not yet well understood.

In recent years, a number of silane plasma models have been pub-
lished [5,6]. Tachibana et al. developed a plasma model where all
the particle balance equations are solved interactively assuming steady
state [7]. While for the electron kinetics, some assume constant elec-
tron reaction rate coefficients, others use a Maxwellian or a Druyvest-
eyn-like electron energy distribution function to calculate the elec-
tron reaction rate coefficients. Here, we use a one-dimensional fluid
model composed of the Boltzmann equation coupled with the Pois-
son equation to calculate the electron energy distribution function
and particle densities [8,9].

Not only radical formations in the silane plasma but also radical
diffusion and abstraction of hydrogen on the film surface have much
influence on film growth and crystallization. Thus, we also construct
a surface hydride-dependent precursor diffusion model to include
the influence of dominant precursor’s physisorption, diffusion and
reaction, as well as direct chemisorption and insertion Si-Si bond
as a function of silyl flux [10].

EXPERIMENTAL

Two sets of microcrystalline silicon thin films were prepared under
various deposition pressures at two fixed values of power density.
With the power density at 0.44 W/cm2, silane concentration was
kept at 3%, while at 1.1 W/cm2, silane concentration was kept at
4%, and other parameters were kept as substrate temperature=220 oC,
gas flow=150 sccm and electrode distance=1.5 cm.

Raman crystallinity was characterized by Raman spectroscopy,
and dark and photo conductivities were measured by a Keithley
6517 electrometer. Film thickness was measured by spectroscopic
ellipsometry.

RESULTS AND DISCUSSION

1. Experimental Results
VHF power combined with high pressure and high power is ben-

Fig. 1. Deposition rate and Raman crystallinity as a function of
pressure with power density fixed at 0.44 W/cm2 and 1.1
W/cm2.
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eficial to film growth, and this is mainly ascribed to the low energy
and high density of electrons and high atom hydrogen density in
the plasma under this condition. In order to study the influence of
power density, Fig. 1 gives two sets of data related to two of the
most important properties of microcrystalline silicon films at two
power densities. The deposition rate increases with increased pres-
sure, except for the lower silane concentration series with pressures
more than 350 Pa. Raman crystallinity behaves in a more compli-
cated fashion as a function of pressure with its increasing first and
decreasing finally at high power density in contrast to its monoton-
ically decreasing at low power density. Some researchers believed
that at low power density atom hydrogen density decreases mono-
tonically with pressure increased by measuring the emission inten-
sities of Hα

* and Hβ
* from OES (optical emission spectroscopy) [11].

But our results in Fig. 3(a) show that although atom hydrogen den-
sity does not decrease, it increases more slowly than SiH3 and thus
its etching effect is prominently reduced.

While at high power density the atom hydrogen density increases
greatly compared with the increase of SiH3 intensity, so under the
dominance of enhanced hydrogen etching, Raman crystallinity in-
creases when pressure is increased. However, the increasing of atom
hydrogen density begins to slow down, and growth rate reaches a
high value when pressure is further increased, which leads to the
reducing of hydrogen etching and silyl surface diffusion length and
in turn contributes to the decreasing of Raman crystallinity.

Fig. 2 gives dark and photo conductivity as a function of pres-
sure. As crystallinity increases, both dark and photo conductivity
increase, which generally goes well with the fact that when crystal
phase increases, both dark and photo conductivity increase. But photo
sensitivity does not follow the way in which crystallinity changes.
This is probably due to an abrupt enhancement of the density of
defects at pressures more than 300 Pa.
2. One-dimensional Fluid Model

In order to understand the experimental phenomena described
above, we must first introduce some basic assumptions: 1. Growth
rate is determined by silyl flux toward the film surface and its reac-
tion on the surface, which can be calculated via the two models we
proposed. 2. Crystallinity is closely related to atom hydrogen, higher
silane polymers, ion energy and density, and silyl diffusion length

on the film surface.
Self-consistent fluid models have been used to simulate silane

plasma [12-15], and the model presented in this article is a self-con-
sistent fluid model. Due to the discharge processes, silane is con-
sumed and hydrogen is dissociated, the composition of the back-
ground gas is different form the feedstock gas and is chiefly made
of neutrals, ions, and electrons. In fluid models the discharge is de-
scribed by a combination of balances for the particle, momentum,
and energy densities of the ions, electrons, and .neutrals. The elec-
tric field is solved self-consistently by using the Poisson equation.
The collision rates, the electron transport coefficients, and the aver-
age electron energy are obtained by solving the Boltzmann equa-
tion for the EEDF.

The species considered in the model for silane are listed as below:
The main neutrals are H2, SiH4, and Si3H8. The main radicals are
SiH3, H, Si2H5 and SiH2. The main ions are Si2H5

+, SiH4
+, SiH3

+. A
typical PECVD reactor is not completely filled with the discharge;
thus transport of neutrals from the discharge volume to the dis-
charge-free volume and vice versa will occur [16].

In Table 1, the 11 electron-neutral reactions taken into account
in the model are presented. These electron-neutral reactions can be
divided in three categories: vibrational excitation, dissociation, and
ionization reactions. The electron-radical reactions are also consid-
ered because it is found that these radical species are abundant at
high densities in the discharge In total, seven neutral-neutral reac-

Fig. 2. Dark/photo conductivity and photo sensitivity as a function
of pressure.

Table 3. Ion-ion reaction incorporated in this model

Ion-ion reaction Reaction rate (cm−3s−1) Ref.
SiH3

−+SiH2
+→SiH3+SiH2 1.2×10−7 [24]

SiH3
−+Si2H4

+→SiH3+2SiH2 1.0×10−10 [24]
SiH3

−+H2
+→SiH3+H2 0.8×10−10 [24]

Table 1. Electron impact collisions taken into account in the model

Reaction Chemical reaction Ref.
Vibr. exc. 1-3 SiH4+e−→SiH4

(1-3)+e−→SiH4+e− [17]
Vibr. exc. 2-4 SiH4+e−→SiH4

(2-4)+e−SiH4+e− [17]
Ionization SiH4+e−→SiH2+2H+e− [18]
Ionization SiH4+e−→SiH2

++2H+2e− [19]
Dissociation SiH4+e−→SiH3+H+e− [18]
Dissociation SiH4+e−→SiH3

−+H [20]
Dissociation Si2H6+e−→Si2H4

++2H+e− [19]
Dissociation Si2H6+e−→SiH3++SiH2+H+e− [18]
Ionization H2+e−→H2

++2e− [21]
Dissociation H2+e−→H+H+e− [22]

Table 2. Neutral-neutral reaction incorporated in this model

Chemical reaction Reaction rate (cm−3s−1) Ref.
H+SiH4→SiH3+H2 2.8×10−11exp(−1250/Tgas) [23]
H+Si2H6→Si2H5+H2 1.6×10−10exp(−1250/Tgas) [23]
H+Si2H6→SiH3+SiH4 0.8×10−10exp(−1250/Tgas) [23]
H2+SiH2→SiH4 3.0×10−12(1− (1+2.3×10−4p0)) [23]
SiH4+SiH2→Si2H6 2.0×10−10(1− (1+0.0032p0)−1) [23]
SiH3+SiH3→SiH4+SiH2 1.5×10−10 [23]
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tions (Table 2) and three ion-ion reactions (Table 3) are included in
the model.

A one-dimensional model for silane VHF plasma consisting of
neutrals, radicals, ions, and electrons is presented. The equations
solved are the particle balances, assuming a drift-diffusion approxi-
mation for the fluxes, and the electron energy balance equation. The
self-consistent electric field is obtained from the simultaneous solu-
tion of Poisson’s equation. The electron-neutral collision rates are
expressed as a function of the average electron energy.

(1)

(2)

(3)

(4)

(5)

V(z=L, t)=VVHFsin(2πνVHFt) (6)

(7)

(8)

Eq. (1) describes particle balances in this model, where nj is the den-
sity and Γj is the flux of particle j. The source term Sreac, j represents

the creation or destruction of corresponding particles j by electron
impact collisions with neutrals or by chemical reactions; the flow
source term Sflow, j and the pump source term Spump, j are introduced
to model the inlet of the feedstock gases and the pumping in the
deposition reactor, respectively.

(9)

where τ is the average residence time of all neutrals.

(10)

Where the mixing source term Smix, j is introduced to correct the ex-
clusion of radical transport. Vreactor is the total volume of the plasma
reactor and Vdisch. is the volume of the discharge.

Eq. (2) describes the drift-diffusion approximation. where μ j and
Dj are the mobility and diffusion transport coefficients, respectively.

Eq. (3) describes the electric field E and potential V.
Eq. (4) describes the electron energy balances. In which qw is the

electron energy density flux and is given by Eq. (5).
Eqs. (6) and (7) give the boundary conditions. EEDF in Eq. (8)

is denoted as f(r, v, t) that specifies the number of electrons at position
r, with velocity v at time t. For further description, see Ref. [9].

By solving these equations, we obtain the simulation results pres-
ented below:

Fig. 3 gives the densities of various particles in the plasma calcu-
lated based on a one-dimensional fluid model. From Fig. 3(a) and
(b), we can see the two most potential candidates to contribute to
film growth are SiH3 and Si2H5. Since Si2H5 is one order low than
SiH3, and its flux density to the film surface is even lower than SiH3

flux, the growth rate is mainly determined by the density of SiH3
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Fig. 3. Densities of neutrals, radicals and ions calculated based on the one-dimensional fluid model at power density of (a) 0.44 W/cm2

(b) 1.1 W/cm2.
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in the plasma. As we have assumed that radical and ion densities
in the plasma might not be the deciding factor, we further give the
different flux densities as a function of pressure under low and high
power conditions.

Comparing Fig. 4 with Fig. 3, we can see a major difference in
that the atom hydrogen flux is much larger than SiH3 flux, although
it’s not the case when evaluating density in the plasma. That is why
we consider fluxes to the surface rather than densities in the plasma.
For both power densities, SiH3 flux increases with pressure, which
explains growth rate with pressure enhanced in Fig. 1. For both pow-
er densities, atom hydrogen flux increases prominently when pres-
sure is increased from under 100 Pa; one difference is noted that
the flux increasing tendency begins to slow down after 400 Pa for
the lower power density, 600 Pa for the higher power density. Posi-

tive ion densities increase rapidly with pressure increasing. Another
major difference is for the higher power density, the fluxes of Si2H5,
SiH2 climb up almost in proportion to pressure.
3. Surface Hydride-dependent Precursor Diffusion Model

Not only electron silane collisions and vapor phase reactions of
radicals, neutrals, and ions in the plasma determine silicon film growth,
but also radical reactions on the film surface are very important for
film growth rate and crystallinity. According to the surface diffu-
sion model, the diffusion length of radicals on the surface deter-
mines film crystallinity and other properties [25-28]. Those short
life-time radicals, like SiH2, Si2H5, are too reactive to have substan-
tial time to diffuse on the surface; their incorporation leads to an
undesirable anisotropic columnar growth. Here we consider another
often neglected factor, the diffusion length of SiH3. We obtained its

Fig. 4. Flux of neutrals, radicals and ions calculated based on the one-dimensional fluid model at power density of (a) 0.44 W/cm2 (b)
1.1 W/cm2.

Table 4. List of reactions of SiH3 and H used in this model

No Reaction Description Rate
A ≡Si-+SiH3(g)→≡Si-SiH3 Addition of SiH3 to db S0·ϕSi ·θ0

B ≡(SiHx)+SiH3(g)→≡(SiHx)SiH3 Physisorption of SiH3 S1·ϕSi ·θx

C ≡(SiHx)SiH3+SiH3(g)→≡(SiHx)+Si2H6 Abstraction of physisorbed SiH3 by SiH3 S2·ϕSi ·θ4

D ≡(SiHx)SiH3+H(g)→≡(SiHx)+SiH4 Abstraction of physisorbed SiH3 by H S2'·ϕH ·θ4

E ≡(SiHx)+SiH3(g)→≡(SiHx−1)+SiH4(g) Abstraction of H by SiH3 Va1·ϕSi·θx

F ≡(SiHx)SiH3→≡(SiHx)+SiH3(g) Desorption of physisorbed SiH3 Vd1·θ4

G ≡(SiHx)SiH3→≡(SiHx−1)+SiH4(g) Abstraction of H by physisorbed SiH3 Va3·θ4·θx

H ≡(SiHx)SiH3+≡Si-→≡Si-Hx+≡SiSiH Chemisorption of physisorbed SiH3 Vhx·θ4·θ0

I ≡(SiHx)SiH3+≡SiHy→≡SiHx+≡(SiHy)SiH3 Hopping of physisorbed SiH3 on hydrides Vhx·θ4·θ1

J 2≡(SiHx)SiH3→2≡SiHx+Si2H6(g) Desorption of two physisorbed SiH3 Vd2·θ4·θ4

K ≡(SiHx)+≡(SiHy)→≡(SiHx−1)-(SiHy−1)+H2(g) Formation of Si-Si bond by recombination of 2 hydrides Vpxy·θx·θy

L ≡Si-Si≡+SiH3(g)→≡SiSiH3+≡Si- SiH3 insertion into Si-Si Vi1·ϕSi·f·θ5

M HxSi-Si≡+H(g)→Hx+1Si+≡Si- H insertion into Si-Si V'i1·ϕH ·f·θ5

N ≡Si-Si≡+H3Si(SiHx)≡→2≡SiSiHx+≡Si- Insertion of physisorbed SiH3 into Si-Si Vi3·θ4·f·θ5

O ≡(SiHx)+≡(SiHy)→2≡(SiHy)+H2(g) Recombination of 2 hydrides forming dangling bonds Vr1·θx·θy
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variant diffusion length on the surface based on the quantitative ki-
netic model [10]. This model involves a set of valence, site, reaction
balance equations; we added hydrogen flux into the model while
the original model only contains SiH3 flux. Under high growth rate,
physisorbed SiH3 diffusion dominates film growth according to the
experiments monitoring the surface topology evolution using atomic
force microscopy [29]. Gallagher et al. [30], Perrin et al. [31], Gan-
guly et al. [32], Matsda et al. [26], have proposed growth models
based on dominant surface diffusion of physisorbed precursors. The
surface diffusion growth models involve physisorption of the growth
precursors, which may then diffuse around on the surface and get
chemisorbed upon reaching a dangling bond site on the surface or
may abstract hydrogen atoms before reaching dangling bonds creat-
ing new dangling bonds onto which other precursor radicals may
chemisorb. Since these models only consist of a few reaction mech-
anisms, they present rather simple pictures of the formation of silicon
films. In the following model, altogether 15 reactions (See Table 4)
are proposed as dominant growth pathways.

These reactions may be divided into two categories. One occurs
directly between the incident radicals and surface bonds/sites (through
Eley-Rideal mechanism, E-R); the other occurs between different
species on the surface (through Langmuir-Hinshelwood mechanism).
The first kind of reaction is quantified as the product of 1) a reaction
probability; 2) the radical flux of SiH3 or H ϕSi/ϕH; and 3) the frac-
tion surface coverage of the species, θx (x=0, 1, 2, 3, 4, 5). The sec-
ond kind of reaction is quantified as the product of 1) the reaction
rate constant, Vn; and 2) the product of the fractional surface cover-
age of the relevant species θx and θy (x, y=0, 1, 2, 3, 4, 5). In Table
4, these reactions are specified as follows: The incident radicals
directly react with surface bonds/sites (Reactions A-D). Silyl radi-
cals may chemisorb on the dangling bonds (Reaction A). S0 is taken
as 0.25 corresponding to the approximate fraction surface area of a
dangling bond on a SiH3 radical; Silyl radicals may also physisorb
on the surface (Reaction B). S1 is also set to 0.25, neglecting the
detailed bond configuration of physisorbed SiH3 on the surface. Silyl
radicals may impinge on the physisorbed SiH3 and abstract them
(Reaction C). S2 is set to 0.25×0.4=0.1, because the dangling bond of
an incident silyl must point to and attack from the sides of a phys-
isorbed SiH3; whereas the incident H may also impinge on the phys-
isorbed SiH3 and abstract it. We assume that this reaction has no

kinetic barrier, and S2' is set to 0.4, since H must also attack from
the sides of a physisorbed SiH3. Silyl radical may also directly ab-
stract a surface H, thus creating a dangling bond on the surface. The
reaction probability Va1 is also set to 0.25. Once the silyl radical be-
comes physisorbed on the surface, there are several possible sur-
face reactions that may occur. It can simply desorb from the surface
(Reaction F), or abstract a neighboring hydride (Reaction G). It can
also hop onto a dangling bond (Reaction H), or from one hydride
to another (Reaction I). Two neighboring physisorbed radicals may
recombine and desorb (Reaction J). Two neighboring hydrides may
recombine to form surface Si-Si bonds (Reaction K). These recom-
bination reactions may occur between tri-hydride and tri-hydride
(Ep33), tri-hydride and di-hydride (Ep33), tri-hydride and mono-hydride
(Ep31), di-hydride and di-hydride (Ep22), di-hydride and mono-hydride
(Ep21), mono-hydride and mono-hydride (Ep11). During film growth,
there is a distribution of weak and strong Si-SI bonds that are dif-
ferent in bond length and angles. The impinging and diffusing radi-
cals may insert into the weak Si-Si bonds (Reactions K-N), but a
constant fraction is assumed (f=0.1). Reaction O denotes the recom-
bination of two hydrides to form two dangling bonds if the two Si
atoms onto which they bind are too far from each other. ϕSi and ϕH

are the SiH3 and H flux. A list of reaction rate parameters used in
the model is presented in the Table 5.

Assume that there are N Si atoms on the surface with 4N bonds.
The 4 N bonds are made of N0 dangling bonds, Nh Si-H bonds, Ns

surface Si-Si bonds and Nb bulk Si-Si bonds. And suppose one dan-
gling bond or one physisorbed SiH3 dominates the energetics and
kinetics of that surface Si atom. The valence balance is written as:

0.75θ0+θh+2θ5+0.75θ4=0.75 (11)

Where θ0 (N0/N) and θ4 (N4/N) are the fractional site coverage for
dangling bonds and physisorbed radicals, respectively; θh (Nh/4 N)
and θ5 (N5/4 N) are surface Si-Si and Si-H bond fraction respec-
tively.

θ0+θ1+θ2+θ3+θ4=1 (12)

Where θ1, θ2, θ3 are the mono-, di- and tri-hydride fractional site
densities, added by θ0, θ4 equals unity. The relation of θ1, θ2, θ3 and
θh is given by Eq. (12)

Table 5. List of reaction rate parameters in the model. Note that Vn=Anexp(−En/KBT), kB is Boltzmann’s constant, and h is Planck’s con-
stant. En is obtained from Refs. [10, 33-37]

Reaction Parameter values Reaction Parameter values
A S0 0.25 J Ad2 kBT/h Ed2 0.7 eV
B S1 0.25 K11 Ap11 10−10kBT/h Ep11 0.6 eV
C S2 0.10 K12 Ap12 10−10kBT/h Ep12 0.45 eV
D S2' 0.25 K13 Ap13 10−10kBT/h Ep13 0.35 eV
E Aa1 0.25 Ea1 0.4 eV K22 Ap22 10−10kBT/h Ep22 0.3 eV
F Ad1 kBT/h Ed1 0.7 eV K23 Ap23 10−10kBT/h Ep23 0.25 eV
G Aa3 0.1kBT/h Ea3 0.4 eV K33 Ap33 10−10kBT/h Ep33 0.2 eV
H Ah kBT/h Eh 0.3 eV L Ai1 0.25 Ei1 0.5 eV
I1 Ah1 kBT/h Eh1 0.2 eV M A'i1 1 E'i1 0.5 eV
I2 Ah2 kBT/h Eh2 0.3 eV N Ai3 kBT/h Ei3 0.7 eV
I3 Ah3 kBT/h Eh3 0.3 eV O Ar1 kBT/h Er1 1.9 eV
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0.25θ1+0.5θ2+0.75θ3=θh (13)

Va1ϕSiθHT+Va3θ4θHT+(Vi1ϕSi+Vi3θ4)fθ5+2Vr1θHTθHT−S0ϕSiθ0

Va1ϕSiθHT+−Vhθ4θ0+V'i1ϕHfθ5−S'2ϕHθ4=0 (14)

S1ϕSiθHT−S2ϕSiθ4−Va3θ4θHT−Vd1θ4−2Vd2θ4θ4−Vi3θ4fθ5

S1ϕSiθHT−Vheffθ0θ4+V'i1ϕHfθ3θ5=0 (15)

(16)

(17)

Eqs. (14)-(17) give the balances for dangling bonds, physisorbed
radicals, mono-hydride and di-hydride. By numerical computation
we obtain the growth rate RG and diffusion length LD on the surface
as defined in Ref. [10].

RG=a·(S0ϕSiθ0+Vi1ϕSifθ5+Vhθ0θ4+V13θ4fθ5) (18)

(19)

Where a is the Si-Si bond length (~2.4 Å) and d is the average dis-
tance per hop, and is set to 0.37 nm.

By taking silyl and hydrogen flux that was calculated in the pre-
vious plasma model into consideration, we’ve obtained growth rate
increasing with pressure, which generally goes well with the experi-
mental results (See Fig. 5(a)). When silyl flux is increased, its dif-
fusion length decreases fast, which is detrimental to crystallization.
From Fig. 5(b), we see SiH3 diffusion length decreases rapidly with
silane flux flowing to the surface. Since dangling bonds remain al-
most unchanged and only make up a small fraction compared with
hydrides coverage, the cause of diffusion length decrease is not be-
cause of dangling bonds which may bind with SiH3, and thus reduce

diffusion length. With the increasing of SiH3 flux flowing to the sur-
face, tri-hydrides coverage of the surface increases greatly and that
is the main cause of a deterioration of diffusion length. This may
be an important reason for film crystallinity deterioration under high
growth rate deposition.

Now we will apply our assumption to explain microcrystalline
silicon growth. As we can see from Figs. 1, 2 and 4(a), our simula-
tion results show growth rate is mainly determined by silyl (SiH3)
flux and hydrogen flux reaching the surface, not by their densities
in the plasma. Both from Figs. 4(a) and (b), we see the fluxes of
short life radicals and ions are more than one order lower than that
of SiH3. Only under high pressure the fluxes of ions are close to
that of SiH3 and the ions contribution to film growth cannot be ne-
glected [38,39]. We claimed the flux of silyl and atom hydrogen is
directly related with the growth rate of the silicon films. Since the
densities of silyl and atom hydrogen are different compared with
their fluxes, we believe the fluxes reaching the film surface are more
important than their densities in the plasma. Both the fluxes of silyl
and atom hydrogen determine the film growth, for at different ratio
of silyl flux to hydrogen flux, growth rate varies greatly. This is be-
cause of the etching effect of atom hydrogen or its reaction with
weak Si-Si bonds and physisorbed SiH3 in our model. But notably,
the changing tendency of SiH3 density is similar to growth rate, of
which is believed that the increasing of the densities in the plasma
is the reason for the increase of film growth rate. The major dif-
ficulty of that belief occurs when applying it to explain the chang-
ing tendency of film crystallinity, that is the density of atom hydro-
gen is rather low and it does not follow the way in which crystallinity
changes. For both power densities, from a low pressure atomic hy-
drogen increases abruptly both its density and flux; then positive
ion densities and their corresponding energies show a great enhance-
ment, which eliminates the hydrogen etching effect and becomes
to be a dominant factor for crystallization. Finally, when growth
rate is high enough, the growing film surface is covered by Si-3H
instead of Si-H at low growth rate; silyl diffusion length is very low,
film crystallization is finally dominated by the low silyl surface dif-
fusion length so that a microcrystalline film is impossible to be ob-
tained under very high growth rate. 
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θ1

θHT
------- + Vp23θ2θ3

+ 2Vp22θ2θ2 − Vp13θ1θ3 − Vp13θ1θ3 − 2Vp11θ1θ1

− Vr1θ1θHT + Vhθ0θ4
θ1

θHT
------- + V'

i1ϕHfθ1θ5=0

S2ϕSiθ4
θ2

θHT
------- − S1ϕSiθ2  − Va1ϕSiθ2  − Va1ϕSiθ2  + Vd1θ4

θ2

θHT
------- + 2Vp33θ3θ3

+ 2Vp22θ2θ2 + Vp13θ1θ3 − Vp12θ1θ2 − Vr1θ3θHT

+ Vhθ0θ4
θ2

θHT
------- + V'

i1ϕHfθ2θ5=0

LD = d Vh1θ1+ Vh2θ2  + Vh3θ3( )θ1

Va3θHT + Vd + Vhθ0 + Vd2θ4  + V13fθ5  + S2ϕSi
-------------------------------------------------------------------------------------------------

Fig. 5. (a) Growth rate as a function of silyl flux for power density at 1.1 W/cm2, (b) Silyl diffusion length as a function of silane flux to film
surface calculated based on quantitative kinetic surface reaction model.
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In Fig. 2, photo sensitivity decreases although crystallinity in-
creases. In Fig. 4(b), Si2H5 and SiH2 densities undergo a continuous
fast growth with pressure increased compared with Fig. 4(a). We
think these short life-time radicals incorporated in the film give rise
to an enhancement of defects, probably in the grain boundaries.

CONCLUSION

We have investigated microcrystalline silicon thin films depos-
ited under a low power and a high power condition experimentally.
To better understand the complex results related to growth rate and
Raman crystallinity, we carried out simulations both of plasma kinet-
ics and surface reaction quantitative kinetics. Growth rate enhance-
ment is understood through simulation results, which is mainly due
to a balance between SiH3 and hydrogen flux. One or more factors
of the flux of ions, H, and silyl diffusion length dominate the influ-
ence on film crystallinity under different conditions. When growth
rate is high, diffusion length might ultimately dominate film crys-
tallinity, which was often neglected in previous models and analy-
sis. Short life-time radicals may be detrimental to film crystallinity
and photo electronic properties.
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