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Abstract

An improved simulation of the rotational intensity distribution of the 0—0 emission band of the A?A—X I transition of
SiH, that is experimentally obtained by optical emission spectroscopy from a silane rf glow-discharge, is reported. The
improvements consist in the use of a new term value formula, a recent set of molecular constants and an extended least
squares fitting analysis for the micro-optimization of the set of constants. Thus, the rotational temperature of SiH is
determined by utilizing a sufficient spectral resolution together with an experimentally determined instrument function of the
optical system. The optimum fit of the emission spectrum is obtained for a rotational temperature Tgqr = 2840 + 50 K
which is significantly higher compared to those previously reported. Furthermore, an abnormal behaviour of the observed
splittings compared to the theoretical calculations is observed, while in two cases experimental measurements of A-doublets

were performed.

1. Introduction

Electronically excited SiH is the main emitting
fragment, resulting from electron collisional dissocia-
tive excitation [1], in silane containing rf discharges
which are commonly used for thin film microelec-
tronics. Furthermore, these diatomic hydrides are of
considerable interest in spectroscopy and astro-
physics. The occurrence of SiH in the stellar atmo-
sphere [2,3] combined with its resemblance to the
CH radical, make SiH an interesting object for exper-
imental and theoretical studies.

The electronic structure of SiH has been the
subject of several experimental [4—11] and theoreti-
cal investigations [12-15] concerning mainly the

A’A-X?II transition, which is analogous to the
4135 A band of CH. However, precise information
concerning all the energy levels of the SiH radical is
not available. For instance, very few attempts to
detect SiH by laser magnetic resonance (LMR) have
been reported [16,17], in contrast to the CH radical
which has been extensively studied by LMR spec-
troscopy [18-20]. Thus, compared to CH, there are
still aspects of the electronic structure of SiH that
need to be clarified.

The intensity distribution in the rotational fine
structure of electronic transitions, such as A?A-—
X %11, is often used for the measurement of the
rotational temperature of the emitting species in vari-
ous plasma sources [21]. Generally, the measurement
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of these temperatures in non-equilibrium plasmas,
can give access to information concerning the elec-
tron impact excitation or dissociative excitation pro-
cesses as a function of the various interrelated plasma
parameters and /or its evolution as a function of the
discharge space [22].

Among the methods employed for measuring rota-
tional temperature the most widely used is that of the
Boltzman plot. However, in the case of SiH, due to
the existence of closely placed A-doublets, the emis-
sion is usually insufficiently resolved, thus not per-
mitting the use of semilogarithmic plot of the line
intensities. The method can be applied if the FWHM
of the optical system is known, but the accuracy of
the resulting rotational temperature measurements is
limited [23]. Thus, a simulation of the spectrum is
necessary.

The Boltzman plot method is also used to verify
whether the distribution of the population on the
rotational levels of the excited species is in equilib-
rium as described by Boltzman statistics [21]. In-
deed, the assumption of partial equilibrium of the
rotational level population distribution in the A’A
excited state of SiH, has been shown to be valid
under the range of conditions used in this work [23].
This is also reenforced by the experimental evidence
of collision-induced transfer of the rotational quanta
within the A2A, which indicates that a sufficient
thermalization of the population of the upper state
can be achieved [24]. Boltzman statistics have been
similarly found to be valid in the case of SiH"
which is also formed through dissociative excitation
[25], as well as in the case of other species produced
by direct electron impact excitation from the ground
state [26].

The first attempt to simulate the emission spec-
trum of SiH in hydrogen diluted silane discharges,
has revealed a high rovibrational excitation, i.e. a
rotational temperature of 1800 K and a vibrational
temperature of 3800 K [27], while the method has
been used as is in later works, employing medium to
low resolution spectra [28—30). However, an attempt
to use this method for simulating the higher resolu-
tion spectra used in the present work, has proven that
it is inadequate.

Thus, an extensive testing of the various data and
formulas found in literature, towards the minimiza-
tion of the differences between the experimental and

the simulated spectra, is attempted. It is shown that
the various formulas and constants used in the simu-
lation program should be dealt with very carefully.
More specifically, a new term value formula which
takes into account the effect of centrifugal distortion
on the spin multiplets is adopted [31]. Furthermore, a
more recent set of molecular constants [10] is further
micro-optimized applying extended least squares fit-
ting analysis. The optimization procedure is based on
a sufficient spectral resolution and an experimentally
determined instrument function of the optical system
that improves the reliability of the method. Thus, an
overall enhancement of the accuracy of the determi-
nation of the rotational temperature is achieved.
Moreover, the problems related to the prediction of
A-doubling, which has an important impact for large
J, are discussed. In addition, these experiments per-
mit also the experimental measurement of A-dou-
bling in two cases, and the identification of preferen-
tial A-doubling populations.

2. Experimental

The experimental setup is described in detail else-
where [32). Briefly, the cell is a 160 mm wide,
stainless steel parallel plate discharge chamber with
55 mm in diameter electrodes. Pressure is measured
by a capacitance manometer and can be adjusted
independently from the flow rate, within the region
of interest, by using mass flow controllers and down-
stream pressure control by a throttling valve. Mathe-
son ultra-high purity silane was used in all cases,
while the system was baked out and pumped down
to 1077 Torr prior to the experiments. All the mea-
surements are performed in low-pressure and low-
power conditions. More specifically, pressure is var-
ied within 40—-100 mTorr range, while the peak-to-
peak rf voltage is varied from 75 to 200 V. In these
conditions, the actual power consumed by the dis-
charge ranges from 0.04 to 0.5 W approximately, as
measured with the technique described in [33]. Fur-
thermore, possible formation of powder during the
measurements, by homogeneous nucleation in the
gas phase, is controlled by using a laser light scatter-
ing technique. More specifically, the beam of a
HeNe laser is shaped into a light sheet and directed
into the interelectrode region of the reactor. In the



S. Stamou et al. / Chemical Physics 218 (1997) 5769 59

existence of particles, the laser light scattered at right
angles to the propagating beam, is focused with a
lens system in a monochromator set at the specific
wavelength of the HeNe laser and the signal from
the photomultiplier indicates the presence of particu-
lates. In all the measurements presented here are no
powder formation is observed.

The emission from a pure silane discharge is
collected by a collimating lens and then focused with
a second lens at the entrance slit of a Jobin Yvon
THR-1000 1 m focal length monochromator,
equipped with a plane ruled grating of 3600 grooves
per millimetre. The widths of the entrance and exit
slits were 150 pm and 160 pm respectively. The
light intensity at the exit slit is recorded using a
Hamamatsu 1P28 side-on photomultiplier tube (PMT)
with an optimum signal to noise ratio for a cathode
voltage of —800 V. The scan speed of the mono-
chromator was 1 A /min. The FWHM of the instru-
ment is determined using the 4198 A emission line
from an Ar discharge. The shape of the instrument
line profile is either triangular or trapezoidal, for
equal or unequal slit widths, respectively. However,
the difference between the two cases on the peak
height is practically negligible permitting the use of
a triangular distribution. The experimentally mea-

sured FWHM for these slit widths is 0.14 A. On the
other hand, the best resolution for this instrument,
i.e. 0,09 Igs, was obtained using 110 p.m and 120 pm
widths of the entrance and exit slits, respectively.

3. Results and discussion
3.1. Experimental and simulation spectra

Fig. 1 presents an experimental spectrum of the
0-0 band of the A’A — X?I1 transition of SiH
recorded from a 100 mTorr, 0.15 W, radio-frequency
(rf) pure silane discharge. A preliminary analysis
reveals a partial overlapping of the 0-0 and the 1-1
bands in the region of P, P, branches of the 0-0
band, whereas the H; line (4101.7 A), possibly
observed in silane discharges, is not present, due to
the fact that the mean electron energy is far below
the 20 eV threshold of Hy [34], the emission cross
section being approximately twenty times smaller
than SiH [29]. The equivalent simulated spectrum,
using a rotational temperature of 2840 K, as obtained
by the method that will be described in the follow-
ing, is presented in Fig. 2. In this figure are also
indicated the line strengths of the six main and the
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Fig. 1. Experimental emission spectrum of A2A—-X *I1 transition of SiH recorded from a 100 mTorr pure silane rf discharge. The peak
heights have been normalized to the highest peak of R, branch, namely R (10.5).
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six satellite branches emerging from the doublet
transition. Furthermore, as A-type doubling occurs
in the ground state, each lower level is split into e
and f sublevels so that each observed peak is com-
posed by two closely placed lines [7], as can be
observed in some cases in both the presented experi-
mental and the simulated spectra. Some of the lines
missing from the simulated spectrum, as compared to
the experimental one, come from the 1-1 band. The
Honl-London formulas given by Kovacs [8] cannot
be applied in the cases of the P,(2.5), Q,(1.5),
Qp(2.5), Ry (1.5), Sg,,(0.5) and Py,,(1.5) lines,
however, these factors can be calculated using the
method proposed by Hougen [9]. In this work, the
Honl-London factors for the lines mentioned above
are calculated by making a series expansion of the
Kovacs expressions as a function of f=J— (A +
1/2) and taking the limit for f— 0. Furthermore, a
detailed peak assignment shows that none of the
branches exhibits a peak corresponding to J > 19.5.

A more detailed view of the structure of the Q,
and Q, branches using the best possible resolution of
the optical system (i.e. 0.09 A FWHM), that has
been recorded in operating conditions of 200 mTorr
and 0.25 W, is shown in Fig. 3. Two important
features of the spectrum are observable in this figure.
The first is the partial overlapping of the Q,(10.5)
and R,(2.5) lines observed at 4135.33 A. In lower
resolutions this overlapping results in an increase of
the specific peak height. This peak has been used
systematically in previous works for the calculation
of the rotational temperature [28-30]. However, a
slight miscalculation of the line positions using a
certain set of constants can produce an important
change in the peak height resulting in a different
rotational temperature. Moreover, if the FWHM of
the optical system is used as a parameter in the
fitting procedure the uncertainty of the peak height
further increases. The specific peak as well as other
overlapped peaks are not used in the present work
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Fig. 2. Simulated spectrum obtained using a rotational temperature of 2840 K. The different symbols indicate line strengths of the six main

and the six satellite branches.
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Fig. 3. Experimental spectrum obtained at 200 mTorr with the best possibie resolution of the optical system, i.e, 0.09 A FWHM, presenting

Q, and Q, branches.

for the calculation of the rotational temperature. The
second is that the A-doublets of the Q1 branch
beyond 4140 A are not split, even in this resolution,
indicating abnormal A-splitting behaviour. This phe-
nomenon is later discussed in detail.

However, using the resolution of 0.09 1&, small
signals are recorded in some cases and thus the
applicability of the method is limited in a certain
range of conditions that provide a sufficient signal.
The results reported here are based on the 0.14 A
FWHM resolution, that has finally adopted and has
proven to be sufficient for an accurate determination
of the rotational temperature.

3.2. Simulation procedure

3.2.1. Method

A brief review of the procedure used for the
simulation of the spectrum, described in detail in
literature [35,36], is given here, comprising the fol-
lowing steps:

(1) Calculation of the energy level positions of
rotational levels for the A%A and the X 2T state.

(2) Calculation of the transition wavelengths us-
ing the appropriate selection rules.

(3) Calculation of the line strengths using the
Hoénl-London factors [35] and the Boltzman expo-
nential to account for the population distribution,
using Tpor as a parameter.

(4) Convolution of the theoretical spectrum using
the known apparatus profile of triangular form.

The improvements presented in this work concern
the first and the last steps of the method. Concerning
the first step, Klynning et al. [7] have found that for
the doublet states neither the well known Hill-van
Vleck formula nor the Almy—Horsfall formula can
adequately represent the experimentally determined
term values. More recently Balasubramanian et al.
[31] rederived rigorous expressions for the rotational
term values of a diatomic molecule in a doublet
electronic state, taking into account the effect of
centrifugal distortion on the spin multiplets. The set
of equations in this case, excluding terms involving
A-type doubling, is:

y({ A
T, 2=T——~(—i’- +D)A2+(B—D)
' 2\ 2

XX —-DX*Ff(J), (1)
where X =(J +0.5)? — A? and

AZ{(A—zB) .\ (AD+4D)X}2

1) = ; >

1/2

+(B—%—ZDX)2X 2)

Furthermore, concerning the last step of the
method, the use of an experimentally determined
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resolution is one of the advantages of the technique
proposed here because in this case T is the only
parameter to be determined, avoiding possible erro-
neous conclusions when FWHM is also an unknown
parameter in the least squares fitting procedure. In
addition, it permits the indirect evaluation of the
consistency of the A-doubling formulas and of the
molecular constants by comparing experimental and
simulation heights of peaks, in cases where close
A-doublets are not split. Direct evaluation is also
possible in cases where the A-doublets are clearly
resolved.

3.2.2. Molecular constants

The term value formulas mentioned above are
used in combination with certain molecular con-
stants, which can be found in the literature in many
different sets [5-7,10,16—18]. The use of different
sets can give significantly different term values.
Moreover, as proposed by Zare et al. [37], some-
times, depending on the forms of the energy level
expressions used, the reported molecular constant
values fit the experimental line positions, but are not
the most appropriate for calculating intensity factors,
and in addition, there are problems of purely statisti-
cal nature related to the fitting of the observed line
positions to the theoretical energy level expressions.
Consequently the values of molecular constants must
be tested thoroughly to prove their adequacy. The
results presented here are obtained using the set of
constants provided by Klynning et al. [10], excluding
the p and g constants for the calculation of A-dou-
bling. The criterion for the use of this particular set
is the achievement of the best possible simulation of
the observed peak heights and is later discussed in
detail.

3.2.3. A-type doubling

In the conventional theory of A-doubling in 21T
states due to van Vleck [38] and Dousmanis et al.
[39], the A-splitting may be expressed to second
order in terms of the parameters p and g, as de-
scribed in the well-known formula of Mulliken—

Christy [40].
AF|,2=(%P+4)[1+ )] 2) )

(J+’)(J+z)( (3)

The upper signs refer to T, sublevels while the
lower to T,, and X = Y(Y — 4) + 4(J + 0.5)>. How-
ever, the observed A-doubling for high rotational
quantum numbers shows marked deviations from the
Mulliken and Christy formula. Hence, corrections
which are expressed in terms of the adjustable pa-
rameters p; and gq; are introduced through the phe-
nomenological replacements p = p + p,J(J + 1) and
g—q+ qJJ(J + 1), to account for the centrifugal
distortion effect [41]. Occasionally higher order cor-
rections are required, as for the case of the X 2II
ground state of CH radical, where Brazier and Brown
have used six parameters to fit the experimental
A-doubling frequencies [42]. However, such kind of
data are not available for SiH. Within the many
different values for p and ¢ that have been reported
in previous works [10,16,17,43,44), those of Brown
and Robinson are used [17]. The choice of the partic-
ular p and ¢ values is later discussed.

3.2.4. Least squares fitting

The determination of the rotational temperature is
based on the minimisation of the difference between
the simulated an the experimental spectra. For the
actual fitting procedure, twenty-two peaks in total
are selected, i.e. eleven peaks corresponding to the
same J from each of the Q, and R, branches. The
peaks chosen are not overlapped by any other peak,
thus avoiding erroneous calculations when peak
heights can change due to a variation of the adjacent
or overlapping line positions, and not because of a
change of the rotational temperature. Ty, is varied
with a step of 20 K to minimise the following error
function [29]:

22 I i,ex I i,sim 2
€=Z(I’maxp_ll_n:ax—] 4 (4)
i=1 i, exp i,sim

where the suffixes ‘exp’ and ‘sim’ stand for experi-
mental and simulated intensities respectively, while
‘max’ stands for maximum intensity. The minimisa-
tion of & is the criterion revealing, not only the
effectiveness of the simulation method in general,
but also the influence of various ‘parameters’, such
as the values of the molecular constants, on the
calculation of the rotational temperature. The basic
aim is to obtain the best simulation of the experimen-
tal intensity distribution, since the value of the rota-
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tional temperature, depends on the distribution of the
exact peak heights. Furthermore, the accuracy of the
resulting rotational temperature depends drastically
on the calculation of the rotational energy levels of
the A’A and this can be evaluated through the least
squares fitting procedure.

In conclusion, improvements are made, in the
direction of the best fitted intensity distribution, to-
wards a more accurate determination of the rota-
tional temperature. This is achieved by testing all the
possible information found in literature, concerning
molecular constants and formulas as it will be de-
scribed in the following paragraphs.

3.3. Evaluation of term value formulas

Following the reasoning mentioned above,
namely, the improvement of the simulation through
the least squares fitting procedure, the reliability and
adequacy of the term value formulas found in litera-
ture is tested.

The first conclusion drawn by comparing the
simulation and the experimental spectra, using the
Klynning et al. term value formula prior to any
subsequent corrections, is related to the observed
trend of progressive deviation of the line positions
calculated by the simulation for large J quantum
numbers [10]. Moreover, the experimental wavenum-
bers found in their work do not extend for more than
J=13.5 specifically for the Q, and R, branches
used here for the calculation of rotational tempera-
ture. It is obvious that the lack of data for large J
quantum numbers critically affect the values of the
calculated molecular constants and thus, any subse-
quent calculation based on these constants.

The observed discrepancy is partially overcome
by using the formula of Balasubramanian et al.,
taking into account the effect of centrifugal distor-
tion which is an important factor, considering the
fact that SiH is expected to have large rovibrational
excitation [27], although direct comparison between
experimental and calculated wavenumbers is not
possible for J > 13.5, as mentioned earlier. In Fig. 4
are presented the results of the least squares fitting
procedure, resulting in &£ = 0.08377 and Ty = 2840
K using the Balasubramanian et al. energy formula,
instead of 0.09978 and 2680 K when using the
Klynning et al. formula. Note that both these values

0,08 7 —0— Balasubramanian et al. formula I-0.105
0,096+ —o~ Klynning et al. formuia
0,104
0,094 +
Fa,103
0,092
©
0,090 10,102
0,088 - L o101
0,086
| 0.100
0,084 -
T T T v T 0,099
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Rotational temperature (K)

Fig. 4. Error function ¢ versus rotationaltemperature using differ-
ent term value formulas.

are obtained using the optimised set of constants as
described in Section 3.4. Similar results for ¢ are
given by Tsurubuchi et al., using six peaks, and are
in the order of 1072 [29]. This difference in the order
of magnitude is comparable to the results presented
here and is due to the different number of peaks used
in the least squares fitting. Thus, if one selects only
six peaks from the twenty-two used in this work the
new value for £ is of the same order. This means
that an improvement of the accuracy has been
achieved, since slight differences in the peak heights
between experimental and simulated spectra observ-
able with the resolution used in this work have a
significant effect in the value of &, while for low
resolution experiments these slight differences are
not observable and thus do not affect the value of &.

3.4. Evaluation of molecular constants

Systematic testing of molecular constants used in
the various formulas of the simulation program has
shown that they do not affect the value of rotational
temperature in the same extent. Thus, the calcula-
tions are mainly affected by the constants concerning
the AA state, as mentioned before. Furthermore, the
Ap and By molecular constants of the X *II state
have a complex relationship with the calculated peak
heights since they are also introduced in the calcula-
tion of Honl-London factors.

The values of the constants tested, are varied
within the limits of the standard deviation of the
referred values. The optimum values of & presented
bellow are obtained after all the proposed corrections
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are finally adopted, resulting in a Tpor = 2840 K.
Thus, Fig. 5 presents the effect of the molecular
constant D, =5.203 £ 0.003 X 10™* cm™' on the
calculated rotational temperature. For each value of
D,, within the limits of standard deviation, & is
minimised at a different temperature. Namely, for
D, =5203X10"* cm™' ¢ takes a minimum value
of 0.10007 corresponding to a rotational temperature
of Tgor =2680 K, while for the optimum D, =
5.2033 X 10™* one calculates the Tpop = 2840 K
and £= 0.083774. However as one can observe in
the inset of Fig. 5, which presents the variation of &
as a function of D,, this minimization has multiple
solutions resulting in approximately the same Tgqr.
In this case the value which is closer to the mean
value reported in literature is chosen.

Similar fitting results concerning the effect of the
spin—rotation coupling constant y = 0.0871 1 0.0002
cm™ !, are given in Fig. 6. In this case, the best fit is
obtained for ¥ = 0.0869 cm™', whereas a rotational
temperature of 2700 K is calculated when a value of
0.0871 cm™' is used. Note for comparison, that if
the formula of Klynning et al. is used with the mean
values of y=0.0871 cm™' and D, =5.203 X 107*
cm™', the results are Tpor=2680 K and &=
0.09517.

The effect of the rotational constant By =
7.38972 + 0.00002 cm™' of the *II state is pre-
sented in Fig. 7. In contrast to the previous cases the
minimum is achieved exactly for the mean value of
the constant. Since, as stated before, the peaks used
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Fig. 6. Least squares fitting results presenting the effect of spin—
orbit coupling constant on the rotational temperature. In the inset
¢ is presented as function of y,.

for the calculation of Tz are chosen in a way such
as to avoid the influence of small variations of the
line positions, this constant is affecting Tpqor through
the calculation of the Hénl-London factors.

The same testing procedure was performed thor-
oughly for all the other constants used in the simula-
tion program, except for p and g which are later
discussed in detail. As in the case of By, the mean
values for the majority of the rest of the constants
are adequate for the calculation as shown in the
tables below. Namely, in Table 1 are listed the
constants concerning X ?I1, while in Table 2 the
constants for the AZA state, finally used in this work.

It must be noted here that the same values are
optimum for a series of experimental spectra result-
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Fig. 7. Calculated rotational temperature for various values of the
rotational constant of the ground state Bp. In the inset ¢ is
presented as function of Bp;.
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Table 1

Molecular and A-doubling constants of the ’11 state used in the simulation

Ap By Dy x 10* App X 10° n Pn qn
142.857 7.38972 3.944 5.09 0 0.083298 0.0083811

ing in different rotational temperatures. These mea-
surements do not yet consist a systematic parametric
analysis, which is the purpose of a future study,
however, they indicate that the optimised set of
constants is representative and does not incorporate
erroneous calculations emerging from the discrepan-
cies between simulated and experimental spectra,
due to the least squares fitting procedure or possible
deviations from Boltzman statistics. The remaining
discrepancies, after the optimisation of the set of
constants, are caused by other factors, such as the
A-doubling, which is further discussed, or by predis-
sociation phenomena [11,45]. Thus, a standard devia-
tion of 50 K on the reported value of 2840 K is
calculated. Moreover, these results are in agreement
with the rationale proposed by Zare et al. [37] as
mentioned in Section 3.2.2.

3.5. A-type doubling

A-type doubling is another very important factor
which affects the rotational intensity distribution of
not completely resolved spectra, thus having a signif-
icant effect on the calculation of rotational tempera-
ture. For the calculation of A-doubling the constants
p=0.083298 and g = 0.0083811 given from Brown
and Robinson are used [17]. Thus, Fig. 8 presents the
results from the least squares fitting procedure com-
paring the p, ¢ values used in our simulation, with
those from Klynning et al., namely p = 0.08235 and
g = 0.008305. In the work of Brown et al. [16] is
pointed out that their values, calculated using data
from the LMR technique, differ slightly from the
values given from Klynning et al., which were calcu-

Table 2

Molecular constants of the A state used in the simulation
Ay By D, x10* Apa Ya
3.546 7.28280 5.2033 0 0.08689

lated using high dispersion plates. Although the last
calculation was based on the ‘direct approach’, it is
proven in this work that accurate data, like these
provided from the LMR technique, are necessary for
the calculation of ‘correct’ constants, independently
of the fitting method used. Thus, even slight varia-
tions on the values used are critical when an accurate
simulation of the spectrum is to be pursued and
therefore no optimisation of p and ¢ is attempted.
Moreover, the Mulliken and Christy formula used
here, cannot adequately represent the experimentally
observed A-doubling. This can be confirmed by
comparing carefully the simulation and experimental
spectra mainly in three cases, where it can be seen
that A-doubling is over- or underestimated. First in
the R, branch which is well resolved up to J = 19.5,
without being overlapped from any other branch.
Second in the part of the Q, branch that is not
overlapped from the Q, branch, for J=17.5 and
18.5. In both cases the A-doublets begin to split in
the simulation, using the current FWHM, in contrast
to the experimental observations (Fig. 3). Finally, the
third case in the R, branch, presents the most impor-
tant inconsistency between calculated and experi-

~~o0— p and q from Klynning,Lindgren and Sassenberg
0,100 —o— p and q from Brown and Robinson
; —o— p and q from Brown,Curl and Evenson

0,095

0.090

0,085 §

2500 2600 2700 2800 2000 3000
Rotational temperature (K)

Fig. 8. Least squares fit results presenting the effect of the
constants p and g on the calculated rotational temperature.
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mental A-doubling. In this branch it is possible to
measure the experimentally observed splitting, in
cases where overlapping does not occur, since A-
doublets are clearly resolved over J = 10.5, and are
easily followed up to J = 15.5. Thus, Figs. 9 and 10
present calculated A-doubling for F, and F,, respec-
tively, while in Fig. 10 are also presented the experi-
mental measurements for J=14.5 and J=155,
with values 2.50 + 0.02 cm ™' and 3.58 + 0.02 cm ™'
respectively. From these figures it appears that F,
terms exhibit larger A-splitting than F, terms and
thus measurement is possible with the current resolu-
tion.

Different curves, which are also presented in these
figures, result from possible corrections in the Mul-
liken and Christy formula in an effort to calculate a
different behaviour of A-doubling as a function of
J, that would include the new experimental values.
In addition, this behaviour can be indirectly evalu-
ated for large J, depending on the improvement of
the simulated spectrum compared to the experimen-
tal one, in regions where branches are overlapped
and the overestimation has a more important effect.

The calculated splittings for /=145 and J=
15.5 using the Mulliken and Christy, i.e. 2.00 cm ™'
and 2.30 cm ™! respectively, are significantly smaller
than the experimental values given above. Further-
more, a continuously increasing A-doubling with
increasing J, is most unfavourable since it has al-
ready been remarked that there is overestimation for
large J. The introduction of p; and g; to account for

F1 terms n/ o
—-o— Muliiken and Christy /
| -~ Introduced p .q .,'/l
—— 6th order correction to q ! P i‘{
—— i v ion /|
Testing 6th order correction to q, ,_/;Z:

1k

A-doubling

2 4 6 B 10 12 14 16 1B 20 2 24
Rotational quantum number J

Fig. 9. Calculated A-doubling concerning F, terms for various
formulas. The dashed line presents the desirable evolution of
A-doubling using an empirical formula.

RS F2 terms
—o— Mulliken and Christy
. _—o— Introduced P,q,
—e— formula using 6th order correction to q,
—— Testing 6th order correction toq, 3
% Experimental measurements

w

A-doubling

T

2 4 6 B 10 12 14 16 18 20 2 24
Rotational qguantum number J

Fig. 10. Calculated A-doubling concerning F, terms for various
formulas. The dashed line presents the desirable evolution of
A-doubling using an empirical formula that predicts the experi-
mental measurements.

the centrifugal distortion on A-doubling appears to
have a weak dependence on J, and does not rectify
the observed discrepancies, while the experimental
values cannot be simulated. The behaviour that has
shown the best resuits in general, and more specifi-
cally in the overlapped regions, is similar to the one
described by Winkel and Davis for SH [46]. The
A-doubling components of the 2II3 ,2 multiplet are
blended together at low J, move apart to a maximum
separation for J = 16.5 and merge again at J = 28.5
and J=29.5 to cross over and re-separate for still
larger J. At the same time the A-doubling compo-
nents of the I, ,2 Multiplet are separate at low J,
form a single blended line at J=10.5 and J=11.5
while crossing one another, and re-emerge into sepa-
rated lines for larger J. However, this behaviour was
not possible to be reproduced for any pair of p; and
g, values. Veseth [47] rying to overcome the incon-
sistency arising when p and g appear not simulating
with the same accuracy *II, ,2 and o, /2 levels, has
proposed the following empirical formula to express
the observed correlation (Obs ., ):

Obs

=qH(J)
(J=172)(J+1/2)(J +1)(J +3/2)
< .

+4q,

(5)



S. Stamou et al. / Chemical Physics 218 (1997) 57-69 67

In this formula corrections up to the sixth order
are incorporated to g;. The resulting calculations for
A-doubling using this formula, with H(J)=1 are
also presented in Figs. 8 and 9. The behaviour of the
curves is quite similar to the one described above.
However, in the value of g; used here, sixth order
corrections are not incorporated therefore the desired
agreement with experiment is not achieved. Further-
more, variations in the value of q; were performed
to obtain the observed behaviour but were not proved
successful. Still, another effort was made to use a
higher order empirical formula. However, this for-
mula is not reliable enough, as shown in Figs. 9 and
10 due to the lack of precise data for large J and
cannot be used at this point. It must be noted here
that no significant change in the rotational tempera-
ture measurements is expected, by the estimation of
A-doubling for large J, since deviations from calcu-
lated A-doubling have no effect on the twenty-two
peaks used in the least squares fit. In cases where
optical systems with lower resolution are used to
measure rotational temperature from the unresolved
spectrum, systematic errors can be obtained due to
deviations from the Mulliken and Christy formula.

Finally, unequal A-doublet populations were de-
tected. Morespecifically, in the R,(10.5) peak, which
is not overlapped by any near peak, A-doublets are
clearly but not totally split. Since populations are
taken to be proportional to the peak heights, unequal
peak heights observed here are a proof of a popula-
tion imbalance. The same phenomenon is also ob-
served at R,(14.5) and R ,(15.5) peaks, although less
pronounced since these peaks exhibit almost half the
intensity of the R,(10.5) peak and thus it is more
difficult to be evaluated. This population imbalance
occurs in favour of the e component which appears
to be higher than the f component. However, the
observed imbalance is rather weak and does not
concern J < 13.5, as has been reported in Ref. [23].
Thus, the calculation of the rotational temperature is
not affected. As it has been explained by Alexander
and Dagdigian [48], the imbalance of the A-doublet
population for high values of N is due to collisional
depletion of the TI(A') levels (F e or F, f) and the
preferred population of the II(A’) levels (F,f or
F, ). Extended investigation of this phenomenon has
been reported mainly for the CH radical [49-51],
and it appears that a similar situation stands also for

the case of SiH. Even though CH(X *II) is a proto-
typical Hund’s case (b) diatomic molecule (¥ = 1.93)
at relatively low values of the total angular momen-
tum J, the rotational wave functions are best de-
scribed in terms of intermediate coupling between
Hund’s case (a) and case (b), which is the case of
SiH (Y = 19.35). Thus the similarity between the
AZI1-A systems of CH and SiH radicals also im-
plies a possible similarity in collision-induced transi-
tions [50]. Further theoretical and experimental in-
vestigation is not employed here, however a more
detailed examination of A-doubling in the ground
state of SiH is definitely required.

4. Conclusions

The rotational temperature of SiH in silane rf
glow-discharge has been determined by optical emis-
sion spectroscopy, by simulating the intensity distri-
bution of the rotational fine structure of the 0-0
band of the A’A-X 11 transition.

The main advantages of the method consist in
using an improved formula for the calculation of the
energy levels [29], together with a recent set of
constants [10]. Twenty-two isolated peaks from the
R, and the Q, branches were used in order to avoid
interference from overlapping. The intensities of the
peaks chosen are well predicted by using the appro-
priate p and g constants, avoiding the influence of
the marked deviation of the calculated A-doubling
for large J. The experimental determination of the
instrument function of the optical system is an im-
portant feature of the technique proposed here and it
is necessary, when an accurate and reliable measure-
ment is required. Furthermore, the values of the
constants used are optimized within the limits of
precision of the experimental methods used to obtain
them. Thus, D, and vy, were found to have the most
significant effect to the minimization function,
whereas the use of the mean values for the majority
of the other constants was sufficient. The rotational
temperature of 2840 + 50 K obtained from several
measurements in pure silane discharges is consider-
ably higher than the 2000 K reported for hydrogen
diluted silane [25), however much lower than the
4000 K obtained in a supersonically expanding ar-
gon/silane plasma [28]. The method is not fully



68 S. Stamou et al. / Chemical Physics 218 (1997) 5769

applicable in lower resolutions, however it is more
reliable, compared to previous simulation attempts
and thus is expected to be more accurate even in
lower resolutions when a rotational temperature is
extracted from the unresolved spectrum. In this last
case, if one attempts to minimize the difference
between experimental and simulated spectrum, the
part of the unresolved spectrum where A-doubling is
well predicted must be used or else erroneous results
are expected.

Moreover, experimental measurements of A-
doublets were performed in two cases, while abnor-
mal A-doubling behavior is observed. In addition,
unequal A-doublets were also detected in some cases.

The remaining discrepancies between the simu-
lated and experimental spectra, can be due to several
factors, such as the already mentioned abnormal
A-doubling behavior, preferential A-doubling and
the fact that the existing sets of constants are not
calculated using data concerning large J quantum
numbers.
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