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Time-resolved cavity ringdown study of the Si and SiH 3 surface reaction
probability during plasma deposition of a-Si:H at different substrate
temperatures

J. P. M. Hoefnagels, Y. Barrell, W. M. M. Kessels,a) and M. C. M. van de Sanden
Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands

(Received 27 April 2004; accepted 26 July 2004)

Time-resolved cavity ringdown spectroscopy(t-CRDS) has been applied to determine the surface
reaction probabilityb of Si and SiH3 radicalsduring plasma deposition of hydrogenated amorphous
silicon sa-Si:Hd. In an innovative approach, our remote Ar-H2-SiH4 plasma is modulated by
applying pulsed rf power to the substrate and the resulting time-dependent radical densities are
monitored to yield the radical loss rates. It is demonstrated that the loss rates obtained with this
t-CRDS technique equal the loss rates in the undisturbed plasma and the determination of the gas
phase reaction rates of Si and SiH3 as well as their surface reaction probabilityb is discussed in
detail. It is shown that Si is mainly lost in the gas phase to SiH4 [reaction ratekr =s3.0±0.6d
310−16 m3s−1], while the probability for Si to react at ana-Si:H surface is 0.95,bSi,1 for a
substrate temperature of 200°C. SiH3 is only lost in reactions with the surface and measurements
of b of SiH3 for substrate temperatures in the range of 50–450°C show thatbSiH3

=s0.30±0.03d,
independent of the substrate temperature. The implications fora-Si:H film growth are discussed.
© 2004 American Institute of Physics. [DOI: 10.1063/1.1793359]

I. INTRODUCTION

In the field of plasma materials processing, the plasma
properties are not only determined by the plasma composi-
tion and the volume interactions, but also by interactions of
the plasma species with the surrounding surface and sub-
strates. Often expressed in terms of the surface reaction prob-
ability or surface loss probability, the macroscopic surface
reactivity of plasma species, such as radicals, is of interest as
it captures the various reactions taking place at the surface.
In plasma modeling, incorporation of surface reactivities can
be imperative to account for the effects of destruction and
creation of plasma species at the reactor wall. The surface
reactivity also reflects the(relative) importance of the species
for surface processes. For example, in plasma deposition, the
surface reactivity determines the contribution of the different
species to film growth. Moreover, measurements of the sur-
face reactivity of plasma species in dedicated experiments
(e.g., as a function of substrate temperature) can yield fun-
damental insight into the reactions taking place at the sur-
face.

Values of the surface reactivity of plasma radicals have
been obtained for some time in surface sciencelike experi-
ments, studying the interaction of molecular beams with the
surface under well-defined conditions.1–4 In a real plasma
environment with a large variety of species, however, numer-
ous different reactions can occur at the surface at the same
time and therefore the values for the surface reactivity may
differ significantly from those obtained by the molecular
beam experiments. As an early solution to circumvent this

problem for the field of plasma deposition, values of the
surface reactivity have been determined from the comparison
of the conformality of deposition profiles obtained both ex-
perimentally and by simulation.5–11 However, this procedure
in which films were deposited in trenches and cavitylike
structures yields only a value of the surface reactivity aver-
aged overall plasma species contributing to film growth. As a
consequence, considerable effort has been put into the devel-
opment of techniques and methods that measure directly the
surface reactivity of a specific radical and which are gener-
ally applicable during plasma processing. These techniques
are based on the measurement of the time evolution or the
spatial profile of the radical density and utilize various
plasma diagnostics, such as threshold ionization mass
spectrometry,12–15 laser-induced fluorescence
spectroscopy,12–18 actinometry,19 and various kinds of ab-
sorption spectroscopy.20–24 In addition to these techniques,
we have reported recently that time-resolved density mea-
surements by means of cavity ringdown laser absorption
spectroscopy(CRDS) can also be used to measure the sur-
face reactivity of plasma radicals.25 CRDS is a particularly
powerful absorption technique to measure low-density radi-
cals, because the decay time of the light intensity in a high-
finesse optical cavity and not the light intensity itself is uti-
lized as the absorption-sensitive observable.26 Enhanced
sensitivity for small absorption values is increased further
due to the effective multipassing of the light pulse in the
optical cavity and the insensitivity of the decay time to light
intensity fluctuations. The time-resolved version of CRDS
(t-CRDS) exploits the same enhanced sensitivity, while in-
herently it is a versatile diagnostic with a short time resolu-
tion that can be applied to basically all absorbing plasma
species.27 Moreover, becauset-CRDS directly measures ab-
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sorptions, it also yields information on the(line-integrated)
absolute density of the species observed without the need for
an elaborate calibration procedure.

In this paper, we will discuss the determination of the
loss rates of silanesSiH4d radicals(Si and SiH3) from the
time evolution of the radical densities as obtained with
t-CRDS. From these loss rates, values of the gas phase re-
action rates as well as the surface reactivity are extracted, as
addressed in detail. Furthermore, the accuracy of the method
is carefully assessed including experimental aspects, such as
the role of the gas temperature. The strength oft-CRDS will
be illustrated for an experimental method that has the advan-
tage that it determines the values of the surface reactivity
during the plasma deposition process from a minor modula-
tion of the radical density due to a pulse of rf power with
respect to its steady-state density in the regularly operating
plasma. The measurements are performed on a SiH4-based
plasma used for the deposition of hydrogenated amorphous
silicon sa-Si:Hd. This system is ideally suited for such a
study, as in the literature, extensive experimental and theo-
retical effort has been put into elucidating thea-Si:H growth
process. Nonetheless, as addressed in the following section,
some important issues have not yet fully been established.
This paper will resolve two of such issues, i.e., the value of
the surface reactivity of the Si radical and the temperature
dependence of the surface reactivity of the SiH3 radical.

The paper is structured as follows: Sec. II summarizes
the previous work performed on the surface reaction prob-
ability of the different silane radicals on ana-Si:H surface,
while Sec. III gives a brief overview of the theory of diffu-
sional transport of plasma radicals to the surface. Section IV
describes the experimental procedure of the time-resolved
CRDS measurements. The main results on the values of the
surface reactivity of Si and SiH3 are discussed in Sec. V,
together with a careful assessment of the experimental accu-
racy of thet-CRDS method. The implications of the results
on a-Si:H film growth are also discussed. Finally, in Sec. VI
the general conclusions are summarized.

II. THE SURFACE REACTION PROBABILITY OF
SILANE RADICALS: PREVIOUS WORK

The deposition ofa-Si:H from SiH4 plasmas is probably
the most studied plasma system in terms of the surface reac-
tivity of the radicals investigated and the specific surface
reactions leading to film growth proposed.28,29The work was
pioneered almost two decades ago by Gallagher, Matsuda,
and Perrin.6,7,10,30,31They constructed a first growth model of
a-Si:H with several possible surface reactions of the SiH3

radical, based on indications that SiH3 has the highest den-
sity of all reactive species in the SiH4 plasma.32,33The model
was derived primarily from measurements of the deposition
rate and the overall surface reactivity for changing substrate
temperature6 and doping gas concentration,7 where the over-
all surface reactivity was measured using the aforementioned
indirect method of evaluating the conformality of deposition
profiles. The surface reaction probabilityb was introduced as
the probability that a plasma radical, such as SiH3, will react
at the surface. Two classes of surface reactions were identi-

fied: either the radical creates a chemical bond at the surface
that leads to film growth(i.e., sticking with sticking prob-
ability s), or the radical recombines with species at the sur-
face forming a stable molecule that desorbs into the gas
phase(i.e., recombination with recombination probabilityg),
with b=s+g. An example of a sticking reaction that was
included in the growth model is the adsorption of SiH3 on a
surface dangling bond, while examples of recombination re-
actions are the abstraction of a surface H by a surface SiH3

creating a volatile SiH4 and the recombination of two surface
SiH3 radicals forming a volatile disilanesSi2H6d molecule.
This preliminary growth model has been fruitful and has
contributed greatly to the understanding ofa-Si:H growth.

Following on this early work, more dedicated experi-
ments of the silane radical densities have demonstrated that
SiH3 has indeed the highest plasma density,34–36 at least for
the specific plasmas investigated. Moreover, direct measure-
ments ofb for the silane radicals have been carried out by
means of the various diagnostics mentioned in Sec. I, reveal-
ing b values of ,0.2–0.3,6,8,10–13,20,25,0.6,16 and ,0.95
(Ref. 2–4) for SiH3, SiH2, and SiH, respectively. Combining
the b values for all plasma species with their densities has
yielded that SiH3 is the dominant precursor for device qual-
ity a-Si:H film growth under most conditions. The values of
b have also enabled sophisticated numerical models of SiH4

plasmas that emphasize ona-Si:H deposition.37–39McCurdy
et al. have measured the dependence ofb of SiH on the
substrate temperature,2 however, other direct measurements
of b as a function of changing surface conditions have been
rare. Such measurements are essential to identify the surface
reactions of a radical during plasma deposition. For example,
measurements of the dependence ofb on the substrate tem-
perature can be used to elucidate possible surface reactions
on the basis of their thermal activation. This can be done in
conjunction with recent density functional theory
calculations40–44and molecular dynamics simulations,41,45–48

which address the surface reactions at the atomistic scale.
For SiH3, only indirect information is available about the
dependence ofb on the substrate temperature from the early
study of Matsudaet al.6 This study, though, suffers from the
uncertainty that the measuredb values are averaged overall
plasma species.8 On the other hand, all direct measurements
of bSiH3

have been obtained for a single substrate
temperature12,20 and these data are insufficient to conclude
on a consistent set ofb values of SiH3 for different substrate
temperatures. Considering the fact that SiH3 is the key pre-
cursor for deposition ofa-Si:H, however, accurate informa-
tion on the substrate temperature dependence ofbSiH3

is vital
for obtaining detailed insight into the SiH3 surface reactions.
Another issue is the surface reaction probability of Si.b of
Si is generally regarded to be unity,34,49 but this has never
been confirmed experimentally by any of the established di-
agnostics, as summarized in the Introduction. Si is usually
not considered in the growth models ofa-Si:H; however,
under certain conditions, such as hot wire chemical vapor
deposition and reactive magnetron sputter deposition of
a-Si:H as well as plasma deposition ofmc-Si:H under high
H2 dilution, the role of Si seems to be significant.28,50–52

As outlined in the Introduction, these open issues for
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SiH3 and Si will be addressed in this paper and will be used
to demonstrate the strength oft-CRDS for measuring surface
reaction probabilities. In this respect, it is interesting to note
that (ground state) SiH3 radicals cannot be detected by laser-
induced fluorescence spectroscopy(the first electronically
excited state of SiH3 is a nonradiative, predissociative
state53), whereas SiH3 is easily detected with absorption
spectroscopy. On the other hand, Si radicals are relatively
difficult to measure with mass spectrometry(mainly due to
its high reactivity in the gas phase), whereas CRDS is rela-
tively sensitive to Si due to the large absorption cross sec-
tions of the atomic transition.

III. THEORETICAL ASPECTS OF GAS PHASE AND
SURFACE LOSS

This section presents a brief overview of the theoretical
background that is needed to obtain the radical surface reac-
tion probabilityb from the time evolution of the radical den-
sity after a pulse of rf power(cf. Sec. IV). The theoretical
description as derived by Chantry54 is followed and summa-
rized for the case of our plasma reactor with a cylinder sym-
metrical geometry.

Assuming that self-recombination reactions can be ne-
glected, the time-dependent mass balance of a radical density
n in a small volume element can be written as54

dn

dt
= P −

n

t
, s1d

whereP is the volume production term andn/t is the vol-
ume loss term witht the loss time of the radical, correspond-
ing with the loss ratet−1. After a pulse of rf power, at the
moment when the production term has vanished, the density
describes a single exponential decay with the exponential
decay time equal tot. This loss timet can incorporate three
possible loss channels for the radicals in the plasma: loss due
to reactions in the gas phase with loss timetgas, loss at the
surface with loss timetsurf, and loss by pumping with loss
time tpump:

1

t
=

1

tgas
+

1

tsurf
+

1

tpump
. s2d

The pumping loss can often be neglected for reactive species,
while the gas phase loss rate can be expressed in terms of

tgas
−1 = krnx, s3d

with kr the gas phase rate constant for reactions of the radi-
cals with a speciesx with a densitynx. The surface loss due
to diffusion to and reaction at the surface can be accurately
approximated by54

tsurf =
L0

2

D
+

4l0
v

s1 − b/2d
b

s4d

with v=Î8kbTgas/pm the kinetic velocity with Boltzmann
constantkb, mass of the radicalm, and gas temperatureTgas.
The radical’s diffusion constantD, assumed position inde-
pendent, is inversely proportional to the pressurep and has a
Tgas-dependent prefactor that can be calculated using the
Chapman-Enskog diffusion theory including the Lennard-

Jones parameters.55 The diffusion geometry in Eq.(4) is ac-
counted for by the “geometrical” diffusion lengthL0 and the
volume-to-area ratio of the diffusion volumel0. The param-
etersL0 andl0 can be expressed in terms of the radiusR and
heightH of the cylindrical diffusion volume:

L0
2 = FSp

H
D2

+ S2.405

R
D2G−1

s5ad

and

l0 =
HR

2sH + Rd
. s5bd

Combining Eqs.(4) and (5), b can be calculated fromtsurf,
whenH, R, andTgas are known.

IV. EXPERIMENTAL SETUP

A schematic representation of the experimental setup is
shown in Fig. 1 and basically three elements of the setup can
be distinguished: the expanding thermal plasma(ETP) reac-
tor in which the SiH4 plasma is created, the cavity ringdown
spectroscopy setup, and the various additional components
necessary to carry out the time-resolved measurements.

A. The expanding thermal plasma

The ETP reactor56–58 consists of a cascaded arc plasma
source and a low-pressure deposition chamber. In the cas-
caded arc, a current controlled dc discharge at 22.5 A is
maintained at,0.4 bar using an Ar and H2 flow of 27.5 and
2.5 SCCS(standard cubic centimeter per second), respec-
tively. The dc discharge produces a thermal Ar-H2 plasma
that expands into the deposition chamber. By regulating the
pumping speed, the pressure in the reactor can be controlled
between 0.09 and 0.54 mbar, corresponding to a residence
time in the reactor of,0.4–2.4 s. At,5 cm from the arc
exit, a pure SiH4 flow of 0.5–2.5 SCCS is injected into the
expanding plasma. Due to the expansion, the electron tem-
perature is reduced to,0.1–0.3 eV and therefore, electron-

FIG. 1. Schematic representation of the expanding thermal plasma(ETP)
setup used for plasma deposition ofa-Si:H. For thet-CRDS measurements,
the setup has been equipped with a cavity ringdown spectroscopy setup
including a TUeDACS data acquisition system, a rf power supply and delay
generator for application of pulsed rf power to the substrate, and an addi-
tional delay generator for synchronization of the laser shots to the pulses of
rf power.
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induced dissociation of SiH4 can be neglected, as presented
in our previous work.35,57,59Instead, the SiH4 is dissociated
by reactive ionic or atomic species emanating from the
plasma source. As described elsewhere,57,58 for the condi-
tions used in this paper, atomic hydrogen is dominating the
dissociation of SiH4 leading mainly to the creation of SiH3
radicals. Si and other radicals are also produced, but at a
much lower rate, leading to a much lower density.49 The
SiH4 plasma flows towards a substrate with an area of 10
310 cm2, located at 35 cm from the arc exit. For the condi-
tions used in this paper, ion bombardment can be neglected
as the low electron temperature leads to a small floating po-
tential of −2 V of thea-Si:H surface,59 while there are indi-
cations that the flux of atomic hydrogen towards the sub-
strate is relatively low compared to the flux of the silane
radicals.60 The substrate temperature can be accurately con-
trolled from room temperature to 450°C. Heating of the sub-
strate by the plasma is reduced to less then 15°C from its
starting temperature61 due to good thermal contact between
the substrate and the substrate holder by means of a small
helium back flow.

B. Cavity ringdown spectroscopy

An optical cavity with a cavity length of 108 cm is cre-
ated using two highly reflective mirrors(reflectivity R
<0.99 at 251 nm), positioned on either side of the plasma
reactor(Fig. 1). The cavity is aligned at an axial position of
,5 mm from the substrate in order to probe the radicals
directly in front of the substrate. A Sirah Precisionscan D dye
laser, pumped by a Nd:YAG(YAG—yttrium aluminum gar-
net) laser(Spectra Physics, Quanta Ray DCR11), is operated
on a Coumarin 500 dye in order to produce 10 Hz, 6–7 ns
laser pulses at,502 nm that are frequency doubled by a
beta-barium borate crystal to,251 nm with a linewidth of
,1.0 pm. The dye laser is temperature stabilized within
0.1°C to consistently control the wavelength within
,0.2 pm. After passing a neutral-density filter to reduce the
light intensity, the laser pulses are introduced into the CRDS
cavity. The light intensity in the cavity decays exponentially
due to intrinsic cavity losses and possible absorption losses.
Light, leaking out the cavity through the second mirror, is
detected by a photomultiplier(Hamamatsu R928) after pass-
ing an interference bandpass filter centered at 250 nm to re-
duce stray light. With a repetition rate up to 2 kHz, every
CRDS transient is individually digitized and processed(i.e.,
a weighted least-squares fit to the logarithm of the transient)
by means of a state-of-the-art 100 MHz, 12 bit data acquisi-
tion system(TU/eDACS, Ref. 62) yielding the exponential
decay time of the light intensity in the cavity. A measurement
of the difference in this decay time with and without a
plasma as a function of the laser wavelength yields the ab-
sorption spectrum of the plasma in absolute sense. Dividing
the absorption values by the absorption cross section yields
the line-integrated density of the species. When the radial
density profile has also been determined, the spatially re-
solved radical density in front of the substrate can be com-
puted directly from the line-integrated density.

In our previous work, CRDS has been employed to de-
tect SiH3 and Si radicals in the ETP and to determine their
gas phase densities.35,49,60 SiH3 has been measured at the

Ã 2A18← X̃ 2A1 transition, which yields a broadband feature-
less absorption spectrum ranging from,200 to,260 nm,53

as shown in Fig. 2. SiH3 has unambiguously been identified
in our plasma35,63 from the good agreement with the normal-
ized absorption spectra of SiH3 reported by Baklanov and
Krasnoperov64 and Lightfootet al.65 (Fig. 2) as well as from
the good agreement with threshold ionization mass spec-
trometry measurements of SiH3.

60 Si has been measured
from the atomic line spectrum of the Si 4s 3P0,1,2
←3p2 3P0,1,2 transition at,251 nm,66 which lies superim-
posed on the SiH3 spectrum, as is shown in the inset of Fig.
2. From a measurement of the radial density profile,60 typical
densities of SiH3 (Ref. 35 and 60) and Si (Ref. 49) of
1018–1019 m−3 and 1015–1016 m−3, respectively, have been
found in the ETP. In this paper, both Si and SiH3 are detected
around 250.7 nm: Si at the 4s 3P2←3p2 3P1 transition at
250.69 nm with peak absorption cross section of 4.17
310−17 m2,66 and SiH3 at the underlying broadband spec-
trum with an absorption cross section of,4.9310−22 m2, as
reported recently by Baklanov and Krasnoperov.64 This new
and more accurate absorption cross section of SiH3 differs
only slightly from the previously used absorption cross sec-
tion of Lightfoot et al.65

C. Time-resolved measurements

In a t-CRDS measurement, the radical density close to
the substrate is modulated by applying pulsed rf power to the
substrate, while the time evolution of the absorption induced
by the rf-generated radicals is mapped using CRDS. Here,
these two aspects are described.

To apply rf power to the substrate, a Hewlett Packard
8116A function generator is used to create a 20.1 MHz sine
wave signal. The signal is subsequently amplified by a 10 W
and 100 W amplifier(Henry Electronics 100B-30) and is
impedance matched to the substrate holder by a L-type
matching network. The forward power, measured with a Bird
4410A power meter between the amplifier and matching net-

FIG. 2. Parts of the SiH3 absorption spectrum of theÃ 2A18← X̃ 2A1 elec-
tronic transition, as measured in the ETP, compared to the normalized ab-
sorption spectra as reported by Baklanov and Krasnoperov(see Ref. 64) and
Lightfoot et al. (see Ref. 65) both given in arbitrary units. Inset: absorption
lines of the 4s 3P←3p2 3P transition of Si around 251 nm, superimposed on
the broadband SiH3 spectrum(dashed line).

J. Appl. Phys., Vol. 96, No. 8, 15 October 2004 Hoefnagels et al. 4097

Downloaded 15 Jun 2006 to 131.155.151.41. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



work, was kept constant at 63 W, unless stated otherwise,
while the reflected power was reduced to,0.1 W for all
measurements. The dc bias voltage on the substrate, as mea-
sured with a high voltage probe, is typically between −50 V
and −100 V for the plasma settings used in this paper. A
Stanford DG535 delay generator is used to gate the function
generator in order to generate 5 Hz rf pulses with a duty
cycle of typically 2.5%. It is noted that the dc bias voltage
falls off within 20 ms after the rf power is turned off, as has
been measured with the high voltage probe.

To test the influence of the rf power on the radical den-
sities in front of the substrate, the absorption of Si and SiH3

has been measured with CRDS at,5 mm from the substrate
during regular operation of the ETP plasma. Two cases have
been considered: with and without continuous rf power ap-
plied to the substrate. Figure 3 shows the measured absorp-
tion values as a function of the wavelength. The figure
clearly shows that both the absorption due to Si(absorption
peak) and due to SiH3 (broadband absorption) increase due
to the rf power. This demonstrates that the radical density in
front of the substrate indeed increases compared to the
steady-state density in the ETP plasma, when applying rf
power to the substrate.

The procedure to obtain a time-resolved measurement of
the radical density is explained on the basis of the timing
scheme shown in Fig. 4. The rf pulses at 5 Hz[Fig. 4(a)]
modulate the SiHx radical density with respect to the steady-
state density in the ETP plasma[Fig. 4(b)]. Starting at the
steady-state ETP density, the density increases due to the rf
pulse and decreases back to the steady-state ETP density
after the rf pulse has ended. The increased radical density at
a certain timeDt (defined with respect to the end of the rf
pulse) is determined from a combination of two CRDS mea-
surements: a first CRDS transient is measured atDt [laser
pulse(1) in Fig. 4(c)], while a reference CRDS transient is
measured at a time after the influence of the rf pulse has
extinguished[laser pulse(2) in Fig. 4(c)]. The difference
between the two CRDS transients is only due to the radicals
generated by the rf pulse and is used to determine the so-

called “rf-generated absorption,”Arf . To map the time-
dependent radical density,Arf is measured as a function of
Dt.

Experimentally, a combination of two delay generators
(Fig. 1) is used to synchronize the laser pulses to the rf
pulses: the Nd:YAG laser(lamp switch and Q switch) and
the TU/eDACS system are both triggered continuously at
10 Hz, while within each period of two trigger pulses the
function generator receives a start trigger and an end trigger,
thereby producing rf pulses at 5 Hz. The end trigger is fixed
at a constant delay after the start trigger throughout the ex-
periment in order to generate rf pulses of constant duty cycle,
while the rf pulses are shifted in time with respect to the laser
pulses(by changing the start delay) in order to set the time
Dt of a measurement ofArf . Every CRDS transient obtained
is processed separately in real time by the TU/eDACS sys-
tem to suppress low-frequencys,5 Hzd noise sources, and
for everyDt, typically, an average of 128Arf ’s is obtained to
further reduce the noise inArf . In a completet-CRDS mea-
surement, a software program(LabVIEW programming lan-
guage, National Instruments) fully automatically obtains an
averagedArf and then scans to the nextDt to map the evo-
lution of the radical density in time.

V. RESULTS AND DISCUSSION

A. Radical loss times

A typical t-CRDS measurement of the rf-generated ab-
sorption,Arf , as a function of the timeDt in the rf pulse is
shown in Fig. 5(a). Two cases are displayed: the wavelength
fixed at 250.69 nm to measure simultaneously Si at the
4s 3P2←3p2 3P1 peak and SiH3 at the underlying broadband

Ã 2A18← X̃ 2A1 spectrum and the wavelength fixed at
250.68 nm to measure only SiH3. The figure shows thatArf

at 250.68 nm, which correlates directly to the time evolution
of the rf-generated SiH3 radicals, increases and reaches
steady state in the rf pulse and decreases back to zero after
the rf pulse is turned off. The decay ofArf of SiH3 for Dt.0
is shown in more detail in the semilogarithmic plot of Fig.
5(b). Figure 5(a) also shows thatArf at 250.69 nm changes

FIG. 3. Wavelength scans showing the absorption due to the Si 4s 3P2
←3p2 3P1 transition at 250.69 nm superimposed on the broadband SiH3

absorption, for two cases:(a) ETP plasma and(b) ETP plasma together with
continuous rf power applied to the substrate. At the beginning and end of the
wavelength scans, the plasma has been turned off to obtain the baseline loss
in the CRDS cavity, which corresponds to zero absorption.

FIG. 4. Timing scheme of at-CRDS measurement. The 5 Hz, 2.5% duty
cycle rf pulses(a) are synchronized to the 10 Hz laser pulses(c). Also
shown is a schematic representation of the time-dependent radical density
(b) that is modulated by the application of the rf power pulses to the sub-
strate with respect to the steady-state density in the ETP plasma. The addi-
tional absorption of the radicals generated by the rf pulses,Arf , is obtained
from the difference between an absorption measurement in the afterglow of
the rf pulse[measurement(1) at time Dt] and an absorption measurement
sufficiently long after the rf pulse[measurement(2)], when the influence of
the rf pulse has extinguished.
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due to a change in the density of Si as well as of SiH3. It is
clear thatArf at 250.69 nm responds much faster to the rf
pulse thanArf at 250.68 nm, which indicates a much faster
increase and decrease of the Si density than that of SiH3. In
order to investigate the decay of the Si density separately, the
difference betweenArf at 250.69 nm and 250.68 nm of Fig.
5(a) has been calculated for eachDt. This difference, which
is only due to the time evolution of the rf-generated Si radi-
cals, has also been plotted forDt.0 in the semilogarithmic
plot of Fig. 5(b).

Figure 5(b) clearly shows that the rf-generated absorp-
tion of both Si and SiH3 decrease single exponentially, as
expected from the theoretical considerations in Sec. II. In
fact, a single exponential decay has been observed for all
measured decay curves of Si and SiH3 presented in this pa-
per, which confirms the assumption made in Sec. II that self-
recombination reactions can be neglected. The exponential
decay times obtained from Fig. 5 ares0.226±0.007d ms and
s1.93±0.05d ms for Si and SiH3, respectively. The decay
times are much longer than the time resolution of a CRDS
measurements,1 msd and the falloff time of the dc bias
after switching off the rf powers,20 msd. Consequently, it

is concluded that the decay times as obtained witht-CRDS
correspond to the loss times of the radicals in the plasma
during plasma deposition.

In principle, the rf power supplied to the substrate can
affect the ETP plasma conditions and/or surface conditions
such that the measured loss times are different from the loss
times in the undisturbed ETP plasma. For instance, an in-
creased ion bombardment on the surface might significantly
alter the surface loss time,tsurf. In order to investigate such
an influence of the rf power, the dc bias voltage on the sub-
strate[Fig. 6(a)], the rf-generated SiH3 density,nrf -SiH3

, as
reached at the end of the rf pulse[Fig. 6(b)], and the loss
time of SiH3, tSiH3

, [Fig. 6(c)] have been measured for dif-
ferent rf powers. Figure 6(a) shows indeed that the dc bias
voltage on the substrate increases from nearly zero to about
−67 V for increasing rf power, corresponding to an increased
ion bombardment on the surface. Figure 6(b) shows that the
rf-generated SiH3 density increases in front of the substrate
with increasing rf power. This is, however, only a minor
change in the plasma, as the absolute value ofnrf -SiH3

re-
mains below the steady-state SiH3 density of 731018 m−3 in
the ETP plasma. More importantly, Fig. 6(c) shows thattSiH3
is independent of the applied rf power up to 77 W. Appar-
ently, the plasma and surface conditions are not changed
from the undisturbed ETP plasma to such an extent that the
resulting loss times are affected. This conclusion is certainly
true for a rf power of 63 W, as used in all furthert-CRDS
measurements reported in this paper. In addition, from the
reproducibility of the loss time in Fig. 6(c) it is found that the
standard deviation in the determination of the loss time with
t-CRDS is 6%.

The influence of the rf power has also been investigated
from a series oft-CRDS measurements at 250.68 nm, simi-
lar to the one of Fig. 5, for varying duty cycles in the range
of 1% –40% (not shown). Most importantly, it was found
that the loss time of SiH3 is independent of the duty cycle
within its uncertainty. However, two boundary conditions
were identified that define an optimal duty cycle with respect
to the accuracy intSiH3

. For a duty cycle below,1.5%, the

FIG. 5. (a) A typical t-CRDS measurement of the rf-generated absorption,
Arf , as a function of the timeDt for two cases: the wavelength kept constant
at 250.69 nm, i.e., resonant to the Si 4s 3P2←3p2 3P1 peak, and the wave-
length kept constant at 250.68 nm, i.e., off-resonant to the Si peak(see Fig.
3). Dt=0 ms is assigned to the moment that the rf pulse is turned off. Within
the rf pulse(i.e., atDt,0), the densities of Si and SiH3 reach a steady-state
value.(b) Semilogarithmic plot forDt.0 of the rf-generated absorption of
Si, as determined by point-to-point subtraction of the two data sets of Fig.
5(a), and the rf-generated absorption of SiH3. The lines depict linear least-
squares fits of the decay curves and are used to deduce the values of the loss
time t. The ETP plasma settings are an Ar, H2, and SiH4 flow of 27.5, 2.5,
and 1 SCCS, respectively, a pressure of 0.36 mbar, and an arc current of
22.5 A. The rf settings are a power of 63 W, a dc bias voltage of −65 V, and
a duty cycle of 2.5%.

FIG. 6. (a) The dc bias voltageVbias, (b) the rf-generated SiH3 density,
nrf -SiH3

, at the end of the rf pulse(for Dt,0), as calculated assuming a
homogeneous radial SiH3 density profile with a diameter of 30 cm in accor-
dance with Ref. 60, and(c) the loss timet of SiH3 as a function of the
applied rf power in the pulse. The dashed lines are guides to the eye. For
reference, a rf power of 63 W is used in all othert-CRDS measurements
reported in this paper.
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rf-generated absorptionArf of SiH3 does not reach steady
state in the rf pulse. This leads to a lowerArf at the end of the
rf pulse and consequently a lower signal-to-noise ratio in
tSiH3

, when this data ofArf is used to determine the loss time.
For rf pulses with a duty cycle above,5%, the decay inArf

for Dt.0 becomes double exponentially. Presumably, the
plasma is disturbed to such an extent that cluster and dust
particles are generated and confined in the rf confining elec-
tric field in front of the substrate.67 Scattering on and absorp-
tion of the laser light by these powder particles can cause this
double exponential decay inArf . The loss time of the powder
particles has been found to be in the order of the residence
time of the reactor, which is much longer than the loss time
of SiH3. Therefore,Arf of SiH3 can easily be distinguished
from Arf of the powder particles. Still, the double exponen-
tial decay inArf reduces the accuracy in the determination of
tSiH3

. Consequently, the highest accuracy in the loss time of
SiH3 (and of Si) is found for a duty cycle of about 2.5%.

It is concluded that the loss times of the radicals ob-
tained witht-CRDS correspond to the loss times in the un-
disturbed ETP plasma and can be used to obtain information
about the loss processes of the radicals during regular plasma
deposition. Our interest lies in the determination of the sur-
face reaction probabilityb of Si and SiH3. It is clear from the
values of the loss times of Fig. 5 that pumping loss can be
neglected, however, beforeb of Si and SiH3 can be studied,
first the gas phase loss processes of Si and SiH3 need to be
investigated.

B. Gas phase loss of SiH 3 and Si

An assessment of all possible gas phase reactions of Si
and SiH3 with other plasma species, based on reaction rates
reported in the literature55 combined with measured or esti-
mated densities in our Ar-H2-SiH4 plasma, has yielded that
SiH4 is the only candidate for a significant gas phase loss
rate of Si and SiH3. If these radicals react with SiH4, if
follows from Eq.(3) that the loss rate of Si and SiH3 should
be linear with the SiH4 density. The loss ratet−1 of Si and
SiH3 has therefore been measured for five different SiH4

flows, while keeping the total pressure constant at 0.27 mbar.
In order to determine the gas phase reaction rates of Si and
SiH3 with SiH4, however, first the local SiH4 density in the
detection volume, i.e., at 5 mm from the substrate, needs to
be calculated for each SiH4 flow.

As a first approximation, the SiH4 densities have been
calculated from the SiH4 partial pressure using the ideal gas
law for a total pressure ofp=0.27 mbar and a kinetic gas
temperature ofTgas=1500 K, as measured directly from the
Doppler broadening of the Si line profiles(cf. Appendix).
These SiH4 densities, which are not corrected for consump-
tion of SiH4 by the plasma, are given in Table I asnSiH4,uncorr.
Consumption of SiH4 by the plasma can significantly reduce
the SiH4 densities and needs to be corrected for. On the basis
of a direct measurement of the SiH4 consumption under
similar plasma operating conditions,36 a SiH4 consumption
of 10% is assumed for the highest SiH4 flow of 2.5 SCCS.
This yields a local SiH4 density in front of the substrate that
is corrected for SiH4 consumption of nSiH4,corr=9.0

31019 m−3, as reported in Table I. For the other SiH4 flows,
the relative magnitude ofnSiH4corr is calculated utilizing the
fact that the production of Si radicals by the rf power,PSi,
occurs dominantly through electron impact dissociation of
SiH4 with reaction rateke-SiH4

:

PSi = ke−SiH4
nSiH4

ne. s6d

The local electron density,ne, is assumed to be independent
of nSiH4

, because the bias voltage is independent of the SiH4

flow (not shown). Therefore,PSi scales linearly withnSiH4
.

Using Eq.(1), the values ofPSi have been determined from
the Si density at the end of the rf pulse,nSi,rf , divided by the
loss time of Si,tSi. These values have been used to scale the
values ofnSiH4,corr relative to the value ofnSiH4,corr of 9.0
31019 m−3 for the SiH4 flow of 2.5 SCCS(Table I).

Figure 7 shows the loss rates of Si and SiH3 versus the
local SiH4 densitynSiH4,corr. For SiH3, it is clear that the loss
rate is independent of the SiH4 density and it can be con-
cluded that SiH3 is not lost in the gas phase to SiH4 in our
plasma. This is in agreement with a gas phase reaction rate of
SiH3 with (deuterated) SiH4 of kr ø s4±2d310−20 m3 s−1.68

The reproducibility of the loss rates of SiH3 in Fig. 7 yields
again a standard deviation int of 6%. For Si, Fig. 7 shows
that the loss rate depends strongly on the SiH4 density, re-
vealing clearly a linear behavior. This linear dependence in

TABLE I. For the different SiH4 flows admixed in the plasma, the SiH4

density, nSiH4,uncorr, as calculated directly from the SiH4 partial pressure,
while neglecting SiH4 consumption in the plasma; the Si density at the end
of the rf pulse,nSi,rf , as generated by the rf power; and the loss time of Si,
tSi, are given. FromnSi andtSi, the production rate of Si radicals in the rf
plasma,PSi, has been calculated.PSi has been used to determine the local
SiH4 density in front of substrate corrected for SiH4 consumption in the
plasma,nSiH4,corr.

SiH4 flow
(SCCS)

nSiH4,uncorr

s1019 m−3d
nSi,rf

s1015 m−3d
tSi

(s)
PSi=nSi,rf /tSi

s1019 m−3 s−1d
nSiH4,corr

s1019 m−3d

0.5 2.1 1.8 4.3310−4 0.4 0.5
1.0 4.2 2.5 1.7310−4 1.5 1.7
1.5 6.2 2.8 8.3310−5 3.5 4.1
2.0 8.2 2.5 5.0310−5 5.0 5.8
2.5 10.0 3.1 3.7310−5 7.8 9.0

FIG. 7. The loss ratet−1 of Si and SiH3 as a function of the SiH4 density at
a constant pressure of 0.27 mbar, an Ar flow of 27.5 SCCS, a H2 flow of
2.5 SCCS, and an arc current of 22.5 A. The SiH4 density has been calcu-
lated from the SiH4 partial pressure and corrected for the local SiH4 con-
sumption, as explained in the text. The error bars correspond to the statisti-
cal error in the loss timet.
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the SiH4 density is in agreement with Eq.(3) and validates
the correction for SiH4 consumption as presented in Table I.
The slope in Fig. 7 yields the reaction rate of Sis3P1d with
SiH4, kr =s3.0±0.6d310−16 m3s−1.69 The direct uncertainty
in the error-weighted fit of Fig. 7 is 2.5%, however, the error
bar in kr also takes into account the uncertainty in the SiH4

consumption and the gas temperature. The loss time of Si has
also been measured for the two other ground states of Si
(transitions 4s 3P1←3p2 3P0 and 4s 3P2←3p2 2P1 ) and it
has been found that the loss times of the triplet ground states
of Si are equal within their uncertainty, indicating a single
value ofkr, in agreement with Ref. 70. The value ofkr cor-
responds well with the values ofkr in the range of
s2.1–6.6d310−16 m3 s−1 reported in the literature, an over-
view of which is given in Ref. 70. The main conclusion of
this section is that in our plasma Si is mainly lost to SiH4,
while SiH3 is not lost by gas phase reactions at all.

C. Surface loss of SiH 3 and Si

As gas phase loss can be neglected for SiH3, the loss
time as measured witht-CRDS equals directly the surface
loss time, i.e.,tSiH3

=tsurf [Eq. (2)]. Combining Eqs.(4) and
(5) with the expressions of the kinetic velocityv and diffu-
sion constantD, the diffusion theory71 presented in Sec. III
predicts thattsurf scales linearly with the total pressurep
with a slope that depends on the geometrical parametersR
andH and the gas temperatureTgas. Moreover, the value of
tsurf at zero total pressure corresponds to the loss time of the
radical in the so-called “free-fall” limit and depends onR, H,
Tgas and the parameter of interest, i.e., the surface reaction
probability b. Therefore, to obtainb of SiH3, tSiH3

has been
measured as a function of the total pressurep for an
Ar-H2-SiH4 plasma with Ar, H2, and SiH4 flows of 27.5, 2.5,
and 1.0 SCCS, respectively, and an arc current of 22.5 A.
This measurement has been repeated for six different sub-
strate temperatures,Tsub.

Figure 8 shows the measured values oftSiH3
as a func-

tion of p for the six differentTsub. The figure shows clearly
that, for each of the six data sets,tSiH3

depends linearly onp
in agreement with the diffusion theory of Sec II. Therefore,
each data set oftSiH3

has been fitted to Eq.(4) in order to

obtain the value ofbSiH3
at the correspondingTsub. To per-

form these fits, the kinetic velocityv and diffusion constant
D have been calculated for the above-mentioned Ar-H2-
SiH4 mixture,55 using the experimentally obtained values of
the gas temperatureTgas. These values ofTgas have been
obtained from the Doppler broadening of the Si line profiles
andTgas has been found to be 1500±200 K, independent of
Tsub (cf. Appendix). The fact thatTgas is not affected byTsub

suggests that the diffusion profile with parametersR andH is
also not affected byTsub. Because the slope oftSiH3

versusp
is defined only by the parametersR, H, andTgas, it should
also be independent ofTsub. As a consequence, the slopes of
the six data sets oftSiH3

should be equal, as is also corrobo-
rated by the lack of any correlation between the slopes of the
six fits andTsub. Therefore, to increase the accuracy in the
fits, the six data sets have been refitted to Eq.(4) with indi-
vidual offsets, but with one shared slope. These fits are
shown in Fig. 8.

The values oftsurf, obtained by extrapolating the fits in
Fig. 8 to zero pressure, can now be used to calculate the
values ofbSiH3

, when the geometrical parametersR and H
are known. The values ofR andH can be deduced indepen-
dently from the value of the shared slope of the fits in Fig. 8
under the assumption that the diffusion in radial direction
can be neglected with respect to the diffusion in axial direc-
tion, i.e.,R/H@1. This assumption is made plausible based
on the following line of reasoning. Within the 5 ms duration
of the rf pulse the rf-generated radicals do not have sufficient
time to reach the outer reactor wall, therefore effectively
yielding R=`. On the other hand, it is seen from Fig. 5(b)
that the rf-generated absorption reaches steady state within
5 ms, which can only be attributed to the temporal saturation
of the axial diffusion profile as a result of rf-generated radi-
cals diffusing to and reacting with the substrate. Moreover,
additional information, such as plasma model calculations60

and spatial profiles of the light emission in front of the sub-
strate, indicate that the rf-generated radicals are produced
and confined close to the substrate and that the transport to
the substrate must be diffusion dominated. Therefore, under
the assumption ofR/H@1, a value ofH=8 cm(Ref. 72) has
been deduced from the shared slope of the fits, enabling the
values oftsurf at zero pressure to be used to calculatebSiH3

.
The resulting values of surface reaction probability of SiH3,
bSiH3

, as a function of the substrate temperature, are shown
in Fig. 9. The main observation in this figure is the absence
of a trend inbSiH3

as a function ofTsub. Furthermore, because
bSiH3

is independent of the substrate temperature, the values
of bSiH3

in Fig. 9 can be averaged, yielding an averagedbSiH3

of 0.30±0.03.
In addition to the results ofbSiH3

, the value ofbSi at
Tsub=200°C has been obtained from a measurement of the
loss timet of Si as a function of pressure. As Si is lost to
SiH4 in the gas phase withkr =s3.0±0.6d310−16 m3 s−1, the
measured loss times have first been corrected for gas phase
loss to obtain the surface loss ratestsurf. Similar to the case
of SiH3, the values oftsurf versusp have been fitted to Eq.
(4) under the assumption ofR/H@1, while using the values

FIG. 8. The loss timet of SiH3 as a function of the total pressure in the
reactor for six different substrate temperatures in the range of 50–450°C for
an Ar, H2, and SiH4 flow of 27.5, 2.5, and 1.0 SCCS, respectively, and for
an arc current of 22.5 A. The six data sets with their uncertainties have been
fitted simultaneously with one combined slope but with individual offsets.
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of v andD as calculated for the diffusion of Si radicals in the
Ar-H2-SiH4 mixture. With the obvious restriction thatbSi

ø1, this procedure yields 0.95,bSiø1.69

Before the implications of these results onbSiH3
andbSi

are discussed, first, the uncertainties in the derivation ofb
are assessed. The error inbSiH3

in Fig. 9 is ,15%, corre-
sponding to the statistical error in the offset of the fits in Fig.
8. This error is significantly larger than the errors int andp
(,6% and,3%, respectively) due to the extrapolation to
zero pressure. This demonstrates that it is necessary to mea-
suret within a sufficiently large pressure range in order to
obtain accurate values ofb. In our particular situation, the
error in b has been reduced by almost a factor of 2 by using
the fitting procedure of one shared slope, which is possible
wheneverTgas is independent ofTsub. The reproducibility in
bSiH3

is illustrated in Fig. 9 by an additional measurement of
bSiH3

at Tsub=200°C, obtained previously under exactly the
same experimental conditions.25,69 In addition to statistical
errors, a number of systematic errors are potentially intro-
duced in the derivation ofb, i.e. the uncertainty in the deri-
vation of Eq.(4), in the gas temperature, and in the assump-
tion of R/H@1. In the derivation of Eq.(4), Chantry used a
simple empirical approximation of the reactor’s fundamental
mode diffusional length,54 which introduces a maximum sys-
tematic error inb of 3%, as calculated from the error analy-
sis in Ref. 54. The uncertainty of 200 K in the value ofTgas

of 1500 K also introduces a maximum systematic error inb
of 3%. Finally, the assumption ofR/H@1 yields potentially
the largest uncertainty inb, where it is noted that a deviation
from this assumption would result in a lower value ofb.
Although the uncertainty inb due to this assumption is dif-
ficult to assess, a decrease inb of more than 10% seems
unlikely. For Si, the uncertainty in the gas phase reaction rate
with SiH4 could introduce an additional systematic uncer-
tainty in the derivation ofbSi compared to the case ofbSiH3

.
Finally, it is noted that the observation in Fig. 9 of a
Tsub-independentbSiH3

is not affected by any potential sys-
tematic error inbSiH3

.
Our values ofb are further evaluated by a comparison

with values ofb reported in the literature that have either

been obtained under similar experimental conditions or by
means of a diagnostic that yieldsb directly. The values of
bSiH3

are in perfect agreement with those obtained previously
by Kesselset al.8 for three substrate temperatures using
the indirect method of the “aperture-well assembly” under
similar conditions in our ETP setup, see Fig. 9. OurbSiH3
values are also in perfect agreement with the value of
bSiH3

=0.28±0.03 atTsub=300°C as determined by Perrin
et al.12 by time-resolved threshold ionization mass spectrom-
etry in a rf plasma, in which the SiH3 density was modulated
by turning the rf plasma completely on and off. A somewhat
lower value ofbSiH3

of 0.15 has been found at room tem-
perature in a rf plasma during plasma deposition ofa-Si:H
using infrared laser absorption spectroscopy.20 However, the
authors consider their measured value ofbSiH3

to be too
small, since the spatial density profile of SiH3 used to obtain
bSiH3

is sensitive to the volume production of SiH3. In per-
spective, the different values ofbSiH3

correspond surprisingly
well considering the difference in diagnostics and in
a-Si:H deposition methods used. For Si, no direct compari-
son with literature values can be made, however, a surface
reaction probability that is nearly unity is generally expected
for Si.34,49

D. Implications for a-Si:H film growth

In this section, our results onb for Si and SiH3 are
discussed with respect to the importance of the various
plasma species fora-Si:H film growth and the key surface
reactions ruling thea-Si:H growth process.

For SiH3, a value forbSiH3
of 0.30±0.03 has been found,

which is in good agreement with previously reported values.
It has been speculated previously that a value ofbSiH3

of
,0.3–0.4 reflects the probability that a SiH3 approaches the
surface with its dangling bond oriented towards the
surface.10 For Si, the surface reaction probability has now
been measured and abSi of .0.95 is found. AbSi of unity
has been inferred previously based on the hydrogen defi-
ciency of Si.34,49The presence of merely dangling bonds for
Si compared to the one dangling bond for SiH3 makes that Si
is more reactive than SiH3 on the surface as well as in the
gas phase, as shown in this paper. This line of reasoning is
further corroborated by comparing our values ofbSi and
bSiH3

with the reported values ofbSiH andbSiH2
of ,0.95 and

,0.6, respectively. Furthermore, the argument can be ex-
tended to the stable SiH4 molecule, which has a surface re-
action probability of,10−3, even on a H-freec-Si surface.73

Therefore, we conclude from our measurements that there is
a general trend that the surface reaction probabilityb of the
silane radicals increases with increasing number of dangling
bonds, as shown in Table II. This trend is in agreement with
the observations from molecular dynamics(MD)
simulations.45–48

To get an indication of the relative importance of the
different radicals toa-Si:H film growth, the Si growth flux
due to a specific radical,GSi (i.e., the number of Si atoms
deposited per second by the specific radical) can be esti-
mated from the value ofb and the densityn in the plasma:54

FIG. 9. The surface reaction probabilityb of SiH3 as a function of the
substrate temperature,Tsub. The plasma settings are equal to the ones in Fig.
8. The horizontal dashed line depicts the averaged value ofbSiH3

of
0.30±0.03. Previously obtained values ofbSiH3

measured in the ETP setup
by means oft-CRDS(see Refs. 25 and 69) and the aperture-well assembly
(see Ref. 8) have been added to the figure for comparison.
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GSi =
1

4
n v

s

1 − b/2
. s7d

In this equation,14n v is the thermal flux impinging on the
surface ands is the sticking probability withsøb. The value
of s is not precisely known for the silane radicals, but is
generally assumeds<b /2 for SiH3 ands=b for SiH2, SiH,
and Si.6,12,29,34,36,73Combining these estimates ofs with the
values ofb and the typical densities in the ETP and rf plasma
under conditions where device qualitya-Si:H is grown, as
presented in Table II, yields the Si growth fluxes for the
different silane radicals. Although an exact calculation of the
Si growth fluxes is prevented by the uncertainty in absolute
density measurements(caused by the need for accurate cross
sections as well as elaborate calibration procedures or spatial
density profiles), it is nevertheless apparent that SiH3 is the
key growth precursor for plasma deposition ofa-Si:H,
whereas the contribution of other radicals is limited to a few
percent or lower. While this conclusion has been deduced on
the assumption ofs<b /2 for SiH3, a value ofsSiH3

of more
than 0.01 is needed at the least to account for thea-Si:H
growth rates observed. On the other hand, the densities of the
other radicals are clearly not high enough to explain the
a-Si:H growth rates even with ans of unity. These findings
are in perfect agreement with a contribution of SiH3 to
a-Si:H film growth of s90±10d%, as found in the ETP
plasma using a different approach,35 and with Ref.36.

In view of SiH3 being the key growth precursor for
a-Si:H growth, we have measuredb of SiH3 as a function of
the substrate temperature to study the growth process of
a-Si:H. No dependence ofbSiH3

on the substrate temperature
has been found(Fig. 9), consistent with the observations
from MD simulations.46 To obtainb values in a rf plasma,
Matsuda et al.6 employed the aforementioned indirect
method of evaluating the conformality of deposition profiles.
This method, however, yields only compound values ofb
that are averaged overall plasma species coming to the sur-
face. In an effort to overcome this problem, they installed a
mesh in front of the surface in order to select preferentially
SiH3 radicals to come to the surface. Using this configura-
tion, they found that the compound value ofb is independent

of Tsub (from room temperature up to 500°C) with a b of
0.26±0.05. While the rf plasma is modified by the applica-
tion of the mesh, the good agreement with our results of
bSiH3

indicates that their measurements have been performed
under SiH3 dominated conditions. Along the same line of
reasoning, the compound values ofb of ,0.3 for three sub-
strate temperatures obtained indirectly with the aperture-well
assembly method by Kesselset al. in the ETP setup8 (see
Fig. 9) imply that the specific ETP plasma conditions used
are SiH3 dominated. These findings corroborate the conclu-
sion that SiH3 is the dominant growth precursor fora-Si:H
film growth. More importantly, as our values ofbSiH3

have
been obtained from direct measurements of SiH3 and during
regular plasma deposition ofa-Si:H, our measurements re-
move any remaining uncertainty about the independence of
bSiH3

on the substrate temperature.
The substrate temperature dependence of the surface re-

action probability of a radical is of interest as it can yield
information on the thermal activation of the surface reactions
of the radical. With abSiH of approximately unity, SiH vir-
tually always reacts to the substrate and therefore the experi-
mental observation2 of a substrate temperature independent
bSiH was not unexpected. Applying the same argument to Si,
no dependence ofbSi on the substrate temperature is ex-
pected. For SiH3, however, the independence ofbSiH3

on the
substrate temperature is less obvious and is shown to have
direct implications for the dominant reactions of SiH3 with
the a-Si:H surface. Either the surface reactions are all indi-
vidually independent ofTsub, or the surface reactions do de-
pend onTsub, but their thermal activation cancels out. The
latter seems improbable due to the typical exponential de-
pendence of the reaction rates on the activation barrier. To
narrow the constraints on the possible surface reactions of
SiH3 further, first the substrate temperature dependence of
the surface silicon hydride coverage ofa-Si:H is addressed.
Two similar studies for different a-Si:H deposition
systems74,75 have shown that the hydrogen coverage of the
a-Si:H surface changes drastically with increasingTsub:
from a surface that is covered with trihydridesuSiH3d
bonds atTsub,150°C to a dihydridesvSiH2d covered sur-
face at intermediate temperatures to a monohydride
swSiHd covered surface atTsub.300°C. This observation is
in sharp contrast with the substrate temperature indepen-
dence ofbSiH3

. The sticking probabilitys of SiH3 is investi-
gated next. Although a direct measurement ofsSiH3

is unfea-
sible, insight onsSiH3

can be obtained from the Si growth flux
GSi as can be calculated from the product of the deposition
rate and the Si atomic density in thea-Si:H film. In this
reasoning, it is assumed that all Si atoms in the film are
deposited by SiH3 radicals coming to the surface, as argued
above. Figure 10 shows the Si growth flux as a function of
substrate temperature, measured for two different pressures
with all other conditions equal to the measurement condi-
tions of bSiH3

. It is seen thatGSi is independent ofTsub, in
good agreement with two previous measurements ofGSi in
the ETP plasma under slightly different plasma settings.8,76

Apart fromGSi, it has been shown in this paper that for these
plasma conditions also the densityn, the gas temperature

TABLE II. An overview of the surface reaction probabilityb and typical
density of the different silane radicals in the ETP and rf plasma for condi-
tions where device qualitya-Si:H is grown.

Species b
Density in ETP plasmaa

sm−3d
Density in rf plasmab

sm−3d

Si .0.95c 231015 131016

SiH ,0.95d 331016 231016

SiH2 ,0.6e ,1017 131016

SiH3 0.3f 731018 331017

SiH4 !1310−3g 131020 131021

aReferences 35, 49, and 60.
bThe rf plasma densities, taken from Ref. 34 for a rf power of 0.05 W/cm2,
are representative for rf plasmas in general(Refs. 12, 16, 20, and 33).
cThis work.
dReference 2–4.
eReference 16.
fThis work and Refs. 6, 8, 10–13, 20, and 25.
gReference 73.
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Tgas, and thus also the thermal velocityv are independent of
Tsub. Therefore, it follows from Eq.(7) thatsSiH3

must also be
independent of the substrate temperature. Moreover, in the
case thats,b, it follows that the recombination probability
g of SiH3 must also be independent ofTsub. To conclude, the
substrate temperature independence of all three macroscopic
surface reaction parameters,b, s, andg, of SiH3 puts strict
boundary conditions on the possible surface reactions ruling
a-Si:H film growth, especially when taking into account the
strong substrate temperature dependence of the surface sili-
con hydride composition.

A candidate model that describesa-Si:H growth within
these boundary conditions has been proposed in Ref. 74.
There, it is argued that SiH3 contributes toa-Si:H growth
via a two-step reaction mechanism. First, a gaseous SiH3

abstracts a surface hydrogen directly from thea-Si:H sur-
face by means of the Eley-Rideal process,41,46 thereby form-
ing a dangling bond. From MD simulations it has been found
that this process has a reasonably low activation energy
s,0.09 eVd (Ref. 41) and can explain the substrate tempera-
ture independence ofg. Then, a second SiH3 sticks on the
dangling bond to contribute toa-Si:H film growth. This sec-
ond step, which may or may not involve surface diffusion of
SiH3, has no activation barrier,46 corresponding to a substrate
temperature independents. As b=g+s, this two-step reac-
tion mechanism also implies a substrate temperature inde-
pendentb. Although this is only one possible growth model
that complies with the boundary conditions, the model
clearly demonstrates the far-reaching implications of our ex-
perimental findings on the growth mechanism ofa-Si:H.

VI. CONCLUSIONS

It has been shown that time-resolved cavity ringdown
spectroscopy(t-CRDS) yields accurate measurements of the
loss time of radicals in the plasma with a standard deviation
of ,6%. Moreover, the experimental method of modulating
the radical density, by applying a minor pulse of rf power to
the substrate, with respect to its steady-state density in the
regularly operating plasma leads to loss times of the radicals
that equal the loss times in the undisturbed plasma. There-

fore, the loss times can be used to obtain the gas phase re-
action rates and the surface reaction probabilities of the radi-
cals during the actual plasma deposition process. A careful
assessment of the applicability and the measurement accu-
racy of the method including experimental aspects, such as
the role of the gas temperature, has yielded a statistical error
in the surface reaction probability of ~15% and a potential
systematic error of less than,16%.

The capabilities of thet-CRDS method have been dem-
onstrated on a Ar-H2-SiH4-based plasma used for the depo-
sition of hydrogenated amorphous siliconsa-Si:Hd. It has
been found that Si is highly reactive with SiH4 in the gas
phasefkr =s3.0±0.6d310−16 m3 s−1g and that it has a surface
reaction probability b with the a-Si:H surface of
0.95,bSi,1. SiH3 is only lost by diffusion to and reaction
at thea-Si:H surface and the values ofbSiH3

, obtained for
substrate temperatures in the range of 50–450°C, are in
good agreement with previously reported findings. It has
been found thatbSiH3

is independent of the substrate tem-
perature with an averaged value ofbSiH3

of 0.30±0.03. On
the basis of these observations, the growth process of
a-Si:H has been addressed.
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APPENDIX: DETERMINATION OF THE KINETIC GAS
TEMPERATURE

The kinetic gas temperatureTgas has been determined
from the Doppler broadening of the Si 4s3p2←3p2 3p1
atomic transition. The measured absorption profile is a con-
volution of the Gaussian Doppler profile and the Lorentzian
linewidth profile of the laser and is consequently fitted to a
Voight profile to extract the Doppler width, as is shown in
the inset of Fig. 11. The obtained Doppler width is used to
determine the temperature of the Si atoms in the3P1 ground
state. This temperature of the ground state of Si is equal to
Tgas,

77 as the average number of collisions of a Si atom with
other gas particles(mainly Ar) upon detection ensures ther-
mal equilibrium. Moreover, it has been verified that optical
saturation of the Si transition, leading to an apparent increase
in the Doppler width, is avoided in the experiments.78 To this
end, the laser light intensity in the cavity has been chosen
sufficiently low (laser pulse energy in the cavity isE,1
310−8 J/pulse, as calculated from the measured laser pulse
energy before the cavity and the transmission of the first
cavity mirror).

The values ofTgas are shown in Fig. 11 as a function of
the substrate temperatureTsub. The dependence ofTgas on

FIG. 10. The Si growth fluxGSi as a function of the substrate temperature
Tsub for 0.27 and 0.36 mbar and all other conditions equal to the measure-
ment conditions ofbSiH3

. The Si growth flux is calculated from the product
of the Si atomic density in thea-Si:H film and the deposition rate, both
determined from Fourier transform infrared spectroscopy measurements of
the a-Si:H films and corroborated by elastic recoil detection analysis.
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Tsub has been investigated for a SiH4 flow of 0.5 SCCS. This
condition has been chosen for its relatively high Si density in
the ETP plasma, which leads to a high accuracy in the deter-
mination of Tgas. The horizontal fit through the data points
shows thatTgas is independent ofTsub with a Tgas of
,1850 K for this particular SiH4 flow. Three additional mea-
surements atTsub=200°C have been obtained for two differ-
ent pressures and for a SiH4 flow of 1.0 SCCS, which corre-
sponds to the measurement conditions ofbSiH3

and bSi.
These measurements yield an(averaged) value for Tgas of
s1500±200d K that is independent of the pressure. ATgas of
1500 K is in perfect agreement with measurements of the
rotational energy distribution of SiH under comparable
plasma conditions in the same setup.49,69Therefore, aTgas of
s1500±200d K that is independent ofTsub is assumed for the
measurements ofb throughout the paper.
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