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Radical surface reactivity studied Ьу time-resolved 
cavity ring down spectroscopy 

М.С.М. van de Sanden, J.P.M. Hoefnagels, У. Barrell and W.M.M. Kessels 

Center for Plasma Physics and Radiation Technology, Department of Applied Physics, Eindhoven University of 
Technology, Р. О. Вох 513, 5600 МВ Eindhoven, The Netherlands 

The gas phase and surface ioss rates of Si and SiН3 radicals during plasma deposition of hydrogenated 
amorphous silicon have been measured Ьу time-resolved cavity ringdown absorption measurements. It is shown 
that Si reacts with SiH4 with reaction rate kr = (3 .0±1.З)х 10-16 m-зs- 1 , while SiH3 is unreactive in the gas phase. 
The surface reaction probaЬility ~ of SiH3 is independent of the substrate temperature and has an averaged value 
of ~siНз=О.30±0.03, while 0.9<~si=;;l. 

Introduction 
For basic understanding and modeling of plasma 

deposition or etching processes, information on the 
density as the surface reactivity of the plasma 
species is essential. The density of а specific radical 
under plasma conditions is the result of production 
and loss processes. The latter comprises both gas 
phase losses as well as surface losses. The density nx 
follows from the balance equation: 

(1) 

with nx the radical density, Р the production, and L 

the loss processes. The loss rate t; 1 is 

experimentally accessiЫe Ьу observing the decay 
time of the radical density after switching off the 
production process Р rapidly. In the stationary state 
it follows from Eq. ( 1) that the density nx is а direct 
result ofboth production as well as loss processes: 

(2) 

1t should Ье realized that а pure exponential decay 
should Ье observed only if higher order loss 
processes in the gas phase are absent. 

Although the radical and ion density are 
important accessiЫe parameters in processing 
plasmas, knowledge on the loss rate is essential to 
understand the role of the radical or ion in the 
deposition or etching process. The reason is that а 
part of the loss process is directly proportional to 
film growth or etching. Furthermore, measurement 

of the loss rate t; 1 can reveal whether а radical is 

important in the deposition or etching mechanism or 
whether it is mainly lost in the gas phase due to 
chemical reactions. 

lf the loss process is а purely surface loss 

process the loss rate t; 1 includes, apart from the 

loss rate associated with transport (diffusion or 
convection), the so-called surface reaction 
probaЬility р. This surface reaction probaЬility is 
defined as the probability that the radical in 
interaction with the surface is lost, .i.e. it contributes 
to film growth or etching or it is transformed into 
another gas phase specie. The surface reaction 
probaЬility of course depends on both the chemical 
(presence of reactive sites) and physical state (for 
example roughness) of the surface and the specific 
radical considered. Measuring the loss probaЬility р 
therefore provides information on the surface 
science of deposition and etching processes under 
plasma conditions and а comparison with dedicated 
molecular dynamics calculations become possiЫe. 
In this work the study will Ье limited to the SiН3 and 
Si radical during the growth of hydrogenated 
amorphous silicon. 

Often the surface reaction probaЬility р of the 
species has been oЫained indirectly [ 1] or under 
process conditions different from the actual plasma 
deposition process, e.g., from а molecular beam 
scattering experiment [2] or Ьу time-resolved 
density measurements in an afterglow plasma [3,4]. 
In this work, time-resolved cavity ringdown 
spectroscopy (t-CRDS) is used to obtain р during 
plasma deposition: the highly sensitive cavity ring
down spectroscopy (CRDS) method [5] is used to 
map an increased radical density due to а pulsed rf 
Ьias to the substrate in addition to the continuously 
operated remote Sillt plasma. Although time
resolved CRDS has been employed previously to 
obtain gas phase loss rates of radicals [6,7], in this 
work the technique has been extended to 
measurements of the surface loss rates of the 
radicals [8,9]. This yields simultaneously 
information on the surface reaction probaЬility р and 



the density of the radicals under the specific plasma 
conditions, here particularly for the case of high rate 
deposition of hydrogenated amorphous silicon (a
Si:Н) [10]. Using this method, it is shown that Si is 
mainly lost in the gas phase to SiH4, whereas SiН3 is 
only lost via diffusion to and reactions at the surface. 
Moreover, 13 of Si and SiН3 are determined and it is 
shown that 13sшз is independent of the substrate 
temperature. 

The 't-CRDS experiment 
ln the expanding thermal plasma (ЕТР) 

technique [Fig. l(a)] а remote expanding Ar-H2-

SiH4 plasma is created. То detect (low-density) radi-
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Fig 1: (а) The expanding thennal plasma (ЕТР) 
setup equipped with the cavity ringdown 
spectroscopic setup and an rf power supply for 
pulsed Ьias voltage application to the substrate. (Ь) 
Schematic time diagram illustrating the modulation 
of the radical density and the synchronization of the 
CRDS laser pulses. 

cals such as SiН3 and Si the CRDS technique has 
previously been employed; SiH3 has Ъееn identified 

~2 ' ~2 
at the А А1 ~ Х А1 broadband transition ranging 
from ~200 to ~260 nm [11], whereas Si radicals 
have been probed at the 4s 3Р0, 1 ,2~3р2 3Р0, 1 ,2 
transition around 251 nm [12]_ In the time-resolved 
CRDS ('t-CRDS) measurements, а minor periodic 
modulation of the radical densities is produced Ьу 
applying 5 Hz, 2.5% duty cycle rf pulses to the 
substrate in addition to the continuously operating 
ЕТР [9]. The additional absorption А,1 due to the 
radicals generated Ьу the rf pulse is obtained from 
the difference in absorption at some point Лt in the rf 
afterglow and at а point long after the influence of 
the rf pulse has extinguished [see l(Ь)]. Every 

CRDS trace is handled separately Ьу means of а 
'state-of-the-art' 100MHz, 12 bit data acquisition 
system [ 13] and an averaged Ar1 is obtained as а 
function of the time Лt in the afterglow of the rf 
pulse. 

А typical 't-CRDS measurement for Si and SiHз 
is shown in Fig. 2. А duty cycle of 2.5 % has been 
carefully chosen in order to obtain а good signal-to
noise ratio in the additional Si and SiH3 absorption, 
while possiЫe powder formation due to the 'anion 
confining' rf plasma sheath is suppressed [14]. 
Figure 2 shows that both Si and SiН3 decrease single 
exponentially, which is expected from the radicals' 
mass balance [15] 

As mentioned above, the coпesponding loss rate 

't; 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]: 

(4) 

о .о 0.2 0.4 0.6 о . в 1.0 

Time лt (ms) 

Fig. 2: Typical semi-logaritmic plot of the 
additional absorption Arr of Si and SiH3 during the 
rf afterglow showing а single exponential decay 
with а loss time of (0.226±0.006) ms and 
(1.93±0.05) ms for Si and SiH3, respectively. Every 
data point is an average of 128 CRDS traces. The 
inset shows а linear plot of the A,r of SiН3 for the 
complete rf pulse of 5 ms. 

In Eq. (4), k, is the gas phase reaction rate with 
species у with density ny, D is the diffusion 
coefficient for the specific radical in the Ar-H2-SiН4 
mixture [16], and Л is the effective diffusion length 
of the radical. The latter depends on diffusion 
geometry and on the radical's surface reaction 
probability 13 [15]. 



Si temperature and saturation measurements 
As will Ье shown below, the gas temperature T gas 

is necessary to calculate the density of SiН4 via the 
ideal gas law, while Tgas is also needed to calculate 
the diffusion term in Eq. (4) for 6 different substrate 
temperatures TsuЬ· Therefore, Tgas has been measured 
from the Doppler broadening of the Si 4s 3Р2 ~ Зр2 

3Р 1 atomic line. То do so, first optical saturation of 
the Si profile has been excluded. Optical saturation 
has been checked from а measurement of the area 
and width of the Si profile as а function of the light 
intensity I in the cavity (Fig. 3). Figure. 3 shows that 
for />2х10.4 lm the Si peak flattens off, i.e., the Si 
transition gets optically saturated. То ensure no 
optical saturation of Si (and SiН3), all further 
measurements have been done at /=5xlo·5 lm. 
Moreover, it has been checked that the Si atoms are 
thermalized, such that the temperature of Si сап Ье 
taken equal to Tgas [9]. Subsequently, Tgas has been 
measured as а function of Тsиь, see Fig. 4. It is found 
for SiH4-flow= 1 sccs, used for all Р measurements, 
that Tgas::::: 1500К, while the measurements of SiH4-
flow=0.5 sccs, used for its high Si density and thus 
good signal-to-noise ratio, show that Tgas is 
independent of Tsub• 
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Fig. 3: The area and the width of the Si 4s 3Р2 ~ Зр2 

3Р 1 absorption profiles as а function of the light 
intensity inside the CRDS-cavity. The vertical solid 
line indicates the transition between saturation and no 
saturation, whereas the dashed lines are guides to the 
еуе. The area and width of the peak are obtained 
from the profiles Ьу means of а Voigt fit. А typicai 
example of а profile with Voigt fit is shown in the 
inset. 

Gas phase loss of Si and SiH3 

From Eq. ( 4) it is seen that the gas phase loss 
processes need to Ье considered first before surface 
loss rates of the radicals can Ье deduced. For Si and 
SiН3 in the ЕТР plasma the only candidate for а 
significant gas phase loss is SiН4 [16]. Therefore the 
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Fig. 4: The kinetic gas temperature Tgas as obtained 
from Doppler profile measurements of а Si transition 
as а function of the substrate temperature Т sub • The 
dashed line depicts а fit of the measurements of 
Si~-flow=0.5 sccs. Additional measurements have 
been performed at Т,uь=200 °С for SiH4-flow=l sccs 
(solid symbols). and show an average temperature of 
Tgas:::::lSOOК. 

loss rate of Si and SiН3 has been obtained as а 
function of the SiН4 density (Fig. 5) keeping the 
pressure and thus the diffusion term in Eq. (4) nearly 
constant. The SiH4 density has been calculated from 
the SiH4 partial pressure using Tgas= 1500К including 
а coпection for the local SiH4 consumption [9]. This 
coпection is necessary since the ЕТР is non-uniform 
due to the beam-like character and the local SiН4 
density is therefore different from the SiН4 density 
as measured using а mass spectrometer in the 
background [9,17]. Here we use Eq. (1) to determine 
the local SiН4 density. In the stationary state the 
production equals the loss process and since the loss 
process is measured (both the local density of the 
radicals as well as the loss time are experimentally 
obtained), the production process is known. 
Furthermore, the additional production of Si as well 
as SiН3 in the RF pulse is proportional to the SiН4 
density and the electron density through the 
reactions: 

е + SiH4 ➔ е + Si + 2Н2 
е + Sil!i ➔ е + SiНз + Н 

(5а) 

(5Ь) 

The electron density is to а good approximation 
independent of the local SiН4 density (it is 
determined Ьу the ЕТР) [9] . Therefore the loss 
process is directly proportional to the local SiН4 
density. The procedure to obtain the local SiН4 
density is performed relatively Ьу using а known 
consumption of SiН4 at the highest SiН4 flow (2.5 
sccs) of 10%. In ТаЫе 1 the coпected SiН4 density 
values are listed which where used to obtain Fig. 5 
[9]. 



SiH4 flow 
(sccs) 

0.5 
1.0 
1.5 
2.0 
2.5 

Calculated ns;н4 
(xl019 m-3

) 

2.1 
4.2 
6.2 
8.2 
10 

Prod. rate Ps; 
(х1019 m-3s-1

) 

0.4 
1.5 
3.5 
5.0 
7.8 

Coпected п8;н4 
(xl019 m-3

) 

0.5 
1.7 
4.1 
5.8 
9.0 

ТаЫе 1: The SiH4 flow as set Ьу the flow controller; the SiН4 density nsiн4 as 
calculated directly from the SiН4 flow (and the pressure) using the ideal gas law; the 
production rate of Si radicals Psi in rf plasma as determined from nsi(Лt=0 /tsi using 
Eq. (1); and the local SiH4 density in fi-ont ofsubstrate n8ш4 coпected for SiH4 

consumption in the plasma. 

As сап Ье observed in Fig. 5 the loss rate of 
SiH3 is independent of the SiН4 density, which 
indicates no gas phase loss of SiH3, while the loss 
rate of Si increases linear with the SiH4 density. 
The slope reveals а reaction rate constant of Si(3P) 
with SiH4 of k,=(3.0±1.3)x10-16 m-3s-1

. This value 
coпesponds well with literature values [8,9]. 
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Fig. 5: The loss rate ofSi and SiH3 as а function of 
the SiH4 density keeping the total pressure 
constant at 0.27 mbar. 

Surface reaction probability of Si and SiH3 

То deduce the surface reaction probaЬility р 
of Si and SiH3 from Eq. (1), а semi-empirical 
expression with radial and axial diffusion length R 
and Н, as proposed Ьу Chantry [15], has been 
assumed for the cylinder symmetrical diffusion 
geometry of the ЕТР reactor. Then, for SiН3 (no 
gas phase loss) the loss time •х in Eq. (4) depends 
linear on the pressure with а slope depending on 
R, Н, and Tgas and an offset depending on R, Н, 
Tgas, and р. After careful consideration it has been 
assumed that the diffusion of the radicals in radial 
direction can Ье neglected in respect to the 
diffusion in axial direction, i.e., R ➔ оо [8]. 
Subsequently, Н can Ье obtained from the 
pressure dependence of the loss time of SiH3• The 
loss time of SiH3 has been measured as а function 

of the pressure for 6 different substrate 
temperatures, see Fig. 6. In Ref. [9] it is shown 
that based on the independence of Tgas on Тsиь all 
the individual data set of Fig. 6 can Ье fitted 
simultaneously with а shared slope to Eq. (4) to 
obtain better accuracy in Н, cf. Fig. 6. Then, from 
the 6 offsets in Fig. 6 the surface reaction 
probaЬility р can Ье obtained as а function of Тsиь 
(Fig. 7). No clear dependence of Рsшз on Тsиь is 
seen. Apparently, all values of Рsшз can Ье 

averaged, yielding Рsшз = 0.30±0.03. This value is 
in good agreement with estimated values of Рsшз 
for 3 different Тsиь as obtained previously with the 
indirect method of 'aperture-well assemЬly' 

applied under similar conditions in the same setup 
[1]. The value also coпesponds to Рsшз=О.28±0.03 
at Тsиь=300 °С as determined Ьу Peпin et al. using 
time-resolved threshold ionization mass 
spectrometry in an rf plasma with а 100% on-off 
modulation [3]. 
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Fig. 6: The decay time of SiH3 as а function of the 
total pressure for 6 different substrate temperatures 
and for а constant SiH4 flow. 

For Si also the loss time has been measured as 
а function of the pressure (not shown here). 
Assuming the same diffusion geometry for Si as 
for SiН3 , while taking into account the gas phase 



loss to SiН4 , а lower limit of 0.9 has been 
obtained for /3 of Si, yielding therefore 0.9</3s;::;l. 
Although this is the first direct experimental 
evidence for а nearly unity surface reaction 
probability of Si, а /3 of ~ 1 is generally assumed 
for the Si radical on the basis of its hydrogen 
deficiency [4]. Note furthermore that from Fig. 5 
it follows that the gas phase loss for Si at the 
highest SiН4 flow, taking into account the higher 
Si loss probaЬility, is about а factor of 1 О higher 
than the surface loss. 
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Fig. 7: the surface reaction probaЬility 13 of SiH3 as 
deduced from the offsets of Fig. 6 as а function of 
Т,uЪ· Also shown are values of 13 from literature, 
Refs. [1,3]. 

Based on ( estimates of) the densities of all 
plasma species, comЬined with their /3, it is found 
that SiH3 has the main contribution to the a-Si:H 
film growth [9]. Furthermore, the independence of 
the /3sшз on Тsиь seems remarkaЫe, because the 
surface structure depends strongly on Тsиь [18]. 
The implications of these observations on the 
growth mechanism of a-Si:H and the surface 
science reaction under plasma deposition 
conditions are discussed in [18]. 

Conclusions 
lt has been shown that the time-resolved 

cavity ring-down experiment applied on а remote 
plasma is сараЫе of oЫaining 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 
SiН4 whereas its surface reaction probaЬility /3s; is 
0.9 </3s;:::; 1. SiНз on the other hand is unreactive 
with SiН4 and has а surface reaction probaЬility of 
/3sшз=О.30±0.03 in good agreement with 
previously reported values. Furthermore, /3sшз is 
independent of the substrate temperature. 
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