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Rotational and vibrational state distributions of H, activated on a heated

tungsten filament
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Ishikawa 923-1292, Japan
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The rotational and vibrational state distributions of H, activated on a heated tungsten filament were
determined by employing a coherent anti-Stokes Raman scattering technique to examine the
contribution to the catalytic chemical vapor deposition process. The rotational excitation could be
confirmed and the distribution was Boltzmann-like. When the filament temperature was 2700 K and
the H, pressure was over 1.3 kPa, the rotational temperature monitored 5 cm under the filament was
around 1200 K; it showed a sharp decrease below 670 Pa and it was 700 K at 67 Pa. This decrease
in the rotational temperature suggests the importance of relaxation processes on the chamber walls.
The first vibrationally excited H, molecules could also be identified at pressures over 670 Pa and the
vibrational temperature was not much different from the rotational one. This vibrational temperature
is much lower than those in typical H, plasma, showing that the direct vibrational excitation of H,
on hot filaments is inefficient compared to its dissociation to two H atoms. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2173044]

I. INTRODUCTION

One of the merits of catalytic chemical vapor deposition
(Cat-CVD, often called hot-wire CVD or hot filament CVD),
compared with conventional plasma-enhanced CVD
(PECVD), is the absence of charged species, such as ions
and electrons, in the gas phase. With Cat-CVD, it is possible
to prepare thin films without plasma damage. '3 Plasma dam-
age can also be avoided in remote PECVD, in which the
discharge and the deposition areas are separated.4’5 One of
the possible differences between remote PECVD and Cat-
CVD is the contribution of metastable excited species. For
example, metastable N(2 2D,) and N,(A *3*), and possibly
N,(a’ 12;), can initiate reactive processes in nitrogen after
glow.(’_8 However, none of the excited states of H or H, are
metastable, except for H(2 2§ 1») and H(c 3l_[u, v=0).” Since
the electronic energies of H(2 2S 1) and Hy(c 3Hu, v=0) are
much higher than the dissociation energy of the H-H bonds,
it may react with H, molecules to rapidly produce two H
atoms in the presence of H,. H(2 %S,,,) may also be colli-
sionally relaxed to short-lived 2 2P, resonance states easily.
Then, the active species in remote plasma processes of H,
and those in catalytic activation may be similar; H(1 %S, ,,)
and vibrationally excited H,(X '2;) should be the only active
species in these systems. One of the differences is in the
H-atom population. In general, the population of H atoms in
catalytic decomposition is higher than in plasma
decomposition,lo_12 although high-density H atoms can also
be obtained by plasma under some conditions.*"*~' In addi-
tion, there may also be a difference in the vibrational state
distributions of H,. Vibrationally excited H, may be another
key species in discussing the difference between PECVD,
both remote and conventional, and Cat-CVD. In general, the
reaction rate constant increases with vibrational excitation.
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Especially, the vibrational quantum of H, is large and the
effect is large. For example, the vibrational excitation of H,
increases the rate constants for O(2°3P )+H, and
OH(X I1,)+H, by more than two orders of magnitude.'”'®

The rotational and vibrational state distributions of H,
after plasma  excitation have been  extensively
characterized.'**® The vibrational temperatures are, in gen-
eral, more than 2000 K and the distribution is non-
Boltzmann for highly excited levels. The rotational distribu-
tions are not necessarily Boltzmann-like either but are
generally cooler than the vibrational ones. The excitation of
H, on heated filaments, on the other hand, has been studied
less extensively,lzm’29 and few studies have reported on vi-
brational excitation. Hall and co-workers have shown that
highly vibrationally excited H, molecules are produced in
hot filament excitation.””*’ They monitored H™ ions formed
by the dissociative attachment of electrons to H, molecules.
This technique is sensitive for detecting highly vibrationally
excited H, but is less sensitive for vibrational ground-state
and first-excited-state H,.

In the present study, the rotational and vibrational state
distributions of H, were examined after excitation on heated
tungsten filaments. Since the most populated excited state
must be the lowest one, Hy(v=1), a coherent anti-Stokes
Raman scattering (CARS) technique was employed to deter-
mine the populations of the »=0 and v=1 levels, where v is
the vibrational quantum number. Other techniques, such as
laser-induced fluorescence (LIF) and resonant-enhanced
multiphoton ionization (REMPI), are sensitive to detect
highly vibrationally excited H, but are hard to apply to v
=0 and v=1 levels. Recently, we have reported that vibra-
tionally excited CN radicals, CN(v=1), can be identified in
the catalytic decomposition of HCN.* The vibrational tem-
perature was 1900 K when the filament temperature was
2300 K. If this is the case, the vibrational population ratio

© 2006 American Institute of Physics
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[H,(v=1)]/[H,(»=0)] should be 0.04, which is comparable
to that observed in typical plasma processes. Although no
vibrationally excited states have been observed for SiH and
NH in the decomposition of SiH, and NHj, respectively,
these species may not be the nascent products on the cata-
lyzer surfaces.’'

Il. EXPERIMENT

A conventional CARS technique was employed to deter-
mine the rotational and vibrational state distributions of
H2.33’34 The vacuum and laser systems were similar to those
described elsewhere.'*303235:36 resistively heated tungsten
wire (Nilaco 99.95%, 0.5 mm in diameter, and 170 cm in
length) was used to activate flowing molecular hydrogen in a
vacuum chamber with a 45 cm internal diameter that was
evacuated with a turbomolecular pump through a butterfly
valve. The distance between the filament and the showerhead
was 19 cm while that from the chamber bottom was 12 cm.
The shortest distance between the filament and the chamber
sidewalls was 10 cm. The flow rate of H, was fixed at 100
SCCM (standard cubic centimeter per minute) (I SCCM
=6.9x 1077 mol s7!) while the pressure was changed be-
tween 27 Pa and 2.7 kPa by adjusting the butterfly valve. In
CARS measurements, the second harmonic of a Q-switched
neodymium-doped yttrium aluminum garnet (Nd:YAG) laser
(Spectra Physics PRO-190-10) at 532 nm was split into two
parts. One part was used to pump a dye laser (Lumonics
HD-500) whose output around 684 nm was used as the tun-
able Stokes beam wg. The Stokes pulse energy was 6 mJ. The
remaining part, 10 mJ/pulse, was used directly as the pump
beam wp. CARS spectra were recorded by monitoring the
intensity of the anti-Stokes signal beam w,s=2wp—wy
around 435 nm. The pump and the Stokes beams were com-
bined, made collinear at a beam combiner (dichroic mirror),
and focused into the chamber using a 400 mm focal length
achromatic lens. The pump beam was optically delayed for
proper temporal overlap with the dye laser beam. The anti-
Stokes signal was separated from the pump and the Stokes
beams with a Pellin-Broca prism and was detected with a
photomultiplier tube (Hamamatsu Photonics R212UH)
through two glass filters (Toshiba V-42 and C-40C) and a
monochromator (JASCO CT25C). The slits of the mono-
chromator were widely opened to ensure the wavelength in-
dependence of the detection sensitivity. This was checked by
monitoring the nonresonant CARS signals in air. Neutral
density filters were used when necessary. The photomulti-
plier signal was amplified and processed with a boxcar
averager-gated integrator system (Stanford Research Sys-
tems SR240/SR250/SR280) and was transferred to a com-
puter (IBM PC300PL). The wave number of the dye laser
output was checked with a wave meter (Burleigh VA-5500).
The typical filament temperature was 2700 K, while the dis-
tance between the filament and the detection zone was 5 cm.
H, (Takachiho 99.999 95%) was used from a cylinder with-
out further purification.
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FIG. 1. Q-branch CARS spectra of H,. (a) H, pressure of 1.3 kPa without
heating the filament; (b) H, pressure of 2.7 kPa with heating the filament up
to 2700 K. The distance between the filament and the detection zone was 5
cm. The wavelength dependence of the Stokes laser intensity has been
corrected.

lll. RESULTS

Figure 1 shows typical CARS spectra when the filament
was heated and unheated. When the filament was heated up
to 2700 K, rotational levels up to J=9 could be observed for
the vibrational ground state, where J is the rotational quan-
tum number. Vibrationally excited hydrogen, H,(v=1), could
also be identified for J=1 and J=3, although the signal in-
tensities were three orders of magnitude weaker than those
for H,(»=0). Figure 2 illustrates the H, pressure dependence
of the square root of the CARS signal intensity, showing the
absence of signal saturation. Figure 3 shows the Boltzmann
plots of the rotational distributions of H,(»=0) obtained un-
der three conditions. In this figure, the logarithm of the
square root of the Raman signal intensity divided by the
rotational degeneracy, 2J+ 1, nuclear spin degeneracy, 1 or 3,
and the J dependent part of the third-order nonlinear suscep-
tibility, 6+J(J+1)/(2J—-1)(2J+3),%® is plotted against the ro-
tational energy. The three plots in Fig. 3 are all linear, sug-
gesting that the rotational distributions are Boltzmann-like.

(CARS intensity)!/?

PR SO Y S N M
0 500 1000
H, pressure / Pa

1500

FIG. 2. Square root of the CARS signal intensity of Hy(v=0,/=3) as a
function of H, pressure. The filament temperature was 2300 K. The intercept
corresponds to the off-resonant CARS signal caused by air.
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FIG. 3. Rotational Boltzmann plots of H,(v=0). The H, pressures and the
filament temperatures were 1.3 kPa and room temperature (O), 1.3 kPa and
2700 K (), and 2.7 kPa and 2700 K (@).

Similar plots could be obtained under other conditions, and
the rotational temperatures are summarized in Table I. The
rotational temperature when the filament was not heated was
determined to be 310+30 K, while those when the filament
temperature was 2700 K were more than 1000 K in the pres-
ence of more than 670 Pa of H,. The error limits in the
rotational temperatures are standard deviations.

Our data analysis procedure of the CARS spectra was
similar to those employed by Chen et al.,”® Shaub er al.,”
and Andrews et al.”’ In general, the CARS signal intensity is
proportional to the products of the square of the third-order
nonlinear susceptibility x®, the Stokes laser pulse intensity,
and the square of the pump laser intensity. The pump laser
intensity at 532 nm was fixed during the measurements. The
Stokes laser intensity was around 10% weaker at shorter
wavelength. The wavelength dependence was corrected in
Fig. 1. The third-order nonlinear susceptibility x'* can be
expressed by a function of J and v. It should be noted that
X depends little on J but is proportional to v+1. In other
words, the sensitivity to detect Hy(v=1) is four times larger
than for H,(»=0). Strictly speaking, the signal intensity de-
pends on both the line-shape functions of the lasers and on a

J. Appl. Phys. 99, 043510 (2006)

factor that in turn depends on the frequencies and the focus-
ing conditions.** However, these factors were not taken into
account in the present analysis. The error caused by such
ignorance must be small since we could obtain a room-
temperature rotational distribution when the filament was not
heated. In general, in CARS measurements, only the popu-
lation difference between the two molecular levels, such as
[H,y(v+1)]-[H,(v)], can be determined. However, since the
signal intensity corresponding to H,(»=1) was much smaller
than that corresponding to H,(v=0), the contribution of the
v=1 level was ignored in the evaluation of the population of
the v=0 level, while that of the v=2 level was ignored in the
evaluation of the v=1 level population.

CARS signals corresponding to H,(v=1,J=1) and
H,(v=1,J=3) could be identified at 3917 and 3888 cm™',
respectively, as shown in Fig. 1. Other signals, such as those
attributable to J=2 or J=5, were below the detection limit.
The relative population of H,(v=1) and H,(»=0) was evalu-
ated from the populations of the J=1 and J=3 levels by
assuming the same rotational temperatures for the »=0 and
v=1 states. The results are summarized in Table I. It is rather
difficult to evaluate the error limits for the vibrational popu-
lation ratios, but +20% may be inevitable. If we extrapolate
the population ratios to typical CVD pressure conditions,
such as 10 Pa, the population of H,(v=1) is estimated to be
0.7£0.2% of that for Hy(»=0). Under typical filament tem-
peratures for Cat-CVD, such as 2000 K, this population ratio
should be much less.

We also tried to determine the rotational and the vibra-
tional distributions by reducing the distance between the fila-
ment and the detection zone to 2 cm. The relative population
of Hy(v=1) was slightly higher than it was at 5 cm. For
example, it was 0.014 when the filament temperature was
2700 K and the H, pressure was 670 Pa. However, it was
found that the rotational Boltzmann plots are nonlinear.
Similar results were obtained at other pressure conditions.
The spatial distribution of rotationally excited H, must have
been inhomogeneous.

It might be considered that only part of the H, intro-
duced into the chamber collides with the filament, and this is

TABLE 1. Rotational and vibrational population distributions of diatomic molecules in catalytic decomposition systems. nd: vibrationally excited levels were

not detected. rt: room temperature.

Source Species Filament Filament/detection Total Rotational v=1/v=0
gas detected temperature (K) zone distance (cm) pressure temperature (K) ratio Reference
H, H, 2700 5 67 Pa 700+30 nd
H, H, 2700 5 130 Pa 770+40 nd
H, H, 2700 5 670 Pa 1030+40 0.009
H, H, 2700 5 1.3 kPa 1140£30 0.010
H, H, 2700 5 2.0 kPa 1170+30 0.010
H, H, 2700 5 2.7 kPa 120040 0.015 Present
H, H, 2500 5 1.3 kPa 1100£20 nd
H, H, 2500 5 2.0 kPa 107020 nd
H, H, rt 27 Pa 310+30 nd
H, H, It 1.3 kPa 310+30 nd
SiH,/H, SiH 2300 10 6.7 Pa 390+40 nd 31
NH; NH 2300 10 20 Pa 500£50 nd 32
HCN CN 2300 10 1.3 Pa 350 0.23 30
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TABLE II. Rotational and vibrational distributions of H, in hot filament excitation.

Detection Filament temperature/ Filament/detection Rotational v=1/v=0 ratio
technique electric power zone distance (cm) Total pressure temperature (k) (vibrational temperature) Reference
CARS 2820 K/2 kW 0.65 2.7 kPa 1590 28
H™ monitoring 1770 K 6.7 Pa 700 0.002 (960 K) 29
CARS 2373 K 0.4 4.7 kPa (0.5%CH,) 1600 12
CARS 2700 K/3.0 kW 5 2.7 kPa 1200 0.015 (1420 K) Present
67 Pa 700 0.007* (1200 K)

“Extrapolated value.

the reason for the low population of H,(v=1). However, this
is not the case. It is possible to estimate how many times a
hydrogen molecule collides with the filament before being
evacuated. Since the area of the filament was 2.7 X 10~ m?2,
the number of collisions in unit time in the presence of 1.3
kPa of Hy, 9.4 X 10> m™3 at 10° K, is 2.0 X 10>} s~!. The H,
flow rate was 100 SCCM, that is, 4.2 X 10'° s~!. This ratio,
5% 10, should be a measure of the number of collisions.
Although the above is a rough estimation, it may be con-
cluded that all the molecules introduced collide with the fila-
ment many times before being evacuated.

IV. DISCUSSION

Tables II and III summarize the rotational temperature
and the ratio of the H,(v=1) population to that of H,(»=0)
in hot filament and plasma excitation. Although the state dis-
tributions must depend on the experimental conditions, such
as the chamber geometry and total pressure, it can be con-
cluded that the H,(v»=1)/H,(v=0) population ratio is smaller
in hot filament excitation than in plasma excitation. Table IV
compares the vibrational temperatures for highly excited lev-
els, v=2. The temperature for plasma excitation is not nec-
essarily higher than that for hot filament excitation in this
case.

The cause of the vibrational excitation of H, has been
discussed extensively. In hot filament excitation, it is now
well recognized that the highly vibrationally excited levels
are produced on the chamber walls by a recombination pro-
cess. Eenshuistra et al. found that the vibrational population
ratio [Hy(v=5)]/[H,(v=4)] depends little on the filament
temperature and concluded that the direct production of
highly vibrationally excited H, on a hot filament is minor.*®
They have proposed the Eley-Rideal process, in which H,(v)

is formed by the recombination of H atoms adsorbed on the
surface with those coming from the gas phase. Their conclu-
sion was further supported by Schermann et al., who showed
that the vibrational state distribution remains constant when
the filament temperature is changed.29 Schermann et al. also
proposed the presence of a physisorbed H-atom layer on the
chemisorbed one to explain the high vibrational excitation.
This Eley-Rideal mechanism has also been supported by the-
oretical calculations.” In plasma, similar excitation pro-
cesses must also be possible,25 although collisional activation
by electrons of energies in excess of 10 eV must also play
some roles.”

The production processes of the first excited level,
H,(v=1), on the other hand, may be different. In plasma
excitation, it has been proposed that low energy electrons,
whose kinetic energy is less than 1 eV, collide with unexcited
molecules to generate vibrational excitation.'”* This mecha-
nism is consistent with the present result that the [H,(v
=1)]/[H,(»=0)] population ratio is smaller in the hot fila-
ment excitation where no free electrons are present. If low
vibrational states such as H,(v=1) are also produced by the
recombination of two H atoms, the vibrational population
ratio [H,(»=1)]/[H,(»=0)] should be higher in hot filament
excitation than in plasma, since more H atoms are expected
to be produced in hot filament excitation. This is not the case
as is shown in Tables II and III. The low vibrational states in
plasma processes must be produced by collisions with sub-
excited electrons. On hot filaments, dissociation to two H
atoms should be more predominant than vibrational excita-
tion for H,. The vibrational temperature of CN radicals pro-
duced by the catalytic decomposition of HCN is higher than
those of H, observed in the present work, although the fila-
ment temperature was lower.*® This may be because CN

TABLE III. Rotational and vibrational distributions of H, in plasma excitation.

Detection Electric power/ Total Rotational v=1/v=0 ratio
technique voltage/current pressure temperature (k) (vibrational temperature) Reference
CARS 90 V/10 A 5.5 Pa 530 0.082 (2390 K) 19
REMPI 100 V/10 A 1.2 Pa 390 0.090 (2480 K) 20
CARS 375 A 40 Pa 800" 0.037* (1800 K) 22
1380 0.091° (2500 K)
CARS 0.5 Wem™ 200 Pa 600 0.22 (3980 K) 26
2.0 Wem™ 1.07 kPa 800 0.14 (3000 K)

“Axial position: 150 mm.
"Axial position: 25 mm.
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TABLE IV. Vibrational distributions of H,(»=2) in plasma and hot filament excitation. VUV means vacuum

ultraviolet.

Excitation Detection Total Vibrational temperature

technique technique pressure over v=2 level Reference
plasma (90 V, 10 A) CARS 5.5 Pa 2390 K 19
plasma (125 V, 25 A) VUV absorption 1.1 Pa 4180 K 21
plasma (100 V, 0.5 A) LIF 1.5 Pa non-Boltzmann =11 000 K 23
plasma (60 A, 9 kW) LIF 13 kPa* 2200 K 24
plasma (1 eV) LIF 20 Pa 2600 K 25
hot filament (2500 K, 4 V, 15 A) H™ monitoring 0.01 Pa non-Boltzmann =3000 K 27
hot filament (1770 K) H™ monitoring 6.7 Pa 3900 K 29

“Pressure at the plasma source.

bonds are not broken on hot filaments and the vibrational
excitation does not compete with the bond dissociation. In
addition, CN radicals may deposit on chamber walls with a
high efficiency and the vibrational temperature may be fro-
zen. On the other hand, H,(») must be deactivated without
deposition.

The decrease not only in the rotational temperature but
also in the vibrational temperature with the decrease in the
H, pressure, as is shown in Table I, suggests the importance
of the relaxation processes on chamber walls, which were
water cooled. Collisional relaxation in the gas phase may
play some roles but is less important. This is consistent with
the small rate constant for the vibrational relaxation of H,(v)
by H2.40 Although the rate constant increases exponentially
with temperature, the rate constant at 1000 K is still in the
order of 10715 cm® s™'.*' The rate constant for the vibrational
relaxation by H is rather large because this may proceed via
a chemical atom-transfer process, H+H,(v=1)— H,(»=0)
+H.** However, the H-atom density may not be enough for
this process to be important. Another possible explanation to
the total pressure dependence of the rotational and vibra-
tional temperatures is the contribution of termolecular
H-atom recombination processes in the gas phase. The re-
combination rate of two H atoms to produce rotationally and
vibrationally excited H, molecules must be larger at higher
pressures, although the termolecular rate constant is rather
small, 3.8 X 10733 cm™s~! at 1200 K.** However, if this is
the case, as has been discussed above, more excitation is
expected in hot filament than in plasma. The much lower
vibrational temperature in the present system suggests that
the recombination processes in the gas phase are less impor-
tant.

V. CONCLUSIONS

The vibrational population ratio [H,(v=1)]/[H,(»=0)]
in hot filament excitation is much lower than those observed
in hydrogen plasma, even when the filament temperature is
as high as 2700 K. The recombination reactions of two H
atoms on the chamber walls may be important to produce
highly vibrationally excited H, but are not important in the
production of Hy(v»=1). Under typical catalytic CVD condi-
tions, no vibrationally excited H, molecules are expected to
play any roles. This is in contrast to plasma processes, in
which the interaction between subexcited electrons and

H,(v»=0) contributes to the production of Hy(v=1) and the
high-density H,(»=1) molecules may also play a role.
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