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Mechanism of surface reaction in the deposition process of a-Si:H by rf glow discharge
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Hydrogenated amorphous Si (a-Si:H) films are deposited by the rf glow discharge of SiH4 ~ The mech-
anism of the surface reaction of the incident SiH3 radical produced by the glow discharge to form the a-
Si:H network was studied in this work. The hydrogen concentration was investigated by IR absorption
in a-Si:H films deposited under various conditions of the substrate temperature T, and the SiH4 partial
pressure P, in the reactant gases. The hydrogen concentration in the films was divided into SiH and
SiH2 configurations by spectral deconvolution. While the SiH concentration S, was not influenced very
much by variation of the deposition conditions, the SiH2 concentration S& was remarkably influenced.
S2 increased with an increase in the deposition rate of the film at a different rate by the variation of T,
and P, . The following reaction scheme of the radicals adsorbed on the growing surface is proposed to
explain these changes in S2 and S&. The dehydrogenation and Si-Si bond formation into the network are
made by two kinds of processes, the fast process and the slow process. The fast process occurs predom-
inantly in high-rate depositions and incorporates SiH2 into the network. The slow process occurs
predominantly in low-rate depositions and incorporates some SiH. The fast process takes place by in-
teractions of two adsorbed radicals and the slow process takes place at steplike sites after migration on
the surface. The observed variations in S2 with T, and P, are analyzed by this model and the rate con-
stants of each process are determined. The activation energy in the slow process is obtained to be 0.3 eV,
which is considered to be due to the migration of the SiH3 radical on the growing surface. The data of
the S& variation are also analyzed and the minimum concentration of H atom is found to be about 10
at. %, in agreement with experiments. Variation of the dangling-bond density with deposition condition
is found to have similarities with that of S& and S2. The features of the surface reaction mechanism are
successfully explained by this model.

I. INTRODUCTION

Hydrogenated amorphous Si (a-Si:H) films are very im-
portant materials for semiconductor devices, where a
large area is necessary, e.g. , thin-film transistors (TFT's)
which drive large-area liquid-crystal-display panels. The
films are usually deposited at low temperatures by the ra-
dio frequency (rf) glow discharge of SiH4 gas. Under-
standing the deposition mechanism is essential both for
control of the deposition process and improvement of the
film quality. Although many efforts have been made to
clarify the deposition mechanism, there has been no
definite clue to analyze the relationship between the
deposition mechanism and the film properties, because
the deposition mechanism from plasma is very complicat-
ed for a-Si:H. There is a large variation in the parame-
ters of preparation conditions and also in the parameters
of atomic and electronic structures. Among the various
deposition methods, the conventional method for the un-
doped material is the capacitively coupled rf glow
discharge of SiH4 and H2 gas mixture at a gas pressure
between 1 and 0.1 Torr, and a substrate temperature be-
tween 250 and 300 C.

It was shown recently by IR diode laser absorption
spectroscopy' that the SiH3 radical is the main precur-
sor in the conventional SiH4-H2 plasma. The incident
SiH3 radicals are considered to be weakly adsorbed on
the H-atom-terminated growing surface, which then from
Si—Si bonds constituting an a-Si:H network during mi-

gration on the surface. The sticking probability for SiH3
radicals incident on the growing surface was experimen-
tally determined. The monolayer coverage of the grow-
ing surface by hydrogen during deposition at tempera-
tures below 380 C was experimentally confirmed. ' In
previous studies of the surface reaction, ' ' attention has
been paid only to the Si—Si bond formation in the grow-
ing surface. In order to form a Si—Si bond in this situa-
tion, a dangling bond on the growing surface seems
necessary. The reason for this is that the Si—H bond is
stronger than the Si—Si bond, and a simple substitution-
al reaction of a =Si—H bond by a SiH3 radical to a =
Si—SiH3 bond seems unlikely to take place, where —=Si
represents the Si atom at the surface which is bonded into
the network.

The abstraction reaction producing a surface dangling
bond was reported to occur more easily by H atoms than
by alklyl radicals. Since the lifetime of H atoms is short-
er than SiH3 in the plasma due to a reaction with SiH4
producing SiH3+H2, ' the H-atom density in the gas
phase near the surface is considered to be much smaller
than the SiH3. Therefore, it has been postulated ' that
two SiH3 radicals are necessary to make a Si—Si bond.
The first SiH3 radical arriving at the H-terminated grow-
ing surface abstracts the H atom to become SiH4, and
leaves a dangling bond on the growing surface:

=Si—H+SiH3~ =Si—+SiH4 .
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The second incident SiH3 radical reacts with this dan-
gling bond, leading to growth by the formation of a Si-
Si bond:

=- Si—+SiH3~ =Si—SiH3 (2)

The above model is reasonable with respect to the energy
balance of the reaction.

Tl'e hydrogen-atom content in a-Si:H films deposited
at a substrate temperature T, of 250'C, where films of
good electronic quality are usually deposited, is about 20
at. %." A large number of H atoms in the SiH3 radicals
have to be released when the Si—Si bonds are formed
during the surface reaction. It is known" that films de-
posited at lower temperatures contain a larger number of
H atoms. It has been considered that a conversion of
pair of Si—H bonds into an Si-Si bond accompanying a
formation of a Hz molecule releases excess H atoms from
the network. However, this rebonding will occur and be-
come an exothermic reaction when the Si atoms are free
to reach a position satisfying the short-range order. It
was found experimentally that the hydrogen-rich surface
layer of multiply H-bonded Si atoms is one monolayer
during deposition at the 240'C substrate temperature, al-
though it extends to about 5 ML thick on a room-
temperature substrate. Once a Si-Si network with cross
linking is formed by the surface reaction, it is considered
to be difFicult to release H atoms retained in the network
beneath the surface under the conventional deposition
conditions. Therefore, the above-postulated reaction
mechanism does not explain the dependence of the H-
atom concentrations in the deposited films upon the
deposition conditions described in this paper.

It has been reported that the growing surface in the
steady state is not uniform, but has about 10-A roughness
after coalescence of nuclei by time-resolved ellip-
sometry. ' The roughness depends on the deposition con-
dition. The above 10-A roughness is the minimum value
under the condition producing films of good electronic
quality. This result is also not explained by the above
mechanism. Therefore, further experimental studies are
necessary to establish the reaction mechanism to explain
the dehydrogenation reaction as well as the Si—Si bond
formation on the growing surface.

The hydrogen concentration in the film is detected by
IR absorption. The hydrogen atoms in a-Si:H are divid-
ed into two configurations, i.e., SiH and SiH2, which have
diferent IR-absorption frequencies. It is believed that
the probability that H atoms in SiH3 radicals are incor-
porated into the a-Si:H network as either SiH or SiHz is
determined by the dehydrogenation reaction when the
Si—Si bond is formed.

In this paper, we propose a mechanism for the Si—Si
bond formation and dehydrogenation reaction on the
growing surface. Hydrogenated a-Si films were deposited
by rf glow discharge of SiH4 gas diluted with H2 at a
diferent substrate temperature T, or under a difI'erent
partial pressure P, of SiH4. IR absorption of these films
was investigated. The hydrogen concentrations of SiH
and SiH2 configuration were determined from the in-
tegrated absorption intensity by spectral deconvolution.
It was found that the SiH2 concentration S2 is much

larger than the SiH concentration S& in most of these
films, and that variations of S, and Sz concentrations
with variations of T, and P, are quite difFerent. Di8'erent
mechanisms are considered to be working in the incor-
poration of the SiH and SiH2. The deposition mechanism
has to be able to explain these variations in H concentra-
tions with variations of deposition conditions. Since the
variation of the S2 concentration is larger than that of
S„ the mechanism of SiHz incorporation is first con-
sidered in this paper and then S& is analyzed similarly.

In the film formation process, the first-order
(monomolecular) reaction rate on the surface varies with
T, . The incident flux density of SiH3 varies with P„and
influences the second-order (bimolecular) reaction rate.
These changes are considered to produce changes in the
hydrogen concentrations. A mechanism of the surface
reaction is devised based on this idea to explain the ex-
perimental variations in the H concentrations. There are
two kinds of surface reaction processes; the fast process
dominates at fast deposition rates, and the slow process
dominates at slow deposition rates. These two processes
di6'er in the dehydrogenation of the adsorbed radicals.
The fast process involves interactions between radicals,
and the slow process involves surface di6'usion of the ad-
sorbed radicals to steplike sites. Numerical values of the
reaction-rate constants are obtained by analyzing the ex-
perimental data to fit the theoretical relations.

Dangling-bond densities N, were also measured in
these films. The variation of X, with the deposition con-
dition has similarities to that of S& and Sz. This result
suggests that the mechanism of dangling-bond formation
is related to the dehydrogenation reaction in the network
formation.

In this paper, the experimental procedure is described
in Sec. II, and the experimental results in Sec. III, The
mechanism of surface reaction is considered in Sec. IV;
Sec. IVA describes basic considerations, and Sec. IVB
deals with analysis of the experimental data. A discus-
sion on the above model is made in Sec. V. The con-
clusion is provided in Sec. VI.

II.EXPKRIMENTAI. PRGCKDURE

Hydrogenated a-Si films used in experiments were
prepared by rf glow discharge of a SiH4 and Hz gas mix-
ture in a capacitively coupled reactor. ' The gas pressure
was 0.5 Torr in the reaction chamber, and the rf power
density was 0.07 W/cm . The substrate temperature T,
was kept constant during deposition. Two kinds of sub-
strates were used for di6'erent purposes; crystalline Si for
measurements of IR absorption, and fused quartz for
measurements of electron-spin resonance (ESR).

Conditions for the series of depositions varying either
the substrate temperature T, or the SiH4 partial pressure
P, were as follows. For the variation of P„ the total gas
How rate [SiH4]+[H2] was kept constant at 100 SCCM
(where SCCM denotes cubic centimeter per minute at
STP), and T, was 250 C. The SiH4 partial pressure P,
was varied from 0.25 to 0.50 Torr by varying the SiH4
Aow rate from 50 to 100 SCCM. For the variation of T„
the Bow rate was fixed at 50 SCCM for each SiH4 and H2
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gas, and T, was varied from 120 to 360'C. The condition
common to the two series of depositions, i.e., T, =250'C
and P, =0.25 Torr, is called the standard condition of
deposition. An additional deposition was made at the gas
pressure 0.07 Torr with a SiH4 gas Aow rate of 5 SCCM
at T, =120'C in order to compare the films deposited at
di8'erent gas pressures. The thickness of the samples was
made more than 8000 A to avoid errors due to a surface
e6'ect. The film thickness was measured by a Talystep.
ESR experiments were made by an L-band apparatus in
the dark at room temperature.

m. EXPERIMENTAL RESULTS

Deconvolution of the IR-absorption spectra for deter-
mining the H density was made under the assumption
that (1) the peaks in the spectral region from 2000 to
2090 cm ' are due to the stretching mode of the Si-H
configuration having a peak at around 2000 cm ', and
the Si-H2 configuration having a peak at around 2090
cm '; and (2) the component spectrum has a Gaussian
shape. As for the proportional constant converting the
integrated absorption intensity to the atomic concentra-
tion, the values given by Langford et al. ' were used:
A(SiH)=0. 9X10 cm and A(SiHz)=2. 2X10 cm

Figures 1 —3 show the results of deconvolution. The

20 "

concentrations of Si-H and Si-H2 thus obtained are
shown for the variation of P, in Fig. 1(a), and for the
variation of T, in Fig. 1(b). In almost all samples, the
SiH2 concentration S2 is larger than the SiH concentra-
tion S&. The large variation of the total H concentration
under preparation conditions is mainly due to S2. S2 in-
creases by increasing P„ i.e., by decreasing the H2 gas di-
lution. This dependence is in agreement with a previous
report, ' but is contrary to a simple expectation that the
H concentration in the solid is proportional to the H con-
centration in the gas phase. S& varies in the opposite
direction to S2 with variations in the preparation condi-
tions. S& decreases by increasing P, and increases by in-
creasing T, . It is noted that the SiH concentration is
nearly equal to that of SiH2 in the present study under
the condition usually employed to make an a-Si:H film of
good electronic quality, i.e., T, =250 C and the How ratio
[H2j/[SiH4]=1. This condition is referred to as the
standard condition in this paper.

Parsons, Tsu, and Lucovsky' reported nearly the same
variations of the absorption coeKcients at peaks of 2000
and 2100 cm with variations in T, . Their result has
been considered to represent the concentration of S& and
S2. However, the proportional constant converting the
absorption coe%cient to the atomic density' has to be
multiplied to represent the density, since the oscillator
strength is dift'erent for each mode of vibration. The two
absorption bands overlap, and their spectrum, peak ener-
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FIG. 1. H-atom densities in a-Si:H films. Films were (a) de-
posited by varying P, and (b) deposited by varying T, . Total
H-atom density (5&+52) ( ) S] ( X ) and Sp (A).
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FIG. 2. Frequency shifts of Si-H stretching mode with total
H-atom densities. (a) SiH peak. (b) SiH2 peak. Films deposited
at various T, (X), films deposited at various P, (4), and films
deposited at low pressure (4).
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FIG. 3. Spectral width FWHM of Si-H stretching mode
against H densities. (a) SiH FWHM vs SiH density, and (b,
SiH2 FWHM vs total H-atom density. Films deposited at vari-
ous T, ( X ), films deposited at various P, (D ), and films deposit-
ed at low pressure ($ i.

gy, and width may change with the concentration.
Hence the integrated absorption intensity obtained by
spectral decomposition employed in this paper is more
accurate for obtaining each concentration than the ab-
sorption coeKcient at the fixed peak position.

As for the above results of the S, and S2 vs T, relation,
it should be mentioned that exactly the same temperature
dependence of the H concentrations in a-Si:H films was
independently reported by nuclear-magnetic-resonance
(NMR) measurements. ' In the NMR spectrum, there is
a narrow component due to the dispersed H atoms [H]„
and a broad component due to the clustered H atoms
[H]b. It is considered that [H]„corresponds to the
dispersed SiH concentration, and that [H]b corresponds
to the sum of SiH2 and clustered SiH concentrations. '

Exactly the same assignments apply to the IR absorption.
The absorption at 2000 cm ' is assigned to the stretching
mode of isolated SiH, and the absorption at 2100 cm is
assigned to that of SiHz and clustered SiH. ' The propor-
tional constant A is considered to be different for the
SiH2 and the clustered SiH. However, the temperature
dependence of [H]„and [H]„ is the same as that of the
isolated SiH and SiH2 concentrations, respectively, if one
ignores clustered SiH. It is known that a-Si:H has micro-
voids, on whose internal surface H is believed to cluster.
Hence the clustered SiH concentration seems to be small

compared with the isolated SiH concentration in the
present samples. Reliability is thus assured for the above
S, and Sz determinations.

The peak shift of the spectrum is shown for the SiH
peak in Fig. 2(a) and for the SiH2 peak in Fig. 2(b) as
functions of the total H-atom density. These two peaks
exhibit peak shifts of nearly the same amount with the to-
tal H-atom density. The observed peak shift of SiH is
about 7 cm for the total H-atom density 2.4X10
cm, which is a little small but nearly equal to a value
calculated according to the Lucovsky model given for
films deposited by remote plasma-enhanced chemical va-
por deposition (RPECVD). ' The distinguishing feature
of RPECVD is the small H concentrations, especially the
SiH2 concentration in the deposited film compared with
the conventional glow discharge. The absorption at 2090
cm ' is not detected in the film deposited at T, higher
than 200'C. ' According to the Lucovsky model of the
frequency shift with composition, a small difI'erence may
arise by a partition of H atoms between SiH and SiH2 for
the same total H concentration. The SiH2 peak is located
at rather small wave numbers 2079—2088 cm ', as shown
in Fig. 2(b) by the spectral deconvolution of the two over-
lapped Gaussian spectra.

The spectrum widths [full width at half maximum
(FWHM)] are shown for the SiH peak in Fig. 3(a) against
the SiH density, and for the SiH2 peak in Fig. 3(b)
against the total H-atom density. It is interesting to note
that the width of the SiH spectrum increases with the
SiH density, as shown in Fig. 3(a), but decreases with the
total H-atom density similarly to the SiH2 width, as
shown in Fig. 3(b), since the densities of SiH and the to-
tal H atom vary in opposite directions with deposition
conditions. These spectral widths are much smaller than
the reported widths of 60—120 cm ' of the SiH mode. '

A cause of this discrepancy may be the neglect of an un-
resolved small contribution of the SiH2 mode in
RPECVD films. In Figs. 2 and 3, experimental data for
films deposited under the lower gas pressure are also
shown to be in agreement with data for films deposited at
the higher gas pressure.

The dependence of the deposition rate R on P, and T,
is shown in Fig. 4. R increases linearly with P, when T,
is kept constant. When an energy transfer from the H
atom to the SiH4 molecule can be neglected in the plasma
of present H2/SiH4 gas ratios, the incident SiH3 Aux den-
sity is proportional to P, . The observed P, dependence of
the deposition rate is in agreement with the SiH3 Aux
density dependence reported previously. This result
suggests that only SiH3 radicals derived from SiH4 con-
tribute to the growth of an a-Si:H network proportionally
to its Aux density. Although H-atom density in the gas
phase surrounding the growing surface is considered to
be increased by the dilution of the raw SiH4 gas, it does
not make a significant contribution to the growth, in
agreement with the discussion in Sec. I. R has been re-
ported to be independent of T, . However, R was found
in our experiment to increase with decreasing T, . As dis-
cussed in detail below, the cause of this increase is inter-
preted to be due to an increase of H concentration in the
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film with decreasing T, for the constant sticking proba-
bility, since the total atom density is nearly constant in an
a-Si:H film of various H concentrations. '

The dangling-bond densities N, determined by the ESR
experiment are shown in Fig. 5 for variations in P, and
T, . While N, is about 3X10' cm for the film deposit-
ed under the standard condition, [H2]/[SiH4]=1 and
T, =250 C, it increases exponentially either with decreas-
ing T, or with increasing P, . The same dependence of N,
on T, was reported previously. ' While the scale of N, in
Figs. 5(a) and 5(b) is logarithmic and the scale of H-atom
densities in Figs. 1(a) and 1(b) is linear, the ranges of P,
and T, for the variation in either N, and the H-atom den-
sities are the same in the corresponding figures. Here the
large density of the SiH2 is considered to have a dom-
inant effect at temperatures below 250'C, and a minimum
value of X, at temperatures above 250'C in Fig. 5(b) is
assumed to be a residual value related to the SiH density.
Although N, is smaller than the SiH2 and SiH densities
by several orders of magnitude, these results suggest a
correlation of the cause of dangling-bond formation with
the process of the SiH2 and SiH incorporation.

IV. MECHANISM OF SURFACE REACTION
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the incorporated Sz is the product of the surface reac-
tion. The surface reaction is considered in this section by
analyzing Sz density as a clue.

At first the experimental data described in Sec. III are
compared with Ref. 1 to confirm that the SiH3 radical is
the dominant precursor in the present deposition. This is
done because the rf glow discharge is a nonlinear
phenomenon, and other kinds of precursors may take
part under different conditions; e.g., it was reported
that Si2H4 may participate in the reaction on the surface
in the diode discharge system. Important parameters in
the standard condition of the present experiment are
compared with those of Ref. 1 in Table I. The main
differences of the present parameters from Ref. 1 are (1)

TABLE I. Comparison of glow discharge deposition parame-
ters.

FIG. 5. Variation of Si dangling-bond density 1V, with depo-
sition conditions. (a) Films deposited varying P, and (b) films

deposited varying T, .
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FIG. 4. Dependence of deposition rate R on substrate tern-
perature T, (4 ) and SiH4 partial pressure P, (~).
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the SiH4 partial pressure and the total gas Aow are larger
by a factor of 5 —6, (2) the rf power density is smaller by a
factor of approximately 6, and (3) the deposition rate is
larger by a factor of approximately 3. In Ref. 1 the depo-
sition rate for a substrate without heating was reported.
According to the dependence of the deposition rate for
the substrate temperature T, shown in Fig. 4, the deposi-
tion rate in the present experiment is considered to be
larger by a factor of approximately 4 at the same T, . The
deposition rate is proportional to the SiHz partial pres-
sure in Fig. 4, but its dependence on the rf power density
is unknown. A change of precursor from SiH3 to others,
for example, SiH2, is considered to accompany a decrease
of more than an order of magnitude in the deposition
rate. Therefore, it can be concluded that the two experi-
mental results nearly coincide quantitatively, and that the
main precursor for the deposition is also the SiH3 radical
in the present experiment.

According to the model used in previous studies, ' ' '

the adsorbed SiH3 radical migrates on the surface and
forms a Si—Si bond to the network when it encounters a
dangling bond. There is no specific correlation between
the deposition rate and the SiH2 concentration in the
film. It has generally been considered that Si—Si bond
formation during deposition between a pair of Si—H
bonds bonded to the network releases a H2 molecule,
and that the faster the deposition rate is the larger the H
density incorporated into the network. However, it
seems to be difficult to form a Si—Si bond between ran-
domly bonded Si—H bonds with a small activation ener-
gy satisfying the requirement for the short-range order.

Figure 6 sho~s that the SiH2 concentration S2 in-
creases several times compared with the standard condi-
tion up to a concentration comparable to that of the Si
atoms, when the deposition rate R is increased. This
variation of S2 with R depends on whether R is varied by
T, or P, . The dependence of the SiH concentration SI on
T, and P, is opposite to that of Sz, as shown in Fig. 1,
and S& decreases with increasing R. The dangling-bond
density suspected to be left after release of H atoms into
the network also decreases with the deposition conditions

parallel to S2, as shown in Fig. S.
The migration velocity of the adsorbed SiH3 is remark-

ably dependent on T, due to its small activation energy.
It is reasonable that the migration is the reason S2 and S,
are differently dependent on T, and P, . The destination
of this migration is an issue which will help explain the
experimental results. The adsorbed SiH3 radical is con-
sidered to migrate to a favorable site where a Si—Si bond
is formed easily from a pair of Si—H bonds without in-
corporation of the SiHz into the network. When the den-
sity of the adsorbed radical is increased, a bimolecular
process is likely to take place during the migration. If
the two relevant Si—H bonds are free to change their rel-
ative positions when they are loosely bounded by small
energies, e.g. , two adsorbed SiH3 radicals, it would be
possible to form a Si—Si bond by releasing a H2 mole-
cule.

The process which dominates at the slow deposition
rate is called the slow process. When the deposition is
made at a fast rate the Si—Si bond-making process
proceeds accompanied by incorporation of the SiH2 into
the network. The process which dominates at the fast
deposition rate is called the fast process. This fast pro-
cess does not lead to incorporation of the SiH, the con-
centration of which depends differently on the deposition
parameters T, and P, . Therefore, the fast and slow
growth mechanisms, whether retaining the SiHz
configuration or not, respectively, are expected to be
correlated with the atomic processes considered above.

The two atomic processes above compete with each
other, and a process having a short reaction time be-
comes the dominant process. Migration to the favorable
site takes time, but this time becomes shorter when the
substrate temperature is higher. The reaction time of the
bimolecular process is inversely proportional to the
square of the reactant concentration, which becomes
larger when the migration velocity is slower and the in-
cident Aux density of reactant is higher. Therefore, the
process of monomolecular migration corresponds to the
slow process, which is dominant under the condition of
high T, and low P, . The bimolecular process corre-
sponds to the fast process, which is dominant under the
condition of low T, and high P, .

As for the necessity of the dangling bond at the site
where the Si—Si bond is formed in the network by the
adsorbed SiH3, it is considered as follows. If multiple
Si—Si bonds are formed at the site of bond formation, the
presence of a dangling bond is favorable but not a prere-
quisite regardless of the monomolecular or bimolecular
processes. By the aid of exothermic reaction of the first
Si—Si bond and H2 molecule formation, the adsorbed
state of the SiH3 radical on the H-terminated Si surface is
possibly converted to a Si—Si bond surmounting the en-
dothermic reaction energy.

The observed increase in the deposition rate with de-
creasing T, is calculated to be equal to the increase in the
volume due to the increase in the H concentration shown
in Fig. 1. The total atomic density of a-Si:H, Si, and H
has been reported to be nearly constant independent of
the H concentration. ' This result is consistent with the
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report that the sticking probability of the SiH3 radical is
constant independent of temperature below 350'C.

The step on the growing surface is well known as the
site for the crystal growth by the slow and nearly in-
equilibrium process. Although the growing surface is not
as flat in amorphous material as in crystal, a steplike site
can also be conceivable in amorphous material where the
additive atom makes multiple bonds to the host network
at the same time. The observed roughness of about 10 A
in the growing surface' is considered to be composed of
this kind of step. During migration the radical is sup-
posed to interact with another radical, when the density
of the adsorbed radical is high. Due to this interaction
the adsorbed radicals on the flat surface may have a
chance to bond with each other and to the host network.
A similar situation also occurs during crystal growth,
when nucleation is made on a flat surface at high supersa-
turation of the growing material.

For the bonding reaction to take place spontaneously
from the adsorbed state, the reaction has to be exotherm-
ic, i.e., the enthalpy change AH by the reaction has to be
negative. The enthalpy change can be roughly estimated
from the bond energies involved in the reaction. The fol-
lowing bond energies are given by Pauling: Si—H bond,
70 kcal/mol; Si-Si bond, 42 kcal/mol; and H-H bond,
104 kcal/mol. The adsorption energy of =—SiH SiH3 is
estimated to be about 10 kcal/mol, since the desorption
of the SiH3 occurs at temperature above 350'C.

Although the structure of a real growing surface is
supposed to be quite complex, a simplified scheme for the
surface reaction is illustrated in Fig. 7 which satisfies the
above considerations. The top horizontal flow is the slow
process leading to the dehydrogenation at a steplike site,
and the bottom flow is an example of the fast process
leading to SiH2 incorporation.

An example of the bonding reaction at a steplike
site =SiH2, if it is divided into two steps, is as follows:

=SjH.SiH3+ =S~H2~ =—S~H.S~H2+H&

=SiH

(EIf= —6 kcal) (3a)

—+ =Si—SiH2+H2+H,

=SiH

(b,H=38 kcal) . (3b)

Here AH is the enthalpy change in each reaction. While
b,H is positive in reaction (3b), this reaction is considered
to be coupled with an exothermic reaction of the H atom
produced in reaction (3b) to form a H2 molecule; for ex-
ample, the reaction with a nearby terminating H atom is

=SiH—H+ H ~ =Si—+H2, b,M = —34 kcal . (3c)

The total enthalpy change from (3a) to (3c) is negative.
The dangling bond produced by reaction (3c) is also con-
sidered to be effective for the network formation by reac-
tion (2). By these reactions two or three Si—Si bonds are
formed, three or four H atoms are released, and the step-
like site advances, forming a Si network with an ap-
propriate short-range order.

The fast process is the Si—Si bond formation process,
accompanying SiH2 incorporation into the network by an
interaction of two adsorbed radicals. There are many
possible forms of the interaction. An easily conceivable
example is two SiH3 radicals adsorbed on nearest-
neighbor sites of the flat growing surface. The reaction is

2 =SiH.SiH3~ =Sr—SiHz+2Hz

=Si—SiHz

AH= —34 kcal .

By this reaction, two neighboring SiH2 are produced
parallel to the growing surface. Such a configuration

SIH3

su~a~ H
7r7dPS+rWdb'-Si-

I

migration

SiH3

H H
&rr7rr+rg7rrrjfrrNrrrgrrrrr7i
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l I
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FIG. 7. Scheme of surface reactions. The
horizontal How is a slow process leading to
dehydrogenation at a steplike site after surface
migration. Vertical branching is an example of
a fast process by interaction of radicals leading
to SiH2 incorporation. The solid arrow indi-
cates the incidence or release of an atom or
radical in a box.
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may be considered to be rather unfavorable for the fol-
lowing reaction to reserve SiHz.

Another configuration seems to be better for the fast
process. When a second SiH3 radical is incident and ad-
sorbed on the first SiH3 radical which is adsorbed on the
surface, this atomic configuration is unstable. The reac-
tion

=—SiH SiH3+SiH3~ ——SiH (SiHz)H SiH3

~ =Si—(SiHz) —(SiHz) —H+Hz

AH = —38 kcal (4b)

takes place. The resultant atomic configuration is two
neighboring SiH2 is arranged perpendicular to the grow-
ing surface. This configuration is a kind of steplike site
but is rather favorable for the following reaction to
reserve SiHz. Here AH indicates the enthalpy difference
between final and initial states. The probability of reac-
tion (4a) seems to be larger than that of reaction (4b) by a
factor of the number of available neighboring sites of in-
teraction. It is not clear, however, whether the effective
reaction for the fast process is (4a), (4b), or both (4a) and
(4b). In Sec. IVB both reactions are assumed to be
effective in the estimation of the reaction probability.

B.Analysis

The SiH2 densities in the a-Si:H films are first analyzed
in this section to derive the reaction-rate constant ac-
cording to the surface reaction scheme described in the
Sec. IV A. The SiH2 density Sz is considered to be de-
creased by the dehydrogenation reaction in the slow pro-
cess during deposition from the initial value So. So is the
value of S2 in the film where only the SiH2 unit forms a
Si-Si chain. The deposition proceeds simultaneously by
both slow and fast processes. Denoting the probability of
the slow process for an adsorbed radical by r„ the aver-
age time ~, necessary for the migration to a steplike site
and release of Hz is 1/r, . Denoting the probability of the
fast process for an adsorbed radical by rf, the average
time wf necessary for the interaction with another SiH3
radical to form Si—Si bonds incorporating a SiH2 unit is
1/rf . The total probability of the two processes is
(r, +rf ). The SiHz concentration Sz is Sp when only the
fast process occurs. Since the two processes occur simul-
taneously, the observed value S2 is given by

are able to produce a reaction, i.e., N, times as large as
the unit SiH2 area. We can estimate nf as X„ times the
ratio of the deposition rate R to the unit-cell length d of
an imaginary SiH2 lattice:

rf =(1/nf ) =(d /N, R ) .

Combining Eqs. (6) and (7), we obtain

Sz/(Sp —Sz)=(L N„R/dDp)exp(bE/kT) . (8)

Since the total atomic density X, in a-Si:H is 5.3X10
cm approximately independent of the H concentra-
tion, ' Sp is equal to 2N, /3=3. 6X10 cm for the
atomic density ratio Si/H= 1/2 and d =(Sp/2)
=3.8X 10 cm.

For the series of depositions varying T, with a fixed P„
Eq. (8) is transformed to

lnISz/(Sp —Sz)R J =ln(L N„/dDp)+(bE/kT) . (9)

5- I

4-

In Fig. 8, logipISz/(Sp —Sz)R I is plotted against 1/T.
Experimental points align on a straight line. Equation (9)
indicates that the gradient of the line gives the activation
energy AE. L is assumed to be independent of tempera-
ture. The activation energy obtained from Fig. 8 is 0.30
eV. This value is close to but larger than the previously
estimated value 0.2 eV.

For the series of depositions produced by varying P,
with a fixed T„Sz/(Sp —Sz) is plotted against the depo-
sition rate R in Fig. 9 according to Eq. (8). A straight
line through the origin of this figure can be drawn to
represent the data, but the data points somewhat deviate
from the line. This deviation is due to the deviation of P,
vs R data from the linear relation, as shown in Fig. 4.
The gradient of the straight line gives the magnitude of
(L N„/dDp )exp(bE/kT) to be 7. 5 X 10 s/cm. The
magnitude of L is estimated to be 100 A from an analysis
of substrate-induced roughness during a-Si:H growth. '

For an order-of-magnitude estimation, X„can be set
equal to 10, and the known values of d, hE, and kT are
used. Then Do becomes 1X10 cm /s, which is equal
to a v, where a is the interatomic distance and v is the

Sz=Sprf/(rf+r, )=Spr /(r + Tf) . ' (5)

Equation (5) can be transformed to

Sz /(Sp Sz ) —7 g /rf (6)

In the slow process, z, is estimated by setting half of
the average distance between steps L equal to the
diffusion length, L =D ~„where D is the surface
diffusion constant. D is expressed as D
=Dpexp( b,EIkT), where Dp is the p—reexponential fac-
tor, AE is the activation energy of diffusion, and kT is the
thermal energy. In the fast process, ~f is estimated as the
reciprocal of the number of SiH3 radicals nf which stick
to a surface area per unit time, where two SiH3 radicals
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CO
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2-

QQ1 — l ) l ) l ) +
1.6 1.8 2.0 2.2 2.4 2.6 2.8

1Q /T
FIG. 8. Arrhenius plot of Sz/(So —S2)E. to obtain the ac-

tivation energy by the solid line.
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difficult for an adsorbed SiH3 radical to form three Si—Si
bonds simultaneously with an appropriate short-range or-
der. In other words, the retained H atom at a kinklike
site terminates a possible defect in a-Si network.

According to this model, the probability ratio m of the
reaction at such kinklike sites in the total reactions by the
slow process can be estimated from the ratio
S, /(So —S2). Since the total atomic density N, in a-Si:H
is independent of the H/Si atomic ratio, the following re-
lation is satisfied:

[Si]+2[SiH]+3[SiH2]=N, , (10)

0.0
0 4 6

R (Als)
FICx. 9. Dependence of 52/(So —S2) on deposition rate 8 to

obtain the reaction-rate constant by the solid line.

jumping frequency. Since a is about 10 ' cm, v be-
comes 10 s

For this jumping frequency in the surface diffusion, the
frequency vo of optical mode vibration, about 10' s ', is
usually expected to be appropriate. However, a large
difference was found in Do values from such an expecta-
tion for the surface diffusion of adsorbed atoms on metal
by field-ion microscopy; e.g., DO=3. 7X10 cm /s for
W atoms adsorbed on a W(211) surface and 1.5 X 10
cm /s for Re atoms adsorbed on W(100) surface. The
reason for this difference is that the entropy factor has to
be multiplied to vo for obtaining v. By chemical thermo-
dynamics, the reaction-rate constant through an ac-
tivated complex is proportional to exp( —AG '/kT),
where KG*=AH* —TAS*, AG* is the Gibbs free ener-

gy of activation, hH* is the enthalpy of activation, and
AS* is the entropy of activation. In the present case, po-
lyatomic SiH3 makes a jump over the energy barrier
4H*. At this moment, four atoms in the radical have to
move into the same direction simultaneously in the same
phase of vibration. This situation causes ES*to have a
large minus value. As a crude estimation, each H atom
bonded to the Si atom has three freedoms of motion, and
the three H atoms have to vibrate in phase with the Si
atom. If the probability of in-phase motion for each
freedom of motion is arbitrarily assumed to be —,', the to-
tal probability is —,

' =2X10 . Other contributions to
the entropy term by motion of surface atoms are also
conceivable. Therefore, the ratio v/vo seems to suggest
that the model used in the analysis is reasonable.

The variations of the SiH concentration with T, and P,
are of the opposite sign to those of the SiH2 concentra-
tion as shown in Fig. 1. Since the mechanism of the SiH2
incorporation can be explained by the fast process as
above, the mechanism of the SiH incorporation is con-
sidered to be by the slow process. In reaction (3a), the H
atom terminating Si atom at the steplike site is released
by forming Si—Si bonds. It can easily be considered that
all terminating H atoms are not released at steplike sites
depending on the atomic configuration. At a steplike
site, which is referred to here as a kinklike site, it seems

where [SiH, ) represents the density of the Si atom which
is bonded to x H atoms, and ( 1 +x ) [SiH ] is the total
atomic density of the SiH„configuration. By this nota-
tion, Si is equal to [SiH], S2 is equal to 2[SiH2], and So is
2X, /3. The probability ratio m is defined by

[SiH]/([Si]+[SiH])=m .

Therefore, from Eq. (10) we have

S, /(So —S2 ) =3m /2(1+ m ) .

From the data of S& and Sz shown in Fig. 1 for films de-
posited at various T, 's and under various P, 's, the value
of S, /(So —S2) is given by (0.15+0.03). For this value,
m is obtained to be 0.1 by Eq. (11). This result means
that the minimum H/Si atomic ratio is 0.1 in a-Si:H, if
only the slow process occurs in the deposition. This re-
sult is reasonable for a-Si:H films which have been ob-
tained so far, and indicates that the adopted model is
suitable for the analysis.

V. DISCUSSION

The above analysis can explain the dependence of SiH
and SiHz concentrations on temperature and partial pres-
sure. The analysis gives a reasonable value for the activa-
tion energy of the adsorbed SiH3 radical in the surface
diffusion, and the SiH concentration by the slow process.
Therefore, it is considered that this model represents the
essential mechanism of surface reaction.

While there are many assumptions in the analysis, the
most important issue is the apparent neglect of the
desorption of the adsorbed SiH3 radical before the Si—Si
bond formation with the network. The desorption occurs
by recombination of SiH3 to stable molecules SiH4 and
Si2H6. It was reported that the probability of recom-
bination y is —, of the adsorbed radical, and the probabili-

ty of sticking s to the network is —,'. The formation of
SiH4 is by a monomolecular process, and the formation of
Si2H6 is by a bimolecular process. Since it was reported
that both y and s do not depend on T, below 300 C the
desorption process is not taken into account and is simply
replaced by the deposition rate in the present analysis. It
is suspected that the probabilities of bimolecular and
monomolecular processes depend differently on tempera-
ture. Therefore, it is interesting to investigate in detail
the temperature dependence of y and s for each SiH4 and
Si,H, .

While the distinction is made between the monomolec-
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ular and bimolecular processes, an interaction between
them can be considered. The example of the bimolecular
process shown in Fig. 7 produces a steplike site favorable
for the monomolecular reaction. When the H atom pro-
duced in the slow process shown in Fig. 7 forms a Si dan-
gling bond as in reaction (3c), it may be effective to form
a Si—Si bond, as shown by reaction (2).

Dangling-bond density is one of the most important
material parameters in undoped a-Si:H. The mechanism
of the dangling-bond formation has been reported by
many authors. Street and Winer proposed a thermal
equilibrium for defect density in undoped a-Si:H. The
equilibrium defect density increases with temperature,
and higher defect densities can be frozen in by quenching.
Street proposed that atomic hydrogen in the plasma is a
determining factor in the structure of the deposited a-
Si:H by its chemical potential. However, it was found in
this work that an increase of H atoms in the reactant gas
decreases the H content in the deposited a-Si:H film. The
dangling-bond density X, decreases with increasing tem-
perature at temperatures below 250 C, as shown in Fig.
5(b). These experimental results of as-deposited films at
temperatures below 360'C clearly contradict the assump-
tion of thermal equilibrium. Although the assumption of
thermal equilibrium may be appropriate for a growth of
pc-Si or polycrystalline Si at higher temperatures, it
seems not to be appropriate for a-Si:H deposition under
the conditions of the present experiment.

As described at the end of Sec. III, it should be noted
that the variation of the dangling-bond density X, with
the deposition condition shown in Fig. 5 is similar to
those of S& and S2 shown in Fig. 1. The magnitudes of
Sj and S2 are of the order of 10 —10 ' cm, and those
of X, are of the order of 10' —10' cm . Therefore, the
concentration ratio N, /[H] is 10 —10 . While it is
very dificult to present concrete evidence of such small
X, values, it is interesting to investigate a correlation of
the formation mechanism between the dangling bond and
S& and S2. In the deposition process, the Si atom on the
growing surface is normally considered to be fourfold
coordinated. The Si—Si bond of the network is formed
by the dehydrogenation reaction. There should be an ex-
tra dehydrogenation process to form a dangling bond.

As a final comment in this discussion, experimental re-
sults were reported recently which are closely correlated
with the present model. During rf glow discharge deposi-
tion of a-Si:H, a mechanical vibration of 2 MHz generat-
ed by piezoelectric device was applied on the substrate at
a temperature of 120'C. By means of this ultrasonic (us)

vibration, characteristics of the deposited films were im-
proved. With increasing amplitude of the us vibration,
IR absorption of SiH2 decreases and that of SiH in-
creases. The photoconductivity is also increased. An
order-of-magnitude decrease in the gap state density is
observed by the constant photocurrent method (CPM)
spectrum. The us vibration is considered to promote the
migration of adsorbed radicals: i.e., the slow process.
These results are in good agreement with the proposed
model.

VI. CONCLUSIONS

The following conclusions were obtained for the mech-
anism of surface reactions in the conventional deposition
process of a-Si:H by rf glow discharge of SiH4. These
conclusions are based on investigations using the SiH and
SiH2 concentrations in the deposited films as a clue. The
dehydrogenation reaction of the adsorbed SiH3 radical
occurs simultaneously with the Si—Si bond formation
into the network. The incorporations of SiH and SiH2
into the network are due to the diA'erent surface reac-
tions. To explain the experimental results, the following
scheme of the surface reaction is proposed. There are
two kinds of processes for the adsorbed SiH3 radicals:
the fast process and the slow process. The fast process
occurs predominantly in high-rate depositions and in-
corporates SiH2 into the network. The slow process
occurs predominantly in low-rate depositions and incorp-
orates some SiH. The fast process takes place by interac-
tions of two adsorbed radicals, and the slow process takes
place at steplike sites after migration on the surface. The
variation of the dangling-bond density with deposition
condition was found to have similarities to that of H con-
centrations. Since the variation of the dangling-bond
density cannot be explained by the thermal equilibrium
process, a correlation is suggested in the processes be-
tween H-atom incorporation and dangling-bond forma-
tion.

The essential features of the surface reaction mecha-
nism in the conventional glow discharge deposition of a-
Si:H and the relationships among the important material
parameters of the deposited films are successfully ex-
plained by this model.
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