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Abstract

We/....have established a method for measuring radical densities in
reactive plasmas using infrared diode laser absorption spectroscopy
(IRLAS). The technique was used to investigate the density, rotational
temperature, reaction rate 'constant and diffusion coefficient of radicals
(SiR, SiR3, CF, and CF3) in silane and fluorocarbon plasmas; a high
resolution infrared spectrum of the SiHz radical was also studied by
using IRLAS. Ultraviolet absorption spectroscopic studies were carried
out to measure the Si atomic radical density in silane plasmas. Further,
a new method of determining radiative transition probabilities by use of a
laser induced fluorescence technique was developed.

1 Introduction

Neu tral radicals play an important role in thin film deposition or
etching of materials by using reactive plasmas. In order to understand
the fundamental mechanisms of such plasma processing, it is indispensable
to obtain information about neutral radicals. The majority of the radicals
in reactive' plasmas usually exist in their ground states an,d thus they
are non-emissive. Therefore, quantitative measurements of neutral radical
densities were rather difficult and very few studies have been reported.

The purpose of this research has been to develop methods for
quantitative measurements of various radical densities using spectroscopic
techniques and actually to measure radical densities in reactive plasmas;
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spectroscopic techniques allow us to detect radicals without perturbing
plasmas. The results of this research (carried out by two research
units) are summarized in this report as follows. In Sec. 2, we describe
the development of an infrared diode laser absorption spectroscopic
(IRLAS) technique for measuring radical densities and their application to
the measurements of SiH3 and SiH radical densities in silane plasmas.
Section 3 describes the measurements of Si atomic radical densities in
silane plasmas by using ultraviolet absorption spectroscopic techniques.
IRLAS was used to obtain a high resolution spectrum of the SiH2 radical,
from which accurate molecular constants were determined; the results are
shown in Sec. 4. IRLAS measurements were also carried out for radical
densities in fluorocarbon plasmas, the results being summarized in Sec. 5.
For quantitative spectroscopic measurements, the knowledge of Einstein A
coefficient is essential. We have developed a new method to determine
Einstein A coefficient by using a laser induced fluorescence (LIF)
technique; the results are described in Sec. 6.

2 Measurements of Radical Densities in Silane Plasmas
Using Infrared Diode Laser Absorption Spectroscopy

Plasma CVD processes using a silane gas are used to produce
hydrogenated amorphous silicon (a-Si:B) thin films, which are widely
employed in useful electronic devices such as solar cells and thin-film
transistor arrays. Among various species in silane plasmas, neutral radi
cals in the ground electronic states, in particular SiH3, are regarded as
the dominant precursors of the film. In order to measure radical den
sities in silane plasmas, we have developed a method based on infrared
diode laser absorption spectros~opy (IRLAS). The method was first ap
plied to the measurement of the SiH3 and SiB radicals in a pulsed DC
discharge. Then it was applied to the measurement of the' SiB3 radical in
an RF discharge similar to those used commonly for actual film deposition.
The correlation of, the SiH3 density with the film deposition rate was in
vestigated. In addition, some reaction rate constants and diffusion coeffi
cients of the radicals were determined.

2.1 SilIJ density in DC pulsed SiH4/IG discharge

IRLAS system and principle of measuremen ts
Figure 2.1 shows the schematic block diagram of the infrared diode

laser absorption spectrometer. The diode laser is cooled down to 10-80 K
using a helium compresser. Its frequency is coarsely adjusted by vary
ing the temperature and then is scanned by changing the current. The
laser linewidth is much narrower than the widths of absorption lines to
be measured. In addition to the main absorption cell, the laser beam is
provided for a reference gas cell and a 25-cm confocal etalon. The
reference gas (acetylene was used in the SiH3 measurements) gives the
absorption signal used as an absolute wavenumber marker, while the
etalon produces a fringe pattern (0.Ol-cm-1 spacing) used as a relative
wavenumber marker. The laser current is slightly modulated at f=5 kHz
for the lock-in detection of the reference spectrum and the interference
fringes. The main absorption signal from the laser beam passing through
the discharge plasma is recorded by a transient memory. The SiH3 ab
sorption spectrum is obtained by taking the difference, between the sig
nals accumulated for two gate periods, one after and the other before the
start of the pulsed discharge, while the laser frequency is scanned
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Fig. 2.1. Schematic block diagram of the
infrared diode laser spectrometer

slowly.
Figure 2.2 shows the discharge tuhe and the White-type multi

reflection system used in this study. The discharge tube consists of a
stainless-steel cylindrical hollow cathode (lO-cm diameter and l17-cm long)
and two tungsten pin anodes. A pulsed DC voltage is applied between
the electrodes. The infrared laser beam is adjusted to pass 40 times
through the discharge tube so that the total absorption pass length is
4680 em.

The radical density N in the lower level of the absorption line can
be calculated using the formula: 1)

N = (8 7C c V 2 ) (gL I gu A) ) k (v )d Y , (2.1)

where gu and gL are, respectively, the statistical weights of the upper and
lower level of the absorption line, c the speed of light, Y the
wavenumber, A the Einstein A coefficient, and k( V ) the absorption coeffi
cient given by

k(v )=-(l/L)X In[{Io{v )-ra(y )}/Io(v )). (2.2)

Here, L is the absorption length, Io( Y ) the laser intensity without ab
sorption, and Ia( v ) the absorption intensity. In Eq. (2.1), it is assumed
that the radical density in the upper level is negligible. The absorption
coefficient k( Y ) in Eq. (2.1) was integrated over a Gaussian profile cor
responding to a certain translational temperature which was assumed to
be equal to the rotational temperature.

Rotational temperature a.nd· SillJ density
A SiH4/Hz mixture (SiH4/Hz=0.065/0.585 Torr) was introduced into the

discharge tube at the total flow rate of 60 sccm and excited by a pulsed
discharge with a duration time of 0.45 ms, repetition frequency of 9 Hz,
and peak current of 1 A. Absorption measurements were carried out for
a number of Q-branch lines in the Y 2 (1- 0) band of the ground
electronic state (XZA1) of SiH3. An example of the observed absorption
line profile is shown in Fig. 2.3. The radical densities in the lower level
of the absorption lines were calculated by using an Einstein A coefficient
based on an ab-initio MO calculation.2) Figure 2.4 shows the obtained radi
cal density (per unit statistical weight) plotted in semi-log scale as a
function of the rotational term value. All the data points are closely lo
cated on a straight line, indicating that the SiH3 radicals are in thermal
equilibrium with respect to the population distribution over the rotational
levels. The slope of the straight line gives a rotational temperature of

T r = 320± 10 K.
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Then, assuming that the vibrational temperature is equal to the rotational
temperature, the total 8iH3 density in the ground electronic state can be
calculated using the rotational and vibrational partition functions;3) the
result is

N(8iH3)=(5.9± 0.3}X 1011 om- 3.

Diffusion coefficient and reaction rate constant
Figure 2.5 shows a transient absorption waveform of the 8iH3 radi

cal. The dominant loss processes of SiH3 in the plasma are the diffusion
to the wall and the following recombination and disproportionation
reactions:

SiH3 + 8iH3 ~ 8i ZH6
SiH 3 + 8iH3 ~ 8iHz + SiH4'

(2.3)
(2.4)

Thus the 8m3 density N after the turn-off of the discharge will ap
proximately follow the rate equation given by

dN/dt = -2kN 2 - N/ r , (2.5 )

(2.6)

where k is the sum of the rate constants of the reactions (2.3) and (2.4),
and r is the diffusion lifetime. This equation can be solved analytically
and by fitting the solution to the observed decay of the density as
shown in Fig. 2.5, we can estimate It and r. For SiH4(10%}/Hz mixtures,
the values of k thus obtained are

Ie = (1.5 ± 0.6}x 10- 10 om 3 's- 1 ;

and they are relatively insensitive to the total pressure in the studied
range of 40-130 mTorr. The value of r was found to be linearly
'proportional both to the total pressure and to the Hz partial pressure.
This means that the following Blanc's equation4) is approximately valid:

P(SiH4/Hz) _ P(Rz} + P(SiH4)
D(SiH3 in SiH4/Hz) - D(SiH3 in Hz) D(SiH3 in SiH4)'

where D's are diffusion constants and P's are pressures. With the aid of
this equation, the following diffusion constants were derived from the
preSSUre dependence of r

D(SiH3 in Hz) = 580± 140 om2.Torr·s- 1
D(SiH 3 in SiH4} = 140± 30 om2.Torr·s- 1 .

Dependence of the Silh density on the pre'ssure
For gas mixtures of SiH4/Hz, SiH4/Ar, and SiH4/He, the dependence of

the Sm3 radical density on the total pressure and on the buffer-gas par
tial pressure was investigated. The discharge current was 1 A and the
discharge pulse width was kept at 0.45 ms. Here we mainly quote the
results for the SiH4/Hz mixture. Figure 2.6 shows the results of
measurements in which the total pressure was varied with the SiH4 partial
pressure kept at 10% of the total pressure. Figure 2.7 shows the Hz
partial pressure dependence of the radical density. Under the present
experimental conditions, the dominant production process of SiH3 is the
electron impact dissociation of SiH4, while the dominant loss process is
diffusion. In Fig. 2.6 the 8m3 density decreases in the high total pres
sure region and in Fig. 2.7 it decreases with increasing Hz partial pres
sure. Since the diffusion loss rate decreases with increasing pressure,
this behavior should be ascribed to the decrease of the. SiH3 production
rate, 8aused presumably by the decrease of the electron temperature. We
also measured the dependence of the SiH3 radical density on the dis-
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charge pulse width; the results indicated that the SiH3 density increased
linearly with the pulse width in the measured pulse width range of 0-1
ms. This means that the SiH3 density in the steady-state should be
higher than those shown in Figs. 2.6 and 2.7 approximately by a factor
given by the ratio between the diffusion lifetime and the discharge pulse
width.

Correlation between the Silh density and the a-Si:H film growth rate
The growth rate of a-Si:H film was measured at various Hz partial

pressures with the SiH4 partial pressure fixed at 31 mTorr; the discharge
pulse width was fixed at 0.45 ms and the discharge current at 1 A. The
growth rate was obtained by dividing the film thickness by the deposition
time. The correlation between the SiH3 density and the film growth rate
is shown in Fig. 2.8. The linear relationship between these quantities
suggests that SiH3 is responsible for film growth.

2.2 Sill density in DC pulsed SiF4/AI' discharge

The IRLAS setup used to determine SiH radical densities was essen
tially the same as described in Sec. 2.1; OCS was used as a reference
gas. A 680-Hz AC voltage was half-wave rectified and used to generate
a SiH4/ AI' plasma. Several rovibrational lines in X zII 1 12 ( 1 +- 0) and
X 2 II 3 I 2 ( 1 +- 0) were measured to derive the rotational temperature under
the condition of the peak discharge
current of 700 rnA, peak voltage of
0.7 kV, SiH4/Ar pressure of
0.17/0.35 Torr, and total flow rate
of 150 sccm; the resulting rota
tional temperature was (4.0± 0.3) X
102 K. Using this value, the total
SiB radical density in the ground
electronic state (X z II ,v=O) was
calculated; the Einstein A coeffi
cient necessary for the calculation
was talcen from an ab-initio MO
calculation.2) Figures 2.9 and 2.10
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Fig. 2.10 Dependence of the peak SiH radi
cal density on the discharge current.
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show the dependence of the SiR density (peak value) on the SiR4 partial
pressure and on. the discharge current, respectively.

The observed transient absorption waveform of Rl(3.5) lower com
ponent is shown in Fig. 2.11 The diffusion lifetime of the SiB radical
under the plasma condition investigated was estimated to be about an or
der of magnitude longer than the SiB density decay shown in Fig. 2.11.
Thus the major loss process of the SiR radical in the silane plasma
should be the reaction with SiB'1 :

SiH + SiH'1 --r products. (2.7)

Then, the decay time constant T' of the SiR density in Fig. 2.11 can be
related to the rate constant k of the reaction (2.7) as

1/ T' = kN (SiR 4 ) , ( 2 . 8 )

where N(SiR'1) is the SiR'1 density in the plasma. The decay of the SiB
density in Fig. 2.11 was well fitted by a single-exponential function,
giving

T' = (0.28±O.03) InS.

The decomposition percentage of SiR'1 in the plasma was estimated to be
(73± 5)% from the absorption intensity of a SiR'1 line, and therefore

N(SiR<!l=(l.l± 0.2)X 10- 15 crn- 3.

From these data the reaction rate constant k is determined to be

k = (3.2± 0.9)X 10- 12 crn 3 ·s- 1 •

This value agrees with that measured by using LIF technique to within
the limit of errors. S )

2.3 SiH3 density in RF Silli/Hz discharge

Experimental setup
The IRLAS system was extended to be able to measure the spatial

distribution of radicals in RF discharge plasmas. The RF P-CVD chamber
employed in this study is shown in Fig. 2.12. Two stainless-steel circular
plates (20-cm diameter and 3-cm apart) were used as the electrodes. The
IR laser beam was passed 60 times through the plasma region, and ab
sorption path length was assumed to be 20cmX 60=1200cm, although some
SiH3 radicals may escape from the region between the electrodes. The
spatial distribution of the radical density was observed by moving the
chamber vertically, whereas the multireflected path of the IR laser beam
was fixed' in space. A modulated RF(l3.56 MHz) voltage was applied to
the electrodes with RF-on period 7.5 ms and RF-off period of 11.0 ms; the
input power in the RF-on period was 125 W (0.40 Wcm-Z).

Spatial distribution of the SiH3 density
The spatial distribution of the SiH3 density was investigated for a

SiH4/Hz mixture (SiH4/Rz=50/30 mTorr). The observed transient absorption
waveform indicated that the SiH3 density reached a stationary level
during the RF-on period. The rotational temperature was determined from
the absorption intensities of four Q-branch lines to be

T r = 410± 40 IC

By using this value, the total SiH3 density in the ground electronic state
was calculated. Figure 2.13 shows the obtained spatial distribution of the
total SiH3 density.
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condition, a quartz substrate was placed
electrode, and a-Si:H film was deposited
The growth rate of a-Si:H in the RF-on

thickness to be

Under the same discharge
at the center of the grounded
without heating the substrate.
period was found from the film

Rmeas = 1.79 A's-l,

assuming that deposition rate was constant during the RF-on period and
zero during the RF-off period.

On the other hand, we can estimate the SiH3 flux to the substrate
from the SiH3 density gradient near the substrate surface (Fig. 2.13);
then, by using this flux, we can estimate the rate of the film growth due
solely to the SiI13 radical, with the aid of the SiH3 sticking probability 6)

and other necessary parameters. 7) The resulting value is

RSiH3 = 1.1 A·s-l.

Though this value may suffer from the uncertainties of a number of
parameters used, it certainly amounts to a significant fraction of Rmeas,
demonstrating that the SiH3 radical is an important contributor to the
a-Si:H film growth.

Correlation between the SiJ[3 density and the growth rate of a-Si:H film
The SiH3 density at 10 mm above the grounded electrode was

determined as a function of the Hz partial pressure, with the SiH4 pres
sure fixed at 50 mTorr and its flow rate at 10 sccm; we assumed a rota
tional temperature of 410 K. The result is shown in Fig. 2.14. The
growth rate (in the RF-on period) of the a-Si:H thin film was measured in
the same experimental conditions. The result is shown in Fig. 2.15.

In order to estimate the SiH3 generation rate in the plasma space,
we have also measured the spatial distributi9n of the SiH(AZ D. ) emission
intensity. This excited radical is produced directly through electron im
pact on SiH4' and is lost rapidly by radiative transition 'nearly at the
same place where it is produced. Thus the spatial distribution of the SiH
emission intensity represents the distribution of its production rate and
thus gives an estimate of the distribution of the SiH3 production rate.

Under the present experimental conditions, the dominant generation
processes of the SiH3 radicals are

while the dominant loss process is the diffusion. Thus the steady-state
spatial distribution of the SiH3 radical density N satisfies the equation

where D is the diffusion constant and g(x) is the generation rate of the
radical. We have assumed' that, apart from a constant factor, g(x) is
equal to the measured SiH emission intensity; this also implies the as
sumption that the hydrogen atom resulting from reaction (2.9) performs
reaction (2.10) nearly in the same spatial position. Integrating Eq. (2.11)
with appropriate boundary conditions, we obtain the spatial distribution of
the SiH3 radical.

An example of the calculated spatial distribution of SiH3 is shown in
Fig. 2.16, in which the result is compared with the measured distribution
(already shown in Fig. 2.13). Similar analyses were carried out for
various Hz partial pressures in order to estimate the SiH3 density at x=O
mm. In Fig. 2.17, the growth rate of the a-Si:H film (shown in Fig.
2.15) is plotted against the SiH3 density at x=O mm. The figure clearly

1
j

SiH4 + e - SiH3 + H + e,
SiH4 + H - SiH3 + Hz,

D(dZN/dxZ)+ g(x) = 0,

(2.9)
(2.10)

(2.11)
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shows a linear relationship between the two quantities. Furthermore, the
SiH3 density at x=O mm is sufficient to explain the growth rate of the
film under relatively low Hz pressure. conditions. These observations indi
cate that the SiH3 radical plays a major role in the a-Si:H film growth.
However, it should be noted that the straight line in Fig. 2.17 does not
pass through the origin; the SiH3 contribution appears to be less impor
tant at higher Hz partial pressures. This off-set is probably ascribed to
the contribution of SinHm(n;:; 2) to the film growth. A detailed discussion
on this point is given elsewhere. B)

3 Measurements of Si Atom Density in Silane Plasmas
Using Ultraviolet Absorption Spectroscopy

of the mechanism of a-Si:HFor the quantitative understanding
mation in silane plasmas, it is also
necessary to measure the Si atom
density. The Si atom densities in
silane plasmas have been measured
by using laser induced fluores
cence 9 ,lO) arid uv absorption
spectroscopy,!!) However, . the ex
perimental conditions of the
reported measurements are rather
limited. We have carried out the
Si atom density measurements for a
wider range of conditions.
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3.1 3p z 3pZ and IDz levels in RF Sili41Ar discharge
measured using a hollow cathode lamp

Figure 3.1 shows the schematic diagram of the experimental ap
paratus. A SiH4/AI' mixture gas was introduced into a plasma CVD cham
ber equipped with parallel-plate electrodes(lO-cm diam. and 3.2-cm apart).
The total flow rate was fixed at 10 sccm in all measurements. Modulated
RF(13.56 MHz) voltage was applied to the electrodes with RF-on period of
1. 2 ms and RF-off period of 0.9 ms. The modulation is used to remove
the background disturbanc;e due to the scattering and absorption by dust
particles and also to suppress the generation of dust particles. A com
mercial uv hollow cathode lamp was used as the light source for absorp
tion spectroscopy. The light from the hollow cathode lamp passed
through the plasma four times by use of a White-type multiple reflection
arrangement so that the total absorption path length was 40 cm.

In order to obtain an absorption signal free from the influence of
the plasma emission and other background photons, the transient absorp
tion wave form of the Si atoms was obtained as the difference of the fol
lowing two signals: (1) the light from the hollow cathode lamp including
the plasma emission and other background photons and (2) background
photons without the light from the hollow cathode lamp. To improve SiN
of the absorption signal, -it was averaged by using a boxcar integrator
and a personal computer. From the transient waveform thus obtained we
can determine the transit intensity (I) in the RF-on period and the tran
sit intensity (10) in the RF-off period. We can then calculate the Si atom
density from 1/10.1)

Absorption measurements were carried out for the Si atom in the
3pZ and IDz levels in the 3p z ground electronic configuration using,
respectively, the 251.6- and 288.2-nm absorption lines (whose upper states
are 3p4s 3pZ and IPl, respectively). To convert the absorption intensity
into the _number density of the Si levels, we assumed a Gaussian line
profile at a translational temperature of 400K both for the Si absorption
line in the RF plasma and for the emission line in the hollow cathode
lamp; the estimate of the temperature is based on the measured rotational
temperature for SiH3 in an RF silane plasma (see Sec. 2). In addition to
the absorption measurements, the emission from the excited Si levels (3p4s
3pz and IpI) was also measured to obtain the relative values of their den
sities.

The pressure dependences of the ground and excited Si atom den
sities are shown in Figs. 3.2 and 3.3. As is seen, the IDzj3Pz density
ratio is much higher than the value of 10-11 estimated by assuming a
thermal equilibrium. ll) The Si atom densities both in the ground and ex
cited levels were found to incr'ease linearly with increasing RF power.
This suggests that they are mainly generated by a single-electron impact
on SiH4, since we expect that the electron temperature does not change
much when RF power is varied. On the other hand, the major removal
processes will be the diffusion and the reaction with SiH4 for the 3pz

ground levels and will be the radiative decay for the 3p4s excited levels.
Therefore, the steady-state densities of the ground and excited levels
[N(Si) and N(Si*), respectively] are obtained from the balance equations
for the generation and removal processes as

N(Si) =kd (Si)neN(SiH4 )/[kr N(SiH4)t 1/T ]
N(Si*)=kd(Si*)neN(SiH4)/A,

where N(SiH4) is the SiH4 density, ne the electron density, kd(X) the gen
eration rate of the species X by electron impact, kr the removal rate con-
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is varied in SiH4/Ar. This suggests that kd(Si:t)neN(SiH4) ill Eq. (3.2) is
almost constant. Thus we expect that kd(Si)neN(SiH4) in Eq. (3.1) is also
roughly constant. Since 1/ Twill llot change much, the decrease of
N(Si) in Eq. (3.1) should mai.nly be due to the increase of krN(SiH4)' In
Fig. 3.2, the fad that N(Si) is inversely proportional to N(SiH4) suggests
that 1/ T is rather less important than k rN(SiH4) in Eq. 3.1, i.e., the main
removal process of the ground-state Si atoms is the reaction with SiH4.

In Fig. 3.3, N(Si:t) increases with the total pressure. This suggests
that kd(Si:t)neN(SiH4) in Eq. (3.2) and kd(Si)neN(SiH4) in Eq. (3.1) increase
with the total pressure. In Eq. (3.1), the term krN(SiH4) increases
linearly with the total pressure. Therefore, the increase of N(Si) will be
slower than that of N(Si:t), as shown in Fig. 3.3. We notice that the be
havior of N(Si) in the 3p2 3PZ level is different from that in 3p2 IDz. This
may be understood by considering
collisional relaxation processes from
IDz to 3Pz caused by some particles
other than SiH4.

In order to obtain atom
densities from the absorption
measurement by use of a hollow
cathode lamp, we require the
knowledge of. the emission and ab
sorption line profiles. In the
measurements described in Sec. 3.1,'
we used an assumption that both
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line profiles were Gaussian at a translational temperature of 400 Kj this
may possibly lead to a noticeable error. We have therefore carried out
measurements for the Si 3p z IDz level by using a ring dye laser as a
light source. Since the line width of the laser is much smaller than the
liRe width of the absorption line, we can directly measure the latter by
scanning the laser frequency; thus we can expect a higher accuracy of
the Si densities derived.

The experimental arrangement is essentially the same as described
in Sec. 3.1 except that the hollow cathode lamp is replaced by a ring dye
laser (Coherent CR-699-21) pumped by an argon ion laser (Coherent In
nova 90-5). The ring dye laser was equipped with an intracavity
frequency doubler and provided UV radiation with a linewidth of 1 MHz.
The UV output of the laser was tuned to the Si 288.2-nm transition. The
laser frequency scan width of 60 GHz was divided into 2048 steps and
the absorption profile of the 288.2-nm line was determined by measuring
the transmission rate at each frequency. The laser beam passed 12 times
through the plasma by use of the White-type multi-reflection system.

Figure 3.4 shows an example of the transient transmission waveform
near the 288.2-nm line center for an on-off modulated SiH4(l0%)/AI' plasma.
Figure 3.5 shows the measured absorption line profile of the 288.2-nm
transition, which is compared with a calculated Gaussian profile reproduc
ing the experimental data most closely. The Si translational temperature
derived from the absorption line profile was 380± 20 K and was almost
constant in the investigated power range of 30-75 W. Using the
measured value of the translational temperature, we can derive the Si
atom density (see Sec. 2.1). Figure 3.6 shows the obtained Si atom den
sity as a function of the input power; the result is consistent with the
measurement by use of a hollow cathode lamp.

Measurements of the Si(3p 2 IDz) atom density and translational tem
perature by use of the ring dye laser were carried out also for a cw RF
SiH4/AI' plasma. The results were consistent with those' for the on-off
modulated RF plasma. The translational temperature (~400 K)was found
to 'be insensitive to the RF input power (20-35 W) and to the SiH4(10%)/Ar
total pressure (20-45 mTorr). .

4 Infrared Laser Spectroscopy of SiHz Radical

To study the properties of radicals, high resolution spectroscopic
data are indispensable. In contrast to the cases of SiH and SiH3, the
SiHz radical has not been studied with high resolution infrared spectros
copy. Here we describe the observation and analysis of the V z
(bending) band of SiHz in its ground electronic state.

The IRLAS system is described in Sec. 2.1. The absorption cell
employed is shown in Fig. 4.1. Phenylsilane (C6HsSiH3) was introduced
into the cell at very slow flow rate (0.5 seem at about 1 mTorr) together
"lith a large excess of hydrogen (500 seem at about 1 Torr). The SiHz
radical was produced by the ArF excimer laser (193 nm) photolysis of
phenylsilane. The ArF laser was pulsed at 20 Hz with energies of 70-80
mJ/pulse. Figure. 4.2 shows the transient absorption profile of the band
of SiHz. The decay of the absorption signal' is well reproduced by a
single-exponential curve with a time constant of 14 j..1 s; the decay time
constant varied with the hydrogen pressure. The absorption signal was
recorded for three different gate settings (also shown' in Fig. 4.2) while
scanning the diode laser wavelength slowly. Using the difference of the
intensities of the three records, we could distinguish the SiHz signal from
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other species showing different temporal behavior. About 50 lines were

observed in the region of 920-1090 cm-Ij they are shown in Table 4.1.
Assignment of the observed spectrum, though patchy because of the

diode laser's mode gaps, was carried out by comparison with a simulated

spectrum, which was derived with the rotational constants for the

ground state from Dubois' optical data12- 14) and vibration-rotation constants

taken from a similar molecule H2S. The Hamiltonian used for the

Table 4.1 Observed transitions of the SiH2 V 2 band (em-I)
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1038.97494
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1045.93585
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1048.63867

1048.91647

1049.76028

1052.77709
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1056.17753
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1059.49961

1059.49961
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1064.29917

1070.71452

1084.36731

1084.76765

1084.76765

1085.19874

1085.19874

-0.00009

0.00022

-0.00043

0.00006

-0.00014

-0.00002

0.00026

0.00023

0.00022

-0.00046

-0.00006

-0.00018

0.00025
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0.00050
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Table 4.2 Molecular constants of SiH2 V 2 band (in cm- 1 )

Const v=O v2=1 Canst v=O v2=1

8.09866(14)

7.023966(94)

3.702685(35)

0.4610(11)XI0- 3

-0.14219(46)X10-2

0.2340(13)X10- 2

0.20521(55)XI0- 3

-0.670(56)X10- 4

8.36906(14)

7.150716(86)

3.646352(30)

0.5199(12)XI0- 3

-0.16953(77)X10- 2

0.29236(62)Xl0- 2

0.23438(60)Xl0- 3

0.382(57) X 10-4

<I>J
<I>JK
<I>KJ
<I>K
¢J
¢JK
¢K
VO

0.28X10-6 (fixed)

-0.155 X 10-5 (fixed)

-0.15(25)X10- 6

0.135 X 10-5 (fixed)

0.14X 10-6 (fixed)

-0.48XI0- 6 (fixed)

-0.36(38)Xl0- 6

0.39X10- 6 (fixed)

-0.194 X 10-5 (fixed)

0.62(25)XI0- 6

0.261 X 10- 5(f ixed)

0.19XI0- 6 (fixed)

-0.62X10-6 (fixed)

0.20(23)X10- 5

998.62413(29)
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where [A,B ]+=ABt BA and J±=Jb± iJc.
In table 4.2 the molecular constants
derived in this study are listed; c

the accuracy of the results has 0

been much improved over that ob
tained from optical spectra.

pump

Fig. 4.1. Absorption cell. Fig. 4.2. Time profile of an absorption
line in the SiB 2 v 2 band. Three pairs of
gates shown below the signal were employed
to observe time resolved spectra.

5 Measurements of Radical Densities in Fluorocarbon Plasmas
Using Infrared Diode Laser Absorption Spectroscopy

Fluorocarbon plasmas are used for dry etching of. semiconductor
materials. In order to clarify etching mechanisms quantitatively, we need
information about radical densities in the plasma. We have successfully
applied the IRLAS method to determine the CF and CF3 radical densities
in some fluorocarbon plasmas.

5.1 CF density in DC pulsed CF4/Hz discharge

The IRLAS system and the discharge tube employed were the same
as described in Sec. 2.1. The CF4/Hz gas mixture was excited by DC
pulsed voltage with the repetition frequency of 9 Hz, the pulse width of
1.1 ms and the peak current of 1 A. The absorption band of the CF
radical in the ground electronic states, X2II 1 / 2 and X2II 3! 2 (v: 1~ 0), ap
pears in the 1200-1300 cm-l region. Each rovibrational line was identified
using N20 as a reference gas.

Figure 5.1(a) shows the absorption profile of the Rl(4.5) and Rz(4.5)
lines measured at the peak of the transient absorption waveform. The Rl
line is split into two components because of .A -type doubling, whereas
the splitting of R2(4.5) is too small to be observed. Figure 5.1(b) shows
the transient absorption waveform measured at pressures of CF q /H2::42/258
mTorr and the total flow rate of 105 seem. In this condition, the CF
radical densities in 8 rotational states were determined to obtain the rota
tional and spin temperatures. We found that the rotational and spin tem
peratures were equal:

T r :::: 1'5 :::: 320± 20 Ie

The total density of CF(X2IT) in the ground vibrational state was then
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calculated using the partition function, resulting in

N(X zII ) = (1. 33 ± o. 06 ) X 10 1 z cm- 3 ;

the required Einstein A coefficient
tions. 16)

The dependence of the CF
radical density on the total pres
sure and the Hz partial pressure
was investigated. The results are
shown in Fig. 5.2 (a) and (b). As
we see below, the loss rate of CF
decreases with increasing pressure.
Therefore, the results in Fig. 5.2
suggest that the generation rate of
CF should decrease with increasing
pressure presumably because the
electron temperature decreases with
increasing pressure.

The transient absorption in
tensity of the Rz(4.5) line was
measured at various pressures and
its decay part after the turn off
of the discharge was analyzed. All
of the decay curves were well
fitted to a single-exponential func
tion. The dependence of the
decay lifetime T on the Hz partial

was taken from an ab-initio calcula-
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Fig. 5.3. Diffusion lifetime of the CF
radical (a) as a function of the H, partial
pressure at the CF4 pressure of 42 mTorr
and the flow rate of 15 seem, and (b) as a
function of the CF4(14%)/H, total pressure.
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pressure and on the total pressure is shown in Fig. 5.3. As seen in the
figure, T increases linearly with increasing pressure. This indicates
that the diffusion is the dominant loss process of the CF radical. Using
the results in Fig. 5.3 and Blanc's low (see Sec. 2.1), the diffusion coeffi
cients of CF in Hz and CF4 are estimated to be

D(CF in Hz)=630± 30 cm2.Torr·s- l

D(CF in CF4)=230± 10 cmZ·Torr·s- l •

5.2 CFa and CF densities in RF CHFa discharge

The experimental arrangement was essentially the same as described
in Sec. 2.3. The on-off modulated RF(13.56 MHz) voltage was applied to
the parallel-plate electrodes with on-period of 20 ms and off-period of 38
ms. The input power in RF on-period was typically 145 W. The CHFa
pressure was fixed at 50 mTorr and the flow rate at 90 sccm. The in
frared laser beam was located at 18.5 mm above the lower (grounded)
electrode, except for measuring the spatial distribution of the radical den
sity.

The absorption band (11 a: 1~ 0) of the CFa radical in the electronic
ground state (XZA1) appears in the 1230-1270 cm- l region and was iden
tified with the aid of the NzO reference spectrum. Figures 5.4 and 5.5
show, respectively, the absorption line profile and transient absorption
waveform of the rQg(20) line, which was used to determine the CFa radical
density.

The CF radical densities in 9 rotational levels were measured to ob
tain the rotational temperature. The value of

Tr = 350± 40 K

thus determined was used to calculate both the CF and CFa densities.
Figure 5.6 shows the spatial distribution of the CFa -radical density.

It is nearly constant between the electrodes. This fact, together with the
relatively long lifetime (~ 15 ms, see Fig. 5.5) of CFa, indicates that the
sticking probability of the CFa radical to the electrodes is small. Thus,
the CFa radicals are expected to spread out from the plasma region,
which makes it difficult to estimate the absorption path length. Assuming
that the CFa radicals exist only between the 20-cm diameter electrode
plates, we can estimate the upper limit of the CFa density, which is 2x
1014 cm-a at the point of 18.5 mm in Fig.· 5.6. A similar estimate for the
CF density is 4X 101Z cm-a under the same condition.

Figures 5.7 and 5.8 show the RF power dependence of the CFa and
CF radical densities, respectively. In the measured power range, the CF
radical density increases more rapidly than the CFa density with increas
ing RF power.

Figure 5.9 shows the Hz partial pressure dependence of the CFa and
CF radical densities. Only a small addition of Hz to CHFa reduces the
CFa and CF densities significantly, and the CFa density decreases more
rapidly than CF.

6 Method of Determining Radiative Transition Probabilities of Radicals
Using Saturated Laser Induced Fluorescence

In the measurement
techniques, the knowledge
A coefficients is essential.

of radical densities by uSe of spectroscopic
of radiative transition probabilities or Einstein

A method that is usually employed to deter-
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mine transition probabilities involves the measurement of optical emission
or absorption intensities for known density of molecules or atoms, or to
measure a radiative lifetime and derive transition probabilities with the
use of known branching ratios. However, for radicals, emission and ab
sorption methods are not suitable since their densities are usually not
known; lifetime methods are also not suitable for radicals with a predis
sodating upper state since the branching ratio between the radiative and
nonradiative decay channels is difficult to determine. Here we propose a
new method to determine transition probabilities which utilizes the satura
tion behavior of a laser induced fluorescence (LIF) signal; this method
does not require the knowledge of upper and lower level populations and
does not depend on lifetime measurements. To demonstrate that the new
method works properly, we have applied the method to a determination of
the transition probabilities of some Ar lines and the Rl2t 1.5) line of SiR
A2 f.:.. - X2 II , 0-0 band transitions.

Principle of the method
Consider a non-degenerate two-level system irradiated by a pulsed

laser radiation tuned to the resonance frequency of the system. If the
laser pulse width is much shorter than the radiative and collisional
relaxation times of the levels (the spontaneous emission during laser ir
radiation can thus be neglected), a rate equation analysis predicts that
the upper-level density (Nu) just after the laser irradiation is given by

Nu~(No/2)[1-exp(-2Bp,)), (6.1)

where No is the lower-level density before laser irradiation, B the
Einstein B coefficient, and p and , the energy density and the width of
the laser pulse, respectively. The LIF signal intensity IF is proportional
to the· upper-level density and is given by

lF~C[1-exp(-2Bp , )), (6.2)

where C is a proportionality constant. Equation (6.2) indicates that IF
as a function of p saturates when p becomes> l/B, . Therefore, we can
determine the B value by measuring IF as a function of p and by fitting
the theoretical saturation curve (6.2) to the measured values. Since the
Einstein B coefficient is proportional to the spontaneous transition prob
ability, we can then determine the transition probability.

In the actual experimental procedure, we measure LIF saturation
curves for a pair of spectral lines; one of the spectral line is used as a
reference and its transition probability should be known. In this case
we need to measure p only on an arbitrary scale. A curve fitting
analysis of the two saturation curves gives the two transition probabil
ities on an arbitrary scale. Since we know the absolute value of one of
the transition probabilities, we can readily obtain the absolute value of
the other. In the actual data analysis, we have taken into account the
effects of the following facts: the angular-momentum degeneracy in the
upper and lower levels, the excitation anisotropy, and the spatial dis
tribution of the laser field intensity,17)

Experimental setup
The block diagram of the experimental arrangement is shown in Fig.

6.1. Measurements were made for a 13.56-MHz RF plasma in Ar or Ar/SiR4
mixture. The same plasma reactor as described in Sec. 3 was used. The
total pressure and RF power were maintained at 50 mTorr and 10 W
respectively. At this pressure and RF power, any collisional effects
caused by the parent gas and electrons should be negligible. The laser·
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system consisted of a dye laser (Quanta Ray PDL-2) pumped by a pulsed
Nd:YAG laser (Quanta Ray DCR-3) and a wavelength extender (Quanta Ray
WEX-l). The laser system, operated at 10-Hz repetition frequency,
produced linearly polarized 0.5-mJ 5-ns light pulses at around 420 nm,
which were strong enough to attain the saturation of the LIF intensity.
The laser beam was adjusted to pass through the plasma in parallel with
the electrode plates. The LIF signal was collected by a 'lens of 150-mm
focal length at right angle with the laser beam, was selected by a 200-mm
monochromator, and was detected by a photomultiplier. The' output sig
nal of the photomultiplier was recorded by a digitizing oscilloscope (HP
HP4111D) and was averaged by a personal computer.

Laser beam

Fig. 6.1. Block diagram of the experimental
arrangementA S iH/AAr=0.50± 0.13.

Results and discussion
In order to demonstrate that the proposed method yielded reliable

results, we first measured the relative transition probabilities of four Ar
I lines (419.8, 415.9, 427.2, and 426.6 nm) with the 415.9-nm line used as
a reference line. The transition probabilities of these lines were
measured previously with relatively high precision. 18) An example of the
LIF saturation curves for the 415.9- and 426.6-nm lines is shown in Fig.
6.2. From such a pair of curves, we derived the relative transition
probabilities of the two lines. The final results for the four Ar lines are
shown in Table 6.1. The measured values agree with the values reported
previously.18)-20)

Next, the method was applied
to the determination of the transi
tion probability of the Rd1.5) line
of the SiR AZ!J. -xzII, 0-0 band
transitions, with the Ar 415.9-nm
transition used as a reference line.
The RI2(1.5) line was· selected since
it does not overlap other SiR ex
citation lines and can produce a
strong LIF intensity. The measured
LIF saturation curves are shown in
Fig. 6.3, from which the ratio of
the transition probabilities of the
SiR and Ar lines is derived as
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Fig. 6.2. Saturation behavior of the LIF
intensities of Ar lines.

Fig. 6.3. Saturation behavior of the LIF
intensity of a SiH line compared with that
of an Ar line.



Using the transition probability of the AI' 415.9-nm line reported in Ref.
18, the A value of the SiH line is estimated to be

ASiU=(0.75± 0.20)X 10 6 S-l.

On the other hand, the transition probability of the SiR line obtained by
combining the radiative lifetime and the branching ratio is given by

A(SiH)=(l/T )'q(O,O)'S/(2J+1)

where T is th~ radiative lifetime, q(O,O) the Franck-Condon factor of the
0-0 band, S the Honl-London factor, and J the rotational quantum number
of the upper level. By using measured value of T ,21) theoretical
q (0,0) ,22) and S calculated from general formulas 23 ) with parameters
derived from analyses of observed spectra,24) A(SiH) is derived to be
0.88x 106 S-l. Our result agrees with this value within the experimental
uncertainty.

From the indicated results, we may conclude that the proposed
method can actually be used to determine unknown transition probabilities.
As seen in Table 6.1, the estimated uncertainties of the relative transition
probabilities obtained are around 30%. Though this level of accuracy is
not very high, the present method could well be useful in cases where
difficulty exists in applying conventional methods for determining transi
tion probabilities, e.g., iri measurements for a radical with a predissociat
ing upper state. The estimated uncertainties of the results in Table 6.1
mainly results from statistical errors; the scatter of the data probably
comes from the fluctuations of the plasma and the laser pulse intensity.
Reduction of these fluctuations, as well as measuring the LIF saturation
behavior for higher laser intensities, would improve the accuracy of the
results.

Table 6.1. Relative transition probabilities of AI' and SiH lines·
The value for AI' 415.9-nm line is normalized to 1.

Wavelength
Transition (nm)

Relative transition probabilities
This work Jones a Lillyb Buese c

ArI
3ps-1s 4 419.8 1.21± 0.39 1.65 1. 21 1. 78
3p6-1ss 415.9 1.00 1.00 1.00 1.00
3P7-1s 4 427.7 0.63± 0.23 0.52 0.87 0.60
3p6-1s 4 426.6 0.23± 0.06 0.20 0.22 0.25

SiH
R 12 (l.5) 414.6 0.50±0.13 0.59 d 0.52 d O.63 d

aRef.18 bRef.19 cRef.20 d:assuming A(SiH)=0.88x10 6 S-l

7 Conclusion

A method of measuring radical densities in processing plasmas has
been established by using infrared diode laser absorption spectroscopy.
The densities of the SiH3 and SiH radicals in silane plasmas were
measured under various discharge conditions. From the study· of the
correlation between the SiH3 density and the a-Si:H film growth rate,· it
was demonstrated that the SiH3 radical is the most iIJ;lportant precursor
for the film formation. The diffusion coefficients of SiH3 in SiR4 and Hz
and some reaction rate constants for SiH3 and SiH wer~ also determined.
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A high resolution infrared spectrum of the SiHz radical was studied
by using IRLAS to obtain molecular constants with high accuracy.

In addition to molecular radicals, the Si atom densities in silane
plasmas were studied by using uv absorption spectroscopy; both a hollow
cathode lamp and a ring dye laser were used as a light source. The
densities of the IDz and 3pz levels (ground electronic configuration) and
the translational temperature of the IDz level were determined under
various discharge conditions.

An IRLAS study was also carried out for fluorocarbon plasmas
(pulsed DC CF4 and RF CHF3 discharges). The CF and CF3 radical den
sities in these plasmas were determined under various discharge condi
tions. The diffusion coefficients of CF in CF4 and Hz were determined.

We have also developed a new method of determining radiative tran
sition probabilities; the method only relies on the saturation behavior of
the LIF in~ensity and therefore is suitable for radicals with a predis
sociating upper state.
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