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Abstract

Time-resolved cavity ring-down spectroscopy (CRDS) has been applied to determine gas phase and surface loss rates

of Si and SiH3 radicals during plasma deposition of hydrogenated amorphous silicon. This has been done by moni-

toring the temporal decay of the radicals densities as initiated by a minor periodic modulation applied to a remote SiH4

plasma. From pressure dependence, it is shown that Si is reactive with SiH4 ½ð1:4� 0:6Þ � 10�16 m�3 s�1 reaction rate
constant], while SiH3 is unreactive in the gas phase. A surface reaction probability b of 0:9 < b6 1 and b ¼ 0:30� 0:05
has been obtained for Si and SiH3, respectively. � 2002 Elsevier Science B.V. All rights reserved.

For basic understanding and modeling of plas-
ma deposition processes, information on the den-
sity as well as the surface reactivity of the plasma
species is essential. The surface reaction probabil-
ity b of the species has often been obtained indi-
rectly, e.g., from measurements of a macroscopic
compound value of b [1], or under process condi-
tions different from the actual plasma deposition
process, e.g., by measurements in an afterglow
plasma [2–4] or from a molecular beam scattering
experiment [5]. In this Letter, we will present a
technique to obtain the gas phase and surface loss
rates of radicals during plasma deposition, here

particularly in the case of high rate deposition of
hydrogenated amorphous silicon [6]. In this tech-
nique, the highly sensitive cavity ring-down spec-
troscopy (CRDS) method [7] is used to map the
temporal decay of an increased radical density by
means of time-resolved absorption measurements.
This so-called ‘additional radical density’ is cre-
ated in a continuously operated remote silane
plasma by applying a minor periodic modulation
to the applied plasma power. Although time-re-
solved CRDS has been employed previously to
obtain gas phase loss rates of radicals [8], in this
work we apply the technique also to determine
surface loss rates of the radicals. This yields si-
multaneous information on the surface reaction
probability b and the density of the radicals under
the specific plasma conditions. Using this method,
it is shown that Si is mainly lost in the gas phase to
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SiH4, whereas SiH3 is only lost via diffusion to and
reactions at the surface.
In the expanding thermal plasma technique

(ETP) (Fig. 1a) a remote expanding Ar–H2 plasma
is created in which SiH4 precursor gas is injected
downstream. To detect (low-density) radicals such
as SiH3 and Si in this highly-diluted SiH4 plasma
the CRDS technique has previously been em-
ployed; SiH3 has been identified at the ~AA2A01  
~XX2A1 broadband transition ranging from 
200 to

260 nm [9], whereas Si radicals have been probed
at the 4s3P0;1;2  3p23P0;1;2 transition around 251
nm [10]. This has yielded typical densities of SiH3

and Si of 
5� 1018 m�3 [11] and 
1015 m�3 [12],
respectively. In the time-resolved CRDS (s-CRDS)
measurements, a minor periodic modulation of the
radical densities is produced by applying 5 Hz,
2.5% duty cycle rf pulses to the substrate in addi-
tion to the continuously operating ETP. The
power in the rf pulse is 63 W and the bias voltage is
between )40 and )120 V with a fall off time of less
then 20 ls. The additional absorption Arf due to

the radicals generated by the rf pulse is obtained
from the difference in absorption at some point Dt
in the rf afterglow and at a point long after the
influence of the rf pulse has extinguished (see Fig.
1b). Every CRDS trace is handled separately by
means of a new ‘state-of-the-art’ 100 MHz, 12 bit
data acquisition system [13] and an averaged Arf is
obtained as a function of the time Dt in the after-
glow of the rf pulse.
A typical s-CRDS measurement for Si and SiH3

is shown in Fig. 2. A duty cycle of 2.5% has been
used in order to obtain a good signal-to-noise ratio
in the additional Si and SiH3 absorption, while
possible powder formation due to the ‘anion con-
fining’ rf plasma sheath is suppressed [14]. Fig. 2
shows that both Si and SiH3 decrease single ex-
ponentially, which is expected from the radicals’
mass balance when the loss term is linear in the
radical density [15]. The corresponding loss rate
s�1 depends linearly on the gas phase loss on one
hand and the loss due to diffusion to and reactions
at the surface on the other hand [15]:

s�1 ¼ krnx þ
D

K2
: ð1Þ

In this equation, kr is the gas phase reaction rate
with species x with density nx, D is the diffusion

Fig. 1. (a) The ETP setup equipped with the cavity ring-down

spectroscopy system, which is aligned at 5 mm in front of the

substrate. A pulsed rf bias can be applied to the substrate

holder. (b) A timing scheme illustrating the modulation of the

radical density and the synchronization of the CRDS laser

pulses.

Fig. 2. A typical measurement during the rf afterglow of the

additional absorption Arf of Si and SiH3 generated by the rf

pulse during the continuously operating ETP plasma. Every

data point is an average of 128 CRDS traces and the statistical

error in the decay time obtained from least-squares analysis of

the Si and SiH3 decay curves is less then 5%. In the rf pulse (i.e.,

at Dt < 0Þ, the densities of Si and SiH3 have reached a saturated

value of 2� 1015 and 3� 1018 m�3, respectively.
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coefficient for the specific radical in the
Ar–H2–SiH4 mixture [16], and K is the effective
diffusion length of the radical. The latter depends
on diffusion geometry and on the radical’s surface
reaction probability b [15].
As revealed by Fig. 2, Si is lost typically a factor

of 10 faster than SiH3 in the Ar–H2–SiH4 plasma.
As will be shown below, this is mainly due to the
difference in the gas phase loss processes that need
to be considered first before surface loss rates of
the radicals can be deduced. For Si and SiH3 in the
ETP plasma the only candidate for a significant
gas phase loss is SiH4 [16]. To investigate this re-
action channel, the loss rate of Si and SiH3 has
been obtained as a function of the SiH4 density
(Fig. 3) keeping the total pressure and thus the
diffusion term in Eq. (1) nearly constant. The SiH4

density has been calculated from the SiH4 partial
pressure using a kinetic gas temperature of 700 K
and including a correction for the local SiH4

consumption 1. The loss rate of SiH3 in Fig. 3 is
independent of SiH4 density, which indicates no
gas phase loss of SiH3, while the loss rate of Si
increases linear with the SiH4 density. The slope

reveals a reaction rate constant of Sið3P) with SiH4

of kr ¼ ð1:4� 0:6Þ � 10�16 m�3s�1. In the error
analysis of this reaction rate the small statistical
error in the loss rates as well as the following
systematic uncertainties have been considered: The
variation in the diffusion term in Eq. (1) can be
neglected for the small SiH4 dilutions used in Fig.
3, while the local SiH4 density correction affects kr
only slightly. The uncertainty in kr is mainly de-
termined by the gas temperature, which has been
estimated to be (700� 200) K from plasma model
calculations [11]. The value of kr is somewhat
lower than the value of kr ¼ ð3:5� 1:0Þ� 10�16

m�3s�1 and kr ¼ ð4:4� 1:0Þ � 10�16 m�3 s�1 as
obtained, respectively, by Tanaka et al. [3] at 
350
K in an rf plasma and Takahara et al. [17] at 295 K
in a photolysis experiment. The value of Tanaka et
al. is in relatively good agreement with our value
considering the assumptions made (in both cases)
on, e.g., the gas temperature and thermalization of
Si, while the unaccounted presence of disilane in
continuous rf plasmas could also easily account
for the discrepancy. The comparison with the va-
lue of Takahara et al. which has been determined
in a somewhat indirect way using a pre-assumed
chemistry model, might not be so straightforward
since it was obtained under a 
50 times higher He
background pressure.
In order to deduce the surface reaction proba-

bility b of Si and SiH3 from the diffusion term in
Eq. (1), a semi-empirical expression for the cylin-
der symmetrical geometry has been assumed to
determine the effective diffusion length K as has
been proposed by Chantry [15]. However, the
diffusion geometry in the ETP reactor, although
cylinder symmetric, is not as well defined as for
example in an rf parallel plate reactor. In our ap-
proach we have assumed that the diffusion of the
radicals in radial direction can be neglected in re-
spect to the diffusion in axial direction. Although
this assumption introduces the main uncertainty in
b, larger than the uncertainty due to the radical’s
temperature, the assumption is validated by the
fact that within the 5 ms duration of the rf pulse
the additional radicals do not have sufficient time
to reach the outer reactor wall, while the addi-
tional density saturates due to axial diffusion to the
substrate (see Fig. 2). Moreover, on the basis of

Fig. 3. The Si and SiH3 loss rate as a function of the SiH4

density at constant total pressure of 0.27 mbar. The error bars

represent the statistical error in the decay time as shown in

Fig. 2.

1 From the mass balance it follows that the production term

of a radical (proportional to the local SiH4 density and the

electron density) in the rf pulse under steady state conditions is

equal to the radical density over its loss rate (i.e., n=sÞ. The
electron density remains fairly constant for the conditions used

yielding therefore information on the local SiH4 density.
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arguments such as plasma model calculations [11]
and light emission measurements, it is assumed
that the additional radicals are produced and
confined close to the substrate and that the
transport to the substrate is diffusion dominated.
Consequently, from the pressure dependence of
the decay time of SiH3 (Fig. 4) and the SiH3 dif-
fusion coefficient [16] the parameters describing
the axial diffusion geometry can be obtained: Fig.
4 reveals a good linear dependence of the decay
time of SiH3 on the total pressure and therefore
Eq. (1) has been fitted to the data points setting the
gas phase loss term to zero. The surface reaction
probability follows from the offset in Fig. 4 yield-
ing a value of b ¼ 0:30� 0:05 for SiH3 in the ETP
plasma. This value is in good agreement with the
estimated b for SiH3 from indirect measurements
as obtained previously with the ‘aperture-well as-
sembly’ method applied under similar conditions
in the same setup [1]. The value is also in good
agreement with b of SiH3 of b ¼ 0:28� 0:03 as
determined by Perrin et al. [2] by time-resolved
threshold ionization mass spectrometry in an rf
plasma with a 100% on–off modulation. Further-
more, by applying the same axial diffusion geom-
etry to the measurements of Si (while taking into
account the gas phase loss to SiH4), a lower limit
of 0.9 has been obtained for b of Si, yielding
therefore 0:9 < b6 1. Although this is the first
direct experimental evidence for a nearly unity
surface reaction probability of Si, a b of 
1 is

generally assumed for the Si radical on the basis of
its hydrogen deficiency [4].
In conclusion, it has been shown that the time-

resolved cavity ring-down experiment applied on a
remote plasma is capable of obtaining radical loss
rates during the actual plasma deposition process.
From partial and total pressure series, it has been
shown that Si is highly reactive in the gas phase
with SiH4 whereas its surface reaction probability
b is 0:9 < b6 1. SiH3 on the other hand is unre-
active with SiH4 and has a surface reaction prob-
ability of b ¼ 0:30� 0:05 which is in good
agreement with previously reported values. In the
future, the geometrical model will be refined such
that the b values of these and other silane radicals
can be determined at very high accuracy and as a
function of plasma and surface conditions.
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