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Abstract. Rovibrational excited hydrogen molecule plays an important role for the production of H™ ions.
The correlation between H™ ion density and rovibrational distribution of Hz molecules has been investigated
in dielectric barrier discharge hydrogen plasmas via optical emission spectrometry and molecular beam mass
spectrometry. The relative vibrational distribution of molecular hydrogen in the electronic ground state has
been determined by the best fitting to the Fulcher-a band emission lines. It is shown that the ratio of the
Qo—0y(1) to Q1-1)(1) line is very suitable and simple for the diagnosis of vibrational temperature in the
range of 1500 to 7500 K. At certain discharge conditions (ac 40 kHz, 14 kV), the vibrational temperature
decreases from 3600 to 2400 K as the pressure increases from 100 to 200 Pa and the negative ions density
near the ground electrode also decreases as the pressure increases. Both the hydrogen ions density and the
vibrational temperature increase with the increasing of discharge voltage. It is found that the evolution of
negative atomic hydrogen ions density greatly depends on the vibrational temperature.

PACS. 39.30.+w Spectroscopic techniques — 52.70.-m Plasma diagnostic techniques and instrumentation

— 50. Physics of gases, plasmas, and electric discharges

1 Introduction

Hydrogen plasmas are widely used in the field of modern
science and technology, especially material treatment: two
intensely developed applications are surface cleaning or
etching of compound semiconductors [1,2] and deposition
of thin films [3] in pure hydrogen plasma or where mix-
tures very rich in Hy are used. Hydrogen molecules in vi-
brational excited states (H5") can greatly enhance the pro-
duction of H™ ions in volume and surface by dissociative
attachment of hydrogen molecules (DA: e+Haz(excited) —
H+ H™) [4,5]. To understand the relationship between

57 and H™ ions in plasmas, it is vital to investigate the
information about the density population over the vari-
ous energy levels. Many active laser methods have been
used for determination of vibrationally excited hydrogen
molecules: LIF [6], CARS [7], REMPI [8]. However, these
methods are rather complicated and expensive. Further-
more, for many applications it is sufficient to know the
relative distribution of vibrational distribution. Optical
emission spectrum (OES), due to its simplicity high sen-
sitive resolution and non-intrusive to the discharge sys-
tem, has the potential of becoming a in-situ diagnostic
technique for many application. To determine the rovi-
brational distribution of Hy molecules, Fulcher transition,

d, — a3E;r, is more suitable for its relatively strong
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emission intensity and relatively free from interference by
other emission lines. This method involves three states
(X '3}, d?11,, a®]) and two processes (excitation pro-
cess and radiative process). The determination of rovi-
brational distribution is dependent on establishing the
relationship between the population distribution in the
electronic ground and excited state.

The spectroscopic techniques have been used for de-
termination of rovibrational distribution in many sys-
tems, such as: helicon-wave plasma [9], expanding ther-
mal arc plasmas [10], beam-plasma system [11], MAP-II
plasmas [12] and microwave-powered electron-cyclotron-
resonance heating plasmas [13]. In recent years, among
various electrical discharge techniques to produce active
atoms and radicals, dielectric barrier discharges (DBDs),
characterized by the presence of one or two layers of insu-
lator (dielectric barrier) between the two electrodes, have
been widely studied due to their relatively simple exper-
imental setup and high operating pressure (from a few
to thousands of Torr) [14]. Although the DBD hydrogen
plasmas are widely used, there is no report about the rovi-
brational distribution of Hsy in electronic ground state.

This paper presents a spectroscopic investigation on
the effect of rovibrational temperature to the production
of H™ ions in dielectric barrier discharge hydrogen plas-
mas. Based on the diagonal Fulcher band, the rovibra-
tional distribution of Hy in the ground state has been
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Fig. 1. The schematic diagram of the experimental setup (not
to scale). 1: Sampling orifice plate (ground electrode). 2: Skim-
mer. 3: H.V. electrode. 4: Dielectric (fused silica plate). 5: Ion
deflection plate pair. 6: Adjustable valve. 7: Liquid nitrogen
trap. 8: Collimation hole. 9: Ionizer. 10: Quadrupole mass an-
alyzer. 11: Monochromator.
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determined via optical emission spectrometry. The nega-
tive hydrogen ions have also been measured via molecular
beam mass spectrometry (MBMS); it is powerful for diag-
nosis of active species (both ionic and neutral) in moderate
pressure [15]. Based on the experimental results, the corre-
lation between the H™ anions density and the vibrational
temperature of Ho molecules has been discussed.

2 Experimental setup

The experimental setup including a DBD reactor, the at-
tached MBMS and OES equipment is schematically illus-
trated in Figure 1. The vacuum-tight DBD reactor mainly
consists of a grounded brass electrode (50 mm in diameter,
5 mm in thickness) and a parallel 5 mm thick fused-silica
dielectric barrier plate. The stainless steel high voltage
electrode is attached to the outside of the fused-silica plate
at atmospheric pressure in order to prohibit the high-
voltage breakdown around the fused-silica plate. High pu-
rity hydrogen (>99.99%) discharge gas flows through the
10 mm thick gas spacing between the fused-silica dielectric
and the ground electrode. The DBD power supply source
is capable of supplying a bipolar sine wave output with
0-40 kV peak-to-peak voltage (U,) at an ac frequency
(fac) of 10-35 kHz.

The grounded brass plate electrode has a central pin-
hole, which serves as the sampling orifice of the MBMS.
In order to reduce the collisions between the detected
species and the pinhole walls, the pinhole was made into
cone-shape with a thickness of ~0.1 mm and a diame-
ter of 0.3 mm at the gas-inlet side. The details of the
MBMS equipment have been given elsewhere [15,22] and
only the main features are outlined here. It consists of a
three-stage differential pumping system and a quadrupole
mass spectrometer (QMS, EPIC-500N, Hiden Analytical,
m/z = 1-50 RF source has been used in this work).
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The region between the sampling plate and the skimmer
is called stage 1, which is pumped by a 1500 L/s turbo-
molecular pump (TMP). The stage 2 with a 150 L/s TMP
is located between the skimmer and the collimation hole.
The region after the collimation hole where the QMS is
located is called stage 3 and it is pumped by a 450 L/s
TMP. The stages 2 and 3 were also cooled by liquid nitro-
gen traps. The pressure in each of the differential pump-
ing stage during sampling with 3 kPa Hs in the discharge
chamber is typically 2 x 1071, 1 x 1072, and 3 x 10~° Pa,
respectively. The QMS can operate at pressures no higher
than 1072 Pa. The low pressure in stage 1 prevents the
molecules or ions from undergoing additional collisions af-
ter flowing out of the sampling orifice.

The light emitted from plasma was extracted by a
quartz lens and then focused on the entrance slit of a
0.5 mm monochromator (Acton, SP-300i, 200-900 nm) via
the optical fiber. The optical device response efficiency was
calibrated with a standard tungsten lamp (Philips, 10 V,
16-17 A) at known temperature.

3 Spectroscopic method

The technique, called “corona model”, used to deter-
mine the rovibrational distribution in hydrogen plasmas,
is based on the following assumptions: (i) the rotational
levels in the electric ground state have a Boltzmann dis-
tribution with the same temperature as the Maxwellian
distribution of the gas; (ii) the population of the excited
d®II, is mainly by electron impact from the ground state
X 'SF; (iii) the loss of the excited state d I, must be
dominated by radiative transition to the other excited
a3E;r state. In most plasma sources, these assumptions
are taken to be valid in the pressure of the order of tens of
microbar [11]. Van der Mullen summarized the criteria for
excited levels being in a Corona phase [16]. An effective
principal quantum number P is given:

P = Z(Ry/|Eip|)1/2 (1)

here, Z is the charge number of the core, Ry is the Rydberg
constant and Ejj, is the ionization energy from level p. For
the level of molecular hydrogen E;, = 1.6 eV, Z = 1. So
the effective principal quantum number P = 2.9 can be
determined. An approximation for the critical level p,,
below which the Corona phase is valid, is taken from [16]:

nepd. =9 x 102 m=3. (2)

The relationship between the electron density n. and pe,
is expressed in Figure 2. The electron density in low-
pressure glow discharge plasmas is expected less than
10'® m=3 [17], so the critical level p.. ~ 3 can be
determined. Fantz and Heger [13] confirmed the vibra-
tional population of Hy molecules for the vibrational level
v =0-4 can be fairly described by a Boltzmann distri-
bution characterized by a vibrational temperature in di-
vertor plasma, then Xiao et al. [12] also confirmed that
the distribution of vibrational (in low levels), and partic-
ularly for rotational populations in the ground state of Hy
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Fig. 2. The critical level p versus the electron density. The
dashed line indicates p = 2.9.

in low temperature plasmas is fitted to Boltzmann distri-
bution. A more detail discussion can be seen in previous
papers [12,13] and therein.

Based on the three assumptions above, the relationship
between the optical emission intensity I o K., from the
upper d°II, state to the a 32+ state was expressed by [18]:

64rt 1
3hAN3 2K +1
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Ny AYK,. (3)
The intensity is given in photons m~3s~!. Here, h, A are
Plank’s constant and wavelength of the emission, respec-
tively. Nd@/ K is the density of d3II, state at vibrational
level v' and rotational level K’. The transition probabil-
ity, Aay,,lf(',,, is the product of rotational, vibrational and
electronic parts:

Adv”K” - SK’K”qy’v”Ae rel! (4)
where Sk i~ is called the Honl-London factor and for the
Q@ branch, Sxx = (2K + 1)/2. ¢y is the Franck-Condo
factor.

When a steady state is reached in the discharge
plasma, the total production rate for the excited d3II,
state at various vibrational and rotational levels by the
electron impact excitation and loss rate by radiative decay
to the a3§];r state should be equal. Provided all the as-
sumptions above hold, the following equation can be used
to give the rovibrational distribution in ground state:

S5 { RS Nrire ) = Naviodr 6)

v0 KO

here, R is the electron impact excitation rate from ground
state XIE;r to d3II, state. Nxpoxo and Ny, g+ are the
molecular density at ground state X 12; and d°3II, state
with various vibrational and rotational levels respectively.
Figure 3 depicts the potential energy diagram of the levels
involved in this balance equation. Indicated are the ground
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Fig. 3. Potential energy diagram of the levels involved in
Corona model.

level X IE;F, the upper level d I, and the lower level of

the decay a 32;. The molecular constants of hydrogen in

the state in cm™! are taken from [18].

According equations (3) and (5), the relationship be-
tween the emission intensity and the rovibrational distri-
bution of the ground state molecules can be given:

647T4 ”K”
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(6)
In principle, by the best fit the calculated emission inten-
sity to the experimental results, the rovibrational distri-
bution of the ground state Hy molecules can be extracted.
The Fulcher transition d I, — a 32; is the most suitable
choice for its relative strong intensity and less disturbance,
the emission spectra appear in the wavelength range from
590 to 640 nm. Figure 4 presents the part of the spectra of
Fulcher transition for Hy from dielectric barrier discharge
hydrogen plasmas in certain condition (P(Hsy) = 120 Pa,
Up =12 kV, f,. =40 kHz).

Id ”K”:

4 Results and discussion
4.1 The determination of vibrational distribution

Based on the validity of Franck-Condo principle for elec-
tron impact excitation, the vibrational population in the
upper Fulcher d3I1, state could be calculated. The elec-
tron impact excitation rate is considered to be propor-
tional to the Franck-Condo factors multiplied by an ex-
ponential factor (e~4Fvie/kTe) ysing the energy difference
between the vibrational state of interest and v = 0 [12,13].
Then, the population density of a vibrational level in the
d>II, state can be related to the ground state by the fol-
lowing equation:

’
' X qul(’uvofx(vo
20

)e—AEm-b/kTe (7)
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Fig. 4. Typical spectra of the Fulcher band of Hy measured
in low pressure hydrogen DBD plasmas. Discharge conditions:
P(H2) =120 Pa, U, = 12 kV, foc = 40 kHz.

and the intensity for different vibrational band for the
Fulcher transition, d3II, — a3E;r, can be expressed by:

I o0 A2 fa(v) s (8)

Here, fx(v°) is the vibrational distribution in the ground
state. qu’;o is the Franck-Condo factors from vibrational

level v0 in the X 12;‘ state to the vibrational level v’ in the

d®I1, state and qg;j:, is the Franck-Condo factors from vi-
brational level ¢/ in the d 311, state to the vibrational level
v” in the a 32; state. T, is the average electron energy in
plasmas. According to equations (7) and (8), the intensity
distribution over the vibrational bands can be calculated
from the ground state vibrational temperature, Ty, for
any vibrational lines:

L s A3 g fx (0)e AP gl (9)
20

de Graaf [19] has investigated the influence of the electron
temperature on the vibrational intensity distribution. He
concluded that for any electron temperature above 2 eV
the maximum error made by assuming 3 eV is smaller
than 10% for any vibrational intensity v’ = 0 to 5. For the
electron temperature, the typical value in DBD plasmas is
about a few eV [20]. Thus, the effect of electron temper-
ature to the intensity distribution is generally neglected
under our experimental conditions. For simple, the elec-
tron temperature T, was set to be 6 eV. Figure 5 presents
the calculated intensity values, normalized to the (1-1)
transition for the rotational level K = 1 line in hydrogen
as functions of the ground state vibrational temperature.
It can be seen the calculated relative intensity of the (0-0)
transition are particularly to T,; in the range of a few
thousands K, so the (0-0) transition is primarily selection
for the determination of T, [11]. By comparison the mea-
sured intensities and calculated value for (0-0) vibrational
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Fig. 5. Evolutions of calculated intensities of the K’ = 1 in the
v =v"” =0, 2, 3 band normalized to the intensity of K’ = 1

1500

in the v = v” =1 as a function of vibrational temperature.

T 1.2

>

£ /n

=

5 0.9- .

= O,
(]

h]

3

: 08 .
'ﬁ —a— Experiment o
E —o—calculation: 7, ,(X 'Z ;)= 2700 K

o

2 0.3

o

2

S

K]

[}

4 T T T T

0 1 2 3
Vibrational number v’
Fig. 6. Comparison of the relative vibrational population of
the upper state d I, of Hy by measurement and calculation.

Solid square: experiment, hollow square: best-fitted by equa-
tion (9).

transition, normalized to the (1-1) transition, a ground
state vibrational temperature T, of about 2700 K can be
extracted. The comparisons of vibrational distribution by
experiment and the calculation for v = 1 to 4 of is shown
in Figure 6. The maximum uncertainty of the emission
intensity between experimental results and that of calcu-
lated is smaller than 10%. It is shown that the calculated
relative intensity of (0-0) vibrational transition, normal-
ized to the (1-1) transition is a feasible and simple way to
determine the ground state vibrational temperature Ty;p.

4.2 The determination of rotational distribution

The rotational distributional function is expected to be
independent of vibrational state. Similar to vibrational
distribution, the population density of a rotational level
in the d3IL, state can be related to that of the ground
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Table 1. Lines coinciding with lines of the Fulcher-a band within 0.05 nm [26].

“disturbed” line (nm)

“disturbing” lines

upper level lower level branch  wavelength (nm)
Qo-0(3) 603.1909 iP*Hy(v' =2) 3, (" =2) P(2) 603.1465
Q1-1(2) 612.7246 RS (v =0) P, (v =0) P(4) 612.7344
Q1-1(5) 615.9565 d*IL, (v =0) a’3f(v" =00 Q(10) 615.9269
I'Ml,(v'=3) B'SF@’ =100 Q@) 622.5040
Q2-2(1) 622.4815 g8 (v =2) M, (0" =2) P(3) 622.5312
state by the following equation: ; 2.5
©
Foot(E') = 3 Rycose £, (K°) Z 5] —e—Eperment
I 2 —o— Caleulation: 7, (X "2 *)= 400 K
Q
—Fxy0(K%he c
::E:Rwa%w@Kﬂ+1ﬁxp —Fxuo(K)he <15
kTrot
KO '%
(10) 2 1,04
: e
here, Ryo - is the electron impact excitation rate between o o
rotational levels; f0 (KY) is the rotational distribution of '% 0.5
ground state [18]; gqs is the degeneracy with the nuclear ° o
spin. The values of Ryog: were taken from de Graaf [19]. ® 0.0 — —
Then, the rotational line intensity can be calculated by Q1 Q2 Q3 Q4 Q5

the following equation:

III((’/’ X )\_3 'l{ot(Kl) = )\_3 ZRKOK’gas(2KO + 1)
KO
7FX’UO (Ko)hc

T ] (11)

xexp{

By fitting the calculated intensity distribution with that
of observed, the rotational temperature could be deduced.
The calculation included ground state rotational levels up
to K = 6 and vibrational levels up to v = 4. The sec-
tion rules of K = 0, £2, +4 were included in the calcula-
tion processed. In order to determine the rotational tem-
perature correctly, the emission intensity must be strong
enough and cannot be disturbed by other emission line.
Table 1 presents the possible overlapping lines within
0.05 nm (the resolution of optical system is 0.05 nm).
In principle, the rotational temperature can be extracted
from emission lines in every vibrational band. However,
the vibrational (0-0) band is the most favorable [11,19]
as its relative strong emission intensities and more rota-
tional lines could be observed which could reduce the er-
rors. Based on the best-fitted rotational distribution via
equation (11) to that of observed experimentally, the rota-
tional temperature of about 400 K was extracted. Figure 7
shows the comparisons of the calculated and observed ro-
tational intensity distribution. The biggest uncertainty of
T,o¢ is about 10%. So, it can be concluded that vibrational
(0-0) band is very favorable to extract the rotational tem-
perature in our discharge system.

If the time for rotational relaxation is much shorter
than that for radiation and other kinetic processes that
dead to a redistribution of rotational levels, the rota-
tional temperature may have a certain physical meaning.
In this case, the rotational distribution can be described

Lines of Fulcher-a dignoal (0-0) band Q branch

Fig. 7. Comparison of the relative rotational population of
the (0-0) band of the Fulcher-a band of Hy by measurement
and calculation. Solid square: experiment, hollow square: best-
fitted by equation (11).

by Boltzmann distribution and the rotational temperature
is equal to the translational temperature. So, the most
convenient way to determine the ground state rotational
temperature is to determine an effective rotational tem-
perature 1", for d3II, state. The effective temperature
is defined as the best straight line fit through the mea-
sured in a Boltzmann plot versus the rotational energy.
Unfortunately, for the d®II, state, there is insufficient ev-
idence to support such an assumption. The radiative life-
time of this state is too short to allow it to achieve thermal
equilibrium with the working gas [12]. Figure 8 presents
the Boltzmann plots of (0-0), (1-1) and (2-2) rotational
bands. The effective rotational temperatures at different v’
levels are also shown. Some are even below the room tem-
perature. They are 390, 262 and 261 K for (0-0), (1-1) and
(2-2) rotational bands, respectively. The results are con-
sistent with that of reported in [12,23]. It can be concluded
that the most convenient way to determine the effective
rotational temperature is not feasible, at least in one as-
pect. In contrast, it is more reliable method to determine
the rotational temperature in ground state by comparing
the experimental results to that of the best mathematic
simulation. It is concluded that the Boltzmann distribu-
tion for the rotational population in the ground state is a
rather good approximation under our experimental con-
ditions. The rotational temperature extracted from (0—
0) vibrational band is almost same to that deduced from
equation (11), so the vibrational (0-0) band is the most
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and (2-2) vibrational bands.

favorable potential to determine the rovibrational distri-
bution of Hy in ground state [11,19].

4.3 The effect of discharge parameter
to the vibrational temperature and density
of negative hydrogen ions

The variations of vibrational temperature and mass sig-
nal intensity of H™ ions (the absolute deconvoluted mass
peak area) are presented in Figures 9b and 9c, respectively.
For the plasmas investigated, the vibrational temperatures
of the ground state have been found from about 3600 to
2400 K as the pressure increases under the pressure stud-
ied. The intensity of H™ ions has the similar tendency.
The decrease of vibrational temperature and the intensity
of H™ ions with the increase of pressure can be ascribed to
the decrease of electron temperature. When the pressure
increases, the more energy is transferred from the elec-
trons to the neutrals. It can be also brings about more
cooling to the rovibrationally excited Hs so that the vi-
brational temperature goes down. It is reasonable to con-
clude the trend of electron temperature is accordant to
that of H atoms excitation temperature calculated from
the emission intensity of H, and Hg line (the calculation
method has been discussed in Ref. [21]). From Figure 9a,
it can speculate the electron temperature also decreased
as the pressure increase. Similar results were also observed
in [23], in which hydrogen plasmas were produced in di-
vertor simulator MAP-II. Figure 10 shows the variations
of vibrational temperature and mass signal intensity of
H™ ions as a function of discharge voltage at a pressure
of 120 Pa and discharge frequency of 40 kHz. Both of
them rise linearly as discharge increases from 10 to 16 kV.
The monotonic increase of vibrational temperature and
signal intensity of H™ ions with rising discharge voltage
can be mainly ascribed to the increasing electron density
and electron temperature as the discharge voltage is in-
creased. This kind of relationship between the electron
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Fig. 10. Evolutions of vibrational temperatures and mass sig-
nal intensities of H™ anions as functions of discharge voltage.
Discharge conditions: P(H2) = 120 Pa, foc = 40 kHz. Open
circles: the mass signals of H™ ions, filled squares: vibrational
temperature of Hs in ground state.

density/temperature and discharge voltage can be found
from some experimental measurements [24,25].

The error bars in Figures 9 and 10 show the random er-
rors in the parallel experiments that may be mainly caused
by the control accuracies and reproducibility of the dis-
charge gas pressure, discharge voltage and the detection
sensitivity of the mass spectrometer. The relative errors in
the H™ ions signal intensity caused by selection of different
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mass peak line-shape functions in the deconvolution pro-
cedures are within £10%.

5 Conclusions

Rovibrational molecular distribution and negative ions in
H, dielectric barrier discharge plasmas have been inves-
tigated via optical emission spectrometry and molecu-
lar beam mass spectrometry, respectively. The vibrational
and rotational temperatures have been proposed by fit-
ting the rovibrational intensity distributions observed to
those of calculated based on the Corona model. It is shown
that the ratio of the Q_g)(1) to Q1—1)(1) line is sensi-
tive for the vibrational temperature in the range of 1500
to 7500 K. At certain discharge conditions (ac 40 kHz,
14 kV of peak-to-peak voltage, 120 Pa), the vibrational
temperature and rotational temperature in DBD hydro-
gen plasmas was extracted to be about 2700 K and 400 K,
respectively. With the increase of gas pressure from 100
to 200 Pa, both the vibrational temperature and the neg-
ative ions density decrease monotonously. The increase of
discharge voltage can lead to the increase of both of hydro-
gen ions and the vibrational temperature. It can be con-
cluded that the rovibrational temperature in the volume
can be qualitatively used for explanation the evolutions of
H~ ions produced in plasma.

This work is supported by the National Natural Science Foun-
dation of China under the grant Nos. 10474009 and 10475015.
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