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Production Mechanisms of NH and NH Radicals in Nb—H> Plasmas
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We measured the densities of NH and Ntddicals by cavity ring-down spectroscopy in-NH, plasmas
expanding from a remote thermal plasma source and ipl&mas to which KHwas added in the background.

The NH radical was observed via transitions in the (0,0), (1,1), and (2,2) vibrational bands oflihe-A

X332~ electronic transition and the NHadical via transitions in the (0,9,8) (0,0,0) band of the A\; —

X2B; electronic transition. The measurements revealed typical densitiescaf®8 m3 for the NH radical

in both plasmas and up tox 10*® m~2 for the NH, radical when N and H are both fed through the plasma
source. In N plasma with H injected in the background, no Nkvas detected, indicating that the density is
below our detection limit of 3x 10 m=3. The error in the measured densities is estimated to be around
20%. From the trends of the NHadicals as a function of the relative; Hlow to the total N and H flow

at several positions in the expanding plasma beam, the key reactions for the formation of NH ahavisH
been determined. The NH radicals are mainly produced via the reaction of N atoms emitted by the plasma
source with H molecules with a minor contribution from the reaction of With H,. The NH, radicals are
formed by reactions of NfHmolecules, produced at the walls of the plasma reactor, and H atoms emitted by
the plasma source. The NH radicals can also be produced by H abstraction cddii¢dls. The flux densities

of the NH, radicals with respect to the atomic radicals are appreciable in the first part of the expansion.
Further downstream the NHadicals are dissociated, and their densities become smaller than those of the

atomic radicals. It is concluded that the Ntadicals play an important role as precursors for the N and H
atoms, which are key to the surface production gf N,, and NH; molecules.

1. Introduction The NH and NH radicals are included in models describing

| . d Vel died b the plasma chemistry in/N-H, plasmas. However, information
Plasmas containingd\nd  are extensively studied because 5, apsolute densities of Niiadicals in these plasmas is scarce.

of their widespread applications in research and industry for 1,4 density of NH has been determined with laser-induced

the (surface) treatment of materials. These plasma are, forg,qrescence (LIF) in flowing discharges and post dischats.
example, used for the nitriding of materidisieposition of e jnteraction of NH and Niiradicals with the surfaces of
amorphous silicon nitride (a-SitH) films 2 plasma-assisted ifterent materials has been addressed by Fisher and co-workers,
atomic layer deposition of TaN and TiN thin filnig,etching using a NH plasma molecular beam in combination with LIF
of organic lowk films,> and the chemical synthesis of .. ghatial imaging of the radicalé:® Furthermore, mass
ammonig:”® Despite their widespread application, only limited g6 ctrometry and emission measurements have been performed
information is available on the role of the Niradical species NH, species in the gas phase and with X-ray photoelectron
in the plasma chemistry of N-H; plasmas. _ spectroscopy on the surfat&l®2°LIF measurements on NH
Previously, we have shown that by optimizing the atomic N gre hampered by the effective collisional quenching of the upper
and H fluxes to the surface NHtan be formed efficiently in electronic state (fluorescence quenching rate ob91%f s1).21
plasmas generated from mixtures of &hd N; i.e., more than Moreover, absolute density measurements are difficult to carry
10% of the total background pressure consists oA he out, because the production of a known amount of,Net
NHs production in N—H, plasmas is well-studied, and the lH  cajibration of LIF is not a simple task. Although NiHas been
density has been predicted fairly well from a self-consistent getected with intracavity laser absorption spectrosebfiand
model assuming that NHs mainly produced at the surface of cavity ring-down spectroscop¥:25the technique was to the best
the plasma reactdr!™*> The formation of NH is generally  of our knowledge not yet used to measure Nidnsities in N—
ascribed to stepwise addition reactions between adsorbedy, plasmas. Furthermore, to determine absolute densities of NH
nitrogen and hydrogen-containing radicals at the surface andragicals spectroscopic information is needed to determine the

incoming radicals and moleculé$:® NH; is, for example,  gensity distribution over all possible states. Here, we present a
formed by subsequent hydrogenation of adsorbed nitrogen atomsjetailed overview of the determination of absolute densities of
and the intermediates NH and Mt the surface. NH and NH. In previous studies, we determined the density
and production of NH and Ngradicals in Ar-NH3 (—SiHg)
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radicals at three positions in the plasma using cavity ring-down
spectroscopy. Two plasmas were studied in which; §éhera-
tion has been observéd? both created with the expanding
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plate producing the plasma. Due to the high pressure and high
power density, the plasma is close to local thermal equilibrium
(Theavy particles= Te) @and characterized by a high electron density

thermal plasma (ETP) technique. The first was an expanding ne ~ 10?2 m—3 and a modest electron temperatlie~ 1 eV.
N> plasma to which Klwas added in the background, and the The heavy particle temperature of approximately 1 eV leads to
second concerned expanding-NH, plasmas with both gases almost full dissociation of molecular gases when these are
applied through the plasma source. Experiments with an injected in the arc. The pressure gradient between the source
expanding H plasma to which lwas added in the background (>100 kPa) and the reactor (typically 20 Pa) causes the plasma
will not be discussed here. In those plasmas, due to the veryto expand supersonically into the reactor. (The expansion axis
low ionization degree, the dissociation of; Nnolecules, is denoted as the-axis.) At approximately 3.5 cm from the
necessary to form Nfspecies can only be performed in a exit of the source, i.e., the so-called nozzle, a stationary shock
reaction with H atoms. However, this reaction is too endothermic is formed (see section 2.2). Behind the shock the plasma flows
to become effective. subsonically toward the other end of the reactor. As there is no
The ETP technique is a remote technique in which ions and power dissipation anymore in the reactor, the plasma is
radicals are created in a high-pressure cascaded arc plasmaecombining. In the expansion, the electron temperafure
source, and the plasma chemistry takes place downstream at @ecreases to 0-10.3 eV, and the electron density downstream
lower pressuré? The plasma expands supersonically through is on the order of 1% m=3. The electron temperature is too
a conically shaped nozzle into a low-pressure reactor (typically low for electron-induced dissociation or excitation processes
20 Pa) and, after a stationary shock, expands subsonically towardo play a role?® The primary reactive particles in the expansion
the other end of the reactor. Due to the remote nature of the are the ions or atomic radicals.
technique, dissociation and ionization in the plasma source are \plecular gases can be injected into the background of the
geometrically separated from the plasma chemistry in the pjasma reactor, i.e., into the recirculation flow in the reagtor.
reactor. In this way, plasma production, plasma transport, andThe injected molecules, together with molecules generated by
plasma-surface interactions are separated, meaning that thethe plasma itself (possibly in interaction with a surface), form
plasma conditions can be controlled independently from the {he pasis of influx into the expanding plasma beam. It has been
downstream plasma chemistry. This allows independent studiesggiaplished that diffusion inward occurs mainly in the subsonic
of the different aspects of the process in a relatively simple rggion. However, if the flow is rarefied, then the background
manner. _ _ _ gas can invade the plasma expansion already in the supersonic
~ Inthis work, the plasma source is fed with (With Hyadded  region353¢As a result, the gas mixture in the recirculation flow
in the background) or with mixtures of Nand H. When  in the periphery of the reactor is mixed into the plasma
operating the arc on pure;Nhe N/N; ratio at the plasma source  emanating from the source. The molecules diffusing into the
exitis estimated to be 0.5, corresponding to a dissociation degreeexpanding plasma can undergo charge transfer and subsequently
of 35% and a N flow of 6 sccs (standard cubic centimeters per gissociative recombination reactions with mainly thé ins
second) using a total NMlow of 17 sccs. An ionization degree  gmanating from the source, leading to atomic and/or molecular
at the exit of the arc of around 1% is attained, which means a aqjcals. Furthermore, the molecules diffusing into the beam
N* flow of less than 0.3 scc¥:* Pure H source operation may undergo abstraction reactions with atomic radicals, leading
yields dissociation degrees on the order of 10%, thus at, aqditional radicals. Direct generation of molecules in the
maximum an H flow of 3 sccd We will assume the Hand N 51 me by three-particle reactions from atomic or molecular
flows from a No—H; arc source to be similar to the pure br radicals can be excluded, because these reactions are too slow
H. operation. We are now interested in the NH and2NH 4 654 to any significant production under our low-pressure
densities and their formation kinetics in these plasmas. conditions (mostly<100 Pa). Furthermore, the transit time from
After describing the basics of the ETP technique (section 2.1), {he plasma source to the other end of the plasma reactor, relevant
we ywll qllscuss in section 2.2 the experimental details of the 5, “forward” kinetics, is short €1 ms), so two-particle
cavity ring-down setup used to measure the NH and; NH eactions in the plasma beam can be neglected. However, the
radicals. In the results section (section 3), the measured spectraegidence time, relevant for background kinetics, is relatively
and densities of the NHradicals will be presented, and in  |5n4 (0.1-1 s), so there two-particle reactions can take place.

section 4 the main reactions in the plasma leading to the . . . o .
observed NK radical densities will be discussed. In the last We studied two O?'ffere“t gxperlmental situations: expant_jlng
- . N2 plasmas with Hinjected in the background and expanding
section, the conclusions are presented. ) . A
N,—H, plasmas as schematically depicted in Figure 1. In both
plasmas, the generation of Nhkh the downstream section is
observed:1°The formation of NH molecules in the background
2.1. Expanding Thermal Plasma SetupThe plasmas from by bimolecular N—H, gas-phase reactions involving atomic
mixtures of Ny and H were created with the ETP technique. and molecular radicals can be excluded, because processes
The technique has been described extensively in the literatureleading to NH at typical temperatures for the radicals in the
(see, e.g., refs 29 and 33). Here, only a short description of thebackground of 1000 K are too slow to lead to production. The
main constituents of the setup is given. In the direct current formation of molecules at the surface is much more likely; the
(DC) cascaded arc plasma source a subatmospheric (typicallysurface acts as the third body in this case. This means that most
20 kPa) plasma is created with a power of around 5 kW. The of the (atomic) radicals will arrive at the surface at which they
cascaded arc source consistsacd mmdiameter narrow and  will adsorb or reflect. If reflected, then the density close to the
30 mm long channel created by five stacked water-cooled surface will increase until the consumption by adsorption is
insulated copper plates. The cascaded plates are at floatingequal to the production of that radical. At the surface, new
potential. The last plate acts as the common anode for themolecules can be generated that subsequently desorb. This
discharge. A gas flow is admitted to the channel, and a DC process is called plasma-activated catalysis, because a plasma
current is drawn from the three cathodes to the grounded anodes used to produce the radicals for the molecule production at

2. Experimental Details
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(a) H, The exponential decay of the light leaking out of the cavity
can be expressed by a ring-down timé&Vhen an optical cavity
(— contains no absorbing medium, the decay is solely caused by

transmission and scattering losses and is givery@y = d/(c|In
R(v)|). Hereind is the length of the cavityg is the speed of
light, andR(v) is the reflectivity of the mirrors. For a cavity

T consisting of high-reflectivity mirrorsR ~ 1), this can be

N, rewritten asro(v) = d/(c(1 — R(v)). When an absorbing medium
is present in the cavity, the decay becomes faster and is
expressed by means of a ring-down tin{e)

dic

(b) )= TR0 + AW @
E |! The frequency-dependent absorption per pAgs can be
rewritten asA(v) = n,jo(v)l, where o(v) is the frequency-
-||_'f:"|]]]ﬁ dependent cross-sectidns the absorption path length, ang;
T is the number density in the lower level of the transition of the

N,/H absorbing species. When the absorption cross-section is known,
2 the absorption per paggy) can easily be obtained by measuring
Figure 1. Schematic representation_of the expanding_plasma jet for the ring-down time with and without absorbing medium.
both types of plasmas: (a) expanding plasma to which i was 2.2.2. Absorption Path Lengtfhe cavity ring-down mea-
injected in the background (b) expanding-H; plasma. surements were performed in the subsonic region of the
eDACS expansion. Previously reporte_zd results on plasma expansions
PC show that the plasma beam diameter at the posifgnpf the
stationary shock is roughly 2 timé&s.3% Zy can be calculated
and is around 3.5 cm. Diffusion of particles out of the plasma
beam has previously been observed for N and H atoms;in N
and H plasmas. The diffusion is induced by the density gradient
—.[ sﬁ'j'fjgjr'e for these radicals between the plasma beam and the periphery
caused by surface associatfd¥? In our calculation of the
density of the radicals, we used an absorption path length in
the plasma of 0.1 m &= 10 cm, taking into account that with
Valve increasing distance from the plasma source the absorption path
l length increases due to the diffusion of NH and Ndicals
to pumping out of the plasma beam. The absorption path lengtlas=af1
:ﬁ‘:ﬁ’::;"’f;l':;“er system and 36 cm are estimated to be, respectively, 0.2 and 0.3 m.
Figure 2. Schematic representation of the expanding thermal plasma This is b?SEd on the C-Ompar.lson of cavity ring-down measure-
(ETP) setup together with the cavity ring-down setup including a ments W'th threshold |pn|z§:1t|0_n mass spec_tromgtry and model
TU/eDACS data acquisition system. calculations of the radial distribution of radicals in the plasma
beam using the commercial computational software Phoenics-
the surfacé.Note that the produced molecules may still undergo CVD taking into account basic gas-phase and surface chemical
reactions in the recirculation flow in the background of the processes in the plasm®?! In the density calculations, a
plasma reactor during the lifetime of (active) particles in the uniform density distribution of the radicals over the absorption
background. path length is assumed. The overall experimental accuracy of

To measure absolute concentrations of the stable gas speciethe obtained densities is about 20%.

N2, Hz, and NH, the setup was equipped with a residual gas  Reactions between radicals and ions in the plasma beam and
analyzer to perform mass spectrometry measurements. The gadl, and H molecules diffusing into the plasma beam first occur
analyzer was situated on top of the reactor at 56 cm from the at the outside of the plasma be&hi?43This effect would result
source and was calibrated by injecting the relevant gases intoin a smaller effective absorption path length and thus an
the plasma reactor at various known pressures in the absenceverestimation of the radical density by a factor of 2 in this
of a plasma. paper.

2.2. Cavity Ring-Down Spectroscopy2.2.1. Principle We 2.2.3. Optical Systenf\ tunable Sirah PrecisionScan-D dye
measured the density of NH and MNkhdicals in the downstream  laser pumped by the second harmonic output of a Nd:YAG laser
plasma using cavity ring-down spectroscopy (CRDS) at three (Spectra-Physics GCR-4) produced ns laser pulses at a
positions on the axisz(= 10, 21, and 36 cm) from the plasma repetition rate of 10 Hz. To measure NH absorptions, the dye
source (Figure 2). CRDS is an absolute absorption techniquelaser was operated on pyridine 1 dye to create laser light around
based on the measurement of the decay rate of a light pulse680 nm. The laser beam was subsequently frequency-doubled
confined in an optical cavity rather than the magnitude of the using a potassium dihydrogen phosphate (KDP) crystal, resulting
absorptior?” The optical cavity is formed by two high- in laser pulses around 340 nm. To measure; Mbisorptions,
reflectivity plano-concave mirrors. The effective multipassing the dye laser was operated on rhodamine B, resulting in laser
of the laser pulse within the optical cavity makes CRDS a highly light around 600 nm. To avoid optical saturation of the
sensitive technique. Furthermore, the technique is insensitivetransitions of interest, a UV attenuator was placed in the laser
to light intensity fluctuations of the light source and is therefore beam in the first experimental configuration, and in the latter
not affected by pulse-to-pulse fluctuations of the laser system. experiment the amplifier stage of the dye laser was not

U
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implemented. The intensity of the laser pulses was further
reduced by a set of filters, leading to a typical pulse energy of
~100uJ in front of the cavity.

The laser pulses were coupled into a 1.12 m long optical
cavity formed by two high-reflectivity plano-concave mirrors.
The mirrors were mounted on flexible bellows for accurate
alignment, which were directly flanged onto the stainless steel
reactor in which the plasma expanded. The mirrors (Laser-Optik)
had a diameter of 1 in., a radius of curvature ef —1 m, and
a reflectivity of R~ 0.997 at 340 nm for the NH detection and
a reflectivity of R ~ 0.999 at 560 nm for the Nidetection.
Immediately in front of the mirrors an argon flow was injected
to protect the mirrors from reactive plasma species. The light
leaking out of the cavity through the second mirror was detected
by a photomultiplier tube (Hamamatsu R928) placed closely
behind the cavity to ensure that all cavity modes were detected
with equal probability. An interference band-pass filter in front
of the photomultiplier shielded the detection system from the
plasma light.

The CRD transient of every laser shot was individually
processed by means of a state-of-the-art 100 MHz, 12 bits dat
acquisition system (TU/eDAC$4. All recorded CRD tran-

sients were single-exponential and were analyzed by a weighted

least-squares fit of the logarithm of the transient, yielding the
ring-down time of the light intensity in the cavity. To improve

the signal-to-noise ratio, the averaged ring-down time of 20 laser
shots was taken for all measurements. The baseline of the NH
spectra was affected by an oscillating behavior of the CRD
signals and is caused by interferometric fringes with a free
spectral range consistent with the mirrors’ thickness. This

behavior hampered the baseline correction procedure and

resulted in a slightly lower experimental accuracy compared to
the NH measurements. The integrated absorption as a functio

constant for both NH and Njtadicals. This shows that optical

saturation was avoided at all laser energies used during the

experiments.

3. Results

3.1. Determining Absolute Densities of the Nk Radical.
The NH, radical was observed via transitions in the (0,9;0)
(0,0,0) band of the AA; — X2B; electronic transition around
597.5 nm. The radical is a highly asymmetric top molecule with
an angle around 120n the ground state, while it has a nearly
linear configuration in the excited state. The electronic band
spectrum (BA; — X2B,) of NH; in the visible (386-830 nm)
consists mainly of transitions of a long progression of bands
(0,02,0) — (0,0,0) of the bending vibration of Ni#® (The
notation forv, used in this section is according to the linear
molecule convention. The correlation between the linear and
bent notation for vibrational numbering is,(linear) = 2v,-
(bent)+ K, + 1.) Figure 3 shows a typical spectrum containing
lines of the®Q, n branch of the vibronic sub-band as measured
in a N,—H; plasma at a position af= 21 cm from the plasma
source. The rotational branch is denoted'aa Nk, k.,*® where
Ka and K. are the quantum numbers of rotation about ¢he
and c-axes. The line positions and rotational assignments are
obtained from Ross et &l.The transitions in this branch obey
the c-type selection rulesAJ = AN = 0, AK; = —1, andAK,
= 0. Furthermore, each line with quantum numbkthe total
angular momentum apart from electronic spin, consist of two
levels F; and F, due to spin-rotation splitting. ThE; levels
haveJ = N + 1/,, and the; levels havel = N — 1/,. The lines
marked by a cross in Figure 3 are not part of te branch

n
of the laser energy coupled into the cavity was measured to be
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Figure 3. Part of the NH spectrum as measured with cavity ring-
down spectroscopy at= 21 cm. The plasma source was operated on

a mixture of 5 sccs Nand 11.67 sccs Hat an arc current of 55 A.

The background pressure was 20 Pa. The line positions reported in the
literature are indicated by ticks in the upper part of the graph, and the
rotational assignments for tf&; y branch of the vibronic sub-band

are giverf’ The “isolated” spin doubletQ;n(7) line at 16 739.90 cmt

was used for the density measurements (marked by an asterisk). The
ines marked by a cross are lines that are not part oP@hg branch.

The line marked with a question mark has not been assigned.

16724

of the X vibronic sub-band but are assigned in the literature as
a line of theRRy  branch of theA vibronic sub-band (left cross)
and lines of théPy -1 branch of theX vibronic sub-band. The
line marked with a question mark is not assigned in the literature.
The spin doublet linEQ; n(5) at a center frequency of 16 730.07
cm!is associated with a multiple perturbation.

The density of NH was determined by scanning the laser
over the “isolated” spin doublet lin€Q.n(7) at a center
frequency of 16 739.90 cm (597.375 nm) (marked by an
asterisk in Figure 3). This line is the most studied Nitdnsition
because it is an isolated line and is therefore one of the few
lines of the NH absorption spectrum for which the oscillator
strength has been reporttd'® To determine the integrated
absorption of the spin doublet line and its line profile, the doublet
splitting was set to a value of 3.44 GHz, and the ratio of the
area of the two components of the doublet line was set at 0.82,
as determined by Friedrichs et?4lThe density of NH in the
lower state of th€Qq n(7) transition was obtained using a value
of the integrated absorption cross-sectiowgf= 7.4 x 10721
m?2 cm~1, which was calculated from the oscillator strength
reported in the literature by Votsmeier et*&(see ref 26). The
density calculated in this way is insensitive to the laser line
width and the Doppler broadening effect.

The total NH density was calculated by taking into account
the density distribution over all possible states, which is
determined by the kinetic, rotational, and vibrational tempera-
tures of the NH radicals. The kinetic gas temperature of the
radicals was obtained from the Doppler broadening by decon-
voluting the experimental absorption lines into a Lorentzian laser
profile and a Gaussian Doppler contribution. This procedure
yielded a Lorentzian laser line width of 0.0640.01 cnT? at
16 739.90 cm?, which is consistent with the manufacturer’s
specification® and previous values determined for this laser
systent* From all of the measuret; n(7) lines and the spectra,
an average Nhkinetic gas temperature of 1745200 K was
determined az = 10 and 21 cm from the plasma source and
1350+ 250 K atz= 36 cm. The measured temperatures point
to the fact that these NHadicals are only present in the plasma
beam and not in the periphery, where the temperatures are much
lower. The NH kinetic gas temperature is in agreement with
previous measured temperatures of aidicals in expanding
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Ar—NHjs plasmag® with measured temperatures of radicals in  TABLE 1: Oscillator Strengths for Part of the Transitions
expanding plasmas of different gas mixtufésnd with the  in the "Quy Branch 0(; thfe E \!'ébfonlc §2Ub'b?”d in the
temperature of H atoms in, for example, A, plasmas as ~ (0:9:0) (0,0,0) Band of the AA, — X*B, Electronic

. . ; Transition of NH 22
measured with two-photon absorption laser-induced fluorescence 2

(TALIF).5! These measurements all concerned radical species, , frequency oscillator strength oscillator strength
which are primarily present in the plasma beam and not (or otational assignment (cm ) (this work) (ref 25)
much less) in the periphery. The rotational and vibrational ;101—;111 16 727.872  3.5% 102 1.05x 10;‘
temperatures of the NHadicals could not be determined. It 1301:1%11 ig ;%-g?g ‘i’-gg ing i-gi’i igs
can be argued that because the Néhetic gas temperature 2222_2212 16726398 896 105 415% 10°5
reflects the gas temperature in the plasma expansion the NH 1305~ 13,5 16725594  2.9% 10°% 1.04x 10
radicals in the plasma are already thermalized by elastic T404—414 16725.784  9.2% 10°° 3.75x 10°°
collisions with other particles. To validate this, spectra over a 505—515 16 727.488  1.5% 10°* 7.63x 1073
broader wavelength range than was possible with the setup have 606~ 616 16731.463  4.18<10° 3.02x 10°°
60s—2616 16 732.038 3.34 10°° 2.83x 107°

to be measured. We therefore assume that the rotational and
vibrational temperatures are equal to the kinetic gas temperature. @ The oscillator strengths were determined from the spectrum plotted
If a non-Boltzmann distribution of the NHadicals is assumed, ~ in leigure 8 and from the spectrum published in Figure 4 of Rahinov et
then the densities would change by not more than a factor of 2 &- :he rOtat"?”a' "’.‘Ss'g?”?]e”ts are given' abiye,—" Ny (See
(assuming a similar distribution as for NH). text for an explanation of the notation).

We calculated the total Nfdensity assuming a Boltzmann
density distribution over the rotational and vibrational energy
states with a rotational and vibrational temperature of 1775 K
for z=10 and 21 cm and 1350 K far= 36 cm. The Boltzmann
fraction fg for NH, is reported in the literature by Green and
Miller52 and Kohse-Himghaus et at®

strengths are higher at low&t up to a factor 3.5. This could

be caused by the fact that the spectrum obtained by Rahinov et
al. was measured at a lower temperature and is thus less affected
by Doppler broadening in comparison with our spectra. As a
result of Doppler broadening, especially the loweransitions

in our spectrum are overlapping more strongly, which hampered

" the determination of the integrated absorption of the absorption
_3(22'+1) Erot Evio i ’ P P
2 g0, Y K KT, ) ne

g'QQ, ro vib, 3.2. Determining Absolute Densities of the NH Radical.
) The NH radical was observed via transitions in the (0,0), (1,1),
The factor of¥/4 occurs due to the nuclear spin of the H atoms, gnq (2,2) vibrational bands of the3l — X33~ electronic
J" andg"” are the total rotational quantum numbers including transition around 340 nf#:5The electronic band spectrum of
spin and the electron-spin degeneracy of the lower sgatend NH at 336 nm consists mainly of transitions of the nine branches
Qu are the rotational and vibrational partition functiokg, and for which the selection ruleAK = AJ = 0, &1 apply, because
Evip are the rotational and vibrational energies of the lower state, o3[ — x3s- is a Hund’s coupling case b to case b electronic
andTo _andTvib are the rota_tional and vibrational temperatures, ransition. The other branches witkk = AJ are very weak,
respectively. We note thgt' is equal to 1, because the integrated except at lowed where a transition from Hund's coupling case
absorption of the measured line contained both components ofy, 15 case a in the 1 state occurs. Furthermore, for each value
the spin doublet. Thze partition functiog and(%\, are given  of K, the total angular momentum apart from electronic spin,
by Green and MilleP? E,is is given by Herzberg? andEror = there are three levels denotedfas F2, andFs due to spir-
hcHJ), in whichF(J) is the experimentally determined rotat_lonal orbit coupling. The quantum numbers for the total angular
term value as reported by Ross et‘alhe total NH density  momentum of the three levels argé= K + 1 for theF; levels,
(m~3) atz= 10 cm can then be calculated from the integrated J = K for the F, levels, and) = K — 1 for theFs levels. The

fa

absorptionAi (cm™) using an absorption path lengtt= 0.1 rotational branch is denoted aSJg,r,, where F/ and F!'
m andT = 1775 K indicate the upper and lower stafelevel56
In Figure 4, spectra are depicted measured &t 10, 20,
Ny, = h 1 = (2.34+ 0.5) x 1073 - (3) and 36 cmin N plasmas with Hinjected in t_he background
2 ol fg of the reactor (Figures 4a, 4c, and 4e) and in-N, plasmas
(Figures 4b, 4d, and 4f). The measured spectra for both plasmas
The complete derivation of the total density of Nid given in atz = 10 cm contain strong rotational lines in the (0,0), (1,1),
ref 26. and (2,2) vibrational bands of the3l < X3X~ electronic
The oscillator strengths of the other transitions in gy transition. The line positions are plotted as ticks in the upper

branch are not known. In Table 1, the oscillator strengths of parts of the figures. The line positions and rotational assignments
the measured transitions in th@;y branch are presented as have been reported in the literature by Brazier &t ahd were
determined from the spectrum depicted in Figure 3 assuming asimulated using the ROTSPEC software package using the
Boltzmann density distribution at 1775 K. We also determined molecular parameters given by Brazier et al.zAt 10 cm, all

the oscillator strengths for the same transitions from the strong transitions reported in the literature, up to the rotational
spectrum published in Figure 4 of Rahinov et?alin which level J = 18 in they = 2 state, were observed inpplasmas
NH, was measured under conditions in which a Boltzmann with H; injected in the background of the reactor. At the same
density distribution can be assumed. They measured a NH position in a N—H; plasma, only transitions from rotational
spectrum produced by Npyrolysis in a quartz cell at 890 K levels up toJ = 11 were observed. A= 21 and 36 cm, all of
and at a pressure of 1.6 kPa. The obtained oscillator strengthshe transitions of the (2,2) band, except for two transitions from
using a Boltzmann distribution at 890 K are also presented in low J, have completely disappeared in expandingpMismas
Table 1. Despite the fact that the oscillator strengths were with H; injected in the background of the reactor. In-\H,
determined in the same manner for both spectra and using theplasmas, no transitions of the (2,2) band were observed at these
absorption path length as given by Rahinov et al., our oscillator positions. The clear presence of transitions in the (1,1) and (2,2)
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Figure 4. NH spectra as measured with cavity ring-down spectroscopy=al0 (a and b), 21 (c and d), and 36 cm (e and f). The plasma source

was operated on 17 sccs While 5.56 sccs Kwas injected in the background (parts a, ¢, and e) and on a mixture of 5 seecslN.1.67 sccs H

applied through the arc (parts b, d, and f). The arc current was 55 A, and the background pressure was 20 Pa. The line positions reported in the
literature by Brazier et &' and from the ROTSPEC software package are indicated by ticks in the upper part of the graph for the vibrational bands
(0,0) (1,1), and (2,2). The “isolated”sK9) line at a center frequency of 29 444.28 ¢mvas used for the density measurements (marked by an
asterisk).

bands indicates that the density distribution over the rotational cm™ (339.62 nm) (marked by an asterisk in Figure 4). The

and vibrational states are non-Boltzmann as will be discusseddensity of NH molecules in the lower state of thegs(®)

in more detail below. transition was obtained using a value of the integrated absorption
The density of NH was determined by scanning the laser over cross-section ofoiny = 8.3 x 10721 m? cm™1, which was

the “isolated” R3(9) line at a center frequency of 29 444.28 calculated from the Einstein coefficient for spontaneous emission
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calculated with information reported in the literature by L&hts
and Schadéé (see ref 26). The total NH density was calculated
by taking into account the density distribution over all possible
states, which is determined by the kinetic, rotational, and
vibrational temperatures of the NH radicals. The kinetic
temperature of the NH radicals was again obtained from the
Doppler broadening by deconvoluting the experimental absorp-
tion lines into a Lorentzian laser profile and a Gaussian Doppler
contribution. This procedure yielded a laser line width of 0.11
+ 0.01 cntt at 29 444.28 cml. The average NH kinetic gas

temperature at the three positions from the plasma source proved

to be the same as that for the MNkadicals, so 1775 200 K
atz= 10 and 21 cm from the plasma source and 135250

K atz= 36 cm. As in the downstream plasma, all particles are
collisionally coupled; the kinetic gas temperatures of the various
particles are expected to be the same.

To determine how far the rotational density distribution could
be characterized by a Boltzmann distribution, we extracted the
rotational temperature of the NH radicals from a Boltzmann
plot using the recorded spectra. The rotational density distribu-
tion at a temperatur&y is given by

n(J) 0 (23 + 1) exp-E (/KT 4)
where 2 + 1 is the statistical weight of the rotational level in
the lower statek is the Boltzmann constant, aritl,(J) is the
energy of the rotational level in the lower state. The density
n(J) is given by

N(J) = AN (0in(IN) (®)

where Ai(J) is the integrated absorption of the measured
transition, oin(J) is the integrated absorption cross-section of
the measured transition, ahds the absorption path length of
the radicals in the plasma.

The densities in the various rotational leve(3) for the (0,0),
(1,1), and (2,2) vibrational bands were determined using the
integrated cross-sections derived from the Einstein coefficients
for spontaneous emission. These were derived from the infor-
mation reported in the literature by Lefitfor the (0,0) and
(1,1) band¥® and from average of reported values in the
literature as summarized by Seong et al. for the (2,2) 5&nd.
The complete derivation is given in ref 26.

A Boltzmann plot of the spectrum at= 10 cm (Figure 4a)
is shown in Figure 5, in which the statistically weighted densities
n(J)/(2J + 1) observed in an expanding;lasma with H
injected in the background of the reactor are plotted as a function
of the internal energy (rotational and vibrational). The low
rotational levels in the three vibrational states were populated
according to a Boltzmann distribution wiffe = 1775+ 80
K. This value is equal to the kinetic temperature of the NH
radicals. The density distribution in the low rotational levels
indicates a thermalization of the radicals with the kinetic gas
temperature by inelastic collisions with other particles. However,
the high rotational levels] > 12, in thev = 2 vibrational state
were populated according to a temperature of 3430800 K.
This could also be true for the high rotational levels in other

van Helden et al.
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Figure 5. Statistically weighted densitiegJ)/(2J + 1) of the observed
rotational levels az = 10 cm in a N plasma with H injected in the
background of the reactor as a function of the total internal energy
(rotation and vibration). The spectrum is shown in Figure 4a. The
plasma source was operated on 17 scesmNile 5.56 sccs blwas
injected in the background at an arc current of 55 A and a background
pressure of 20 Pa. Far= 2, the rotational levels witlK > 12 have

a rotational temperature above the kinetic gas temperature.
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Figure 6. Statistically weighted densitiegJ)/(2J + 1) of the observed
rotational levels at = 10, 21, and 36 cm in Nplasmas with Hinjected

in the background of the reactor (on the left) and in expandipgHy
plasmas as a function of the total internal energy (rotation and vibration).
The plasma source was operated on 17 scosthle 5.56 sccs blwas
injected in the background and on a mixture of 5 scesahd 11.67
sccs H at an arc current of 55 A. The background pressure was 20 Pa.

vibrational states, but transitions from these states were outside

the measured spectral range. At= 20 and 36 cm, the
population ofy = 2 is lower than the detection limit. Only two
transitions from lowJ are observed but were too weak to
determine the density in the = 2 vibrational state. The NH

6a), we concluded that the rotational temperature equals the
kinetic gas temperature, i.e., 1775 K gt 20 cm) and 1350
K (at z= 36 cm).

For the N—H, plasmas, we extracted from Boltzmann plots

radicals in these states have experienced enough collisions inof the recorded spectra (Figure 6b) that the rotational levels in

the drift time to relax to rotational levels in the lower vibrational
states. From the Boltzmann plotszt 20 and 36 cm (Figure

all vibrational states at all three positions from the plasma source
were populated according to a rotational temperature equal to
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the kinetic gas temperature at all three positions, even for the 10" ¢
= 2 band. It could be that the = 2 band can also not be ]
described with a single Boltzmann distribution in this case, but
the measured spectral range contains not enough information
to establish that.

That the rotational density distribution could be characterized
by a Boltzmann distribution does not automatically imply that

|
=

o o © OOOO Ooo 00

NH density (m®)
S

also the vibrational density distribution is a Boltzmann distribu- A M A A A

tion. Because the energy spacing between the various vibrational A MA ~ AA

levels is larger than the energy spacing between the rotational a

levels, the relaxation of the vibrational distribution to a ® z=10cm

Boltzmann distribution at the gas kinetic temperature takes more 107F © z=21cm 3
inelastic collisions and thus time. Therefore, first the total NH A z=36cm ) : ) ]
density in the vibrational states was calculated assuming a 0.0 0.2 0.4 0.6
rotational Boltzmann distribution. The rotational Boltzmann ) /¢

fraction fg ot for NH is taken from Herzbef§ H, "total

Figure 7. NH density as a function of the Hlow rate relative to the
total flow rate of N and H. measured by cavity ring-down spectroscopy.

(6) The plasma source was operated on 17 sceatldn arc current of 55
A, while a varying H flow (0—17 sccs) was injected in the background.
The background pressure was kept at 20 Pa.

o _@ry ] El
B,rot Qr kT

rot

whereld is the quantum number of the total angular momentum

of the lower level and); is the rotational partition function.  of the H, flow rate, ¢(H,), relative to the total flow rate of N
The partition function®: can be approximated by the classical and H (¢(total)). The NH density increases with increasing
expression given by Herzbetd.For example, the total NH  relative H, flow and saturates at a level 6f6 x 10 m=3 for
density (n7®) in the (0,0) band az = 10 cm can then be  relative H flow rates larger than 0.25. From the recorded

calculated using the integrated absorptifn; (cm™2), an spectrum shown in section 3.2, the rotational and kinetic gas
absorption path length of the radicals in the plasnsa0.1 m, temperature has been determined to be around 1775 K=at
andT = 1775 K 10 and 21 cm) and 1350 K (at= 36 cm). These temperatures

are in agreement with previous measurements of temperatures
of radicals produced in the plasma be#f This indicates that

in the case where His injected in the background of a;N
plasma expansion the NH radicals are produced in the expan-
The complete derivation of the total density of NH in a Sion. In this situation, no Niiwas detected, which means that

_Aim 1

Ointl fB

M =(2.14 0.2) x 107A,,, @)

vibrational state is given in ref 26. the NH; density is below our detection limit 6f3 x 1016 m=3.
From the distribution of the NH density over the vibrational ~ The flux density of the NH radicals in the plasma beara at
states, we concluded that at all three positions jnphdismas = 10 cm, assuming a velocity of 1000 m's®is ~6 x 107

with H. injected in the background of the reactor the vibrational ™ 2s*. This gives a flow of NH radicals of5 x 10" radicals

distribution is non-Boltzmann. Also in N-H, plasmas, the S ', which corresponds to a flow of 2 sccs. It was previously

vibrational distribution is non-Boltzmann, exceptzat 36 cm, determined that the N flux in purezylasma is~6 sccs®® This

where the total NH density distribution is in accordance with a Means that in the current situation 30% of the radical flux is

Boltzmann distribution at 1350 K. We estimated the total density NH.

by adding the densities in the various vibrational states thatwe 3.3.2. N—H> Plasma.In the second experimental situation

measured. In the following section, we show results of absolute (Figure 1b), the plasma was produced from a mixture of N

densities of NH radicals as a function of the relativefldw to and H applied through the cascaded arc at a total flow of 17

the total H and N, flow. We have assumed in the calculations sccs. Also during these experiments the current through the arc

of the total density that the distribution over the rovibrational was 55 A, and the downstream pressure was kept constant at

energy levels at a certain position in the plasma expansion does20 Pa. The measured densities of NH andfdbia function of

not change significantly when the flows of,Hand N are ¢(Ho)l¢(total) atz= 10, 21, and 36 cm are plotted in Figure 8.

changed. At all three positions, the NH density is almost constant at a
3.3. Measured Trends in Absolute Densities of NH and  level of ~5 x 10" m~3 until a relative H flow rate of about

NH, Radicals. We measured the trends in absolute densities 0.5 and shows a slow decrease at higher relativéidw rates.

of NH and NH radicals for different relative Nand H flows The NH, density increases with increasiggH,)/¢(total) until

in two experimental situations: (1) expanding lasmas with ¢(Hz)/¢(total) ~ 0.85 and reaches at= 10 cm an absolute

H. injected in the background and (2) expanding-M, plasmas ~ maximum of ~7 x 10' m=3. Also in this situation the gas

in which both gases are fed through the plasma source. temperature, as determined from the recorded spectra shown in
3.3.1. N Plasma with H Injected in the Backgroundn the sections 3.1 and 3.2, is in agreement with previous measure-

first experimental situation (Figure 1a), a plasma expansion was ments on radicals produced in the plasma bé&ttin addition,

created from a pure Nflow of 17 sccs through the arc. The no NH; was detected outside the plasma beam at a radial

current through the arc was set at 55 A, and the downstreamdistance of 10 cm from the-axis and atz = 41.5 cm. Both

pressure was kept constant at 20 Pa by adjusting the gate valvedbservations indicate that the Nkadicals are produced in the

to the pump. H molecules were injected in the background of plasma expansion.

the reactor with a flow rate between 0 and 17 sccs. In Figure 7, The flux density of the Nkiradicals in the plasma beam at

the NH densities determined at three positions from the exit of z= 10 cm is~1 x 10?2m~2s71, assuming that the velocity of

the plasma source & 10, 21, 36 cm) are plotted as a function the NH; radicals is the same as that of the N radicals, i.e., 1000
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Figure 9. NH; density as measured in the background of the plasma
reactor with mass spectrometry as a function of the relativéidiv

rate for two different experimental situations. In the first experiment,
N is applied through the arc at a flow rate of 17 sccs, whileisd
injected into the background of the reactor. In the second experiment,
both N, and H are applied through the arc at a total flow rate of 17
sccs. In both cases, the arc current was 55 A, and the background
pressure was kept constant at 20 Pa.

4. Discussion

We will now discuss the production mechanisms of the NH
and NH radicals under both plasma conditions. It will be argued
that the roles of metastable N atoms and of metastable nitrogen
molecules can be neglected under our experimental conditions
and that the main chemistry in which the Nirhdicals are
produced is induced by ground state N and H atoms and,
although to a much lower extent, atomic nitrogen ions. Also,
the importance of the presence of pkholecules, formed in

applied through the arc at a total flow rate of 17 sccs at an arc current the plasma reactor, will be addressed.

of 55 A. The background pressure was kept at 20 Pa.

m s 130 This gives a flow of NH radicals of about 1x 10%°
radicals s, which corresponds to a flow of 4 sccs. This means
that in the plasma expansion at= 10 cm the NH and Nk
radicals form about 60% of the radical flux.

In summary, the flux densities of the NHadicals with

For a pure N plasma, the densities of the metastabléR)(
and N@D) atoms emanating from the plasma source are at
maximum 20% of the MS) atoms (assuming a thermal
population at a temperature of 1 eV in the plasma source). In
the first few centimeters of the plasma expansion, th&PN(
and NED) densities will decrease mainly due to de-excitation
by collisions with electronskt ~ 10713 m? s71).59 Next, the
metastable atoms are de-excited by collisions wittS)atoms

respect to the atomic radicals are in both experimental situationsand N, molecules (rate constant of 4:x11071’mé s1).30 These

appreciable in the first part of the expansion. Further down-

stream in the expansion, densities of theN&iicals in both

collisions are fast compared to reactions with rholecules'!
The same de-excitation mechanisms also apply to tR®N(

experimental situations decrease, mainly because of abstractiorand N@P) atoms generated in dissociative recombination of
reactions, and some diffusion loss as will be addressed in theN;r ions. The metastable atoms created in this way represent at
next section. At 36 cm from the exit of the plasma source, the maximum a few percent of the total flow (equal to the initial

densities of the NKradicals become smaller than those of the
atomic radicals, whose density+s6 x 109 m=3 for N atoms®°
and 2 x 10" m=3 for H atoms* It can therefore be argued

N* flow).
The ionization degree of a plasma expansion of purarider
similar experimental conditions has been determined in ref 30.

that at the reactor surfaces, i.e., outside the plasma expansiorit the nozzle outlet, i.e., a = 0.2 cm, the electron density
and in the downstream region, the N and H atoms play key was measured to be 30m=3, which corresponded to an

roles in the generation of )N H,, and NH. This was also

ionization degree of+1%. In the supersonic part, the electron

inferred from a detailed study of the ammonia generation in density decreased withZ/and was~4 x 10'® m~3 behind the

No—H, plasmag?
The highest efficiency of NElproduction is reached if both
N, and H are flowing through the cascaded arc. The 3NH

density under those experimental conditions is about an order

of magnitude higher than when,Ns flowing through the arc

stationary shock (a¢ = 2.5 cm) in the subsonic region. At 20
Pa, this means that the ionization degree behind the shock is

less than 3x 1073,
In most nitrogen-containing plasma; Molecules in the A

EI state are considered to be important for the plasma

and H is injected in the background. For both types of plasmas, chemistry. At the exit of our plasma source, the density sf N

the NH; density is plotted as a function of the, Hlow rate
relative to the total flow rate in Figure 9. In the next section,
the role of the NH molecules in the production of the NH
radicals will be shown.

(A32u+) molecules is less than 1% of the density of(X)
molecules, i.e., NA)/N2(X) < 102 and will decrease fast via
electron collisions and by with N atorfi&Previously, metastable
Nz(A323) molecules have been observed in expanding pure N
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plasmas; it was assumed that they were produced by surfacebackground gas in the reactor is ammonia (Figure 9). The
association of N atoms. This observation was made in a low- ammonia will diffuse into the plasma beam, and except for the

current, low-flow N plasma with a very low ionization degree
(less than 16°). Due to the low N density, the N(A) density

is high. At high N™ density, a very efficient loss channel for
NZ(A3Z:) molecules exists, i.e., resonant charge transfer to
N;’. In the plasma conditions discussed here, a higher ion
density than in the low-flow, low-current experiments was
present, and the jﬂdﬁzj) molecules are efficiently lost by the
charge-transfer reactich.

role of the Ar" ions, which is now taken over by the'Nons,
similar reaction paths will be active. Furthermore, in these
plasmas also reactions involving H atoms andblecules as
well as N atoms need to be considered (vide infra).

4.1. N, Plasma with H, Injected in the Background. In
the case where the plasma expansion is produced from pure
nitrogen and H molecules are injected into the background,
the H, molecules can diffuse into the expanding plasma beam

We thus conclude that in the plasma expansions discussed®d can be dissociated by"Nons emanating from the plasma

here the main neutral chemistry is initiated by*S) atoms.
Although the ionization degree is very low, reactions with N

ions need to be considered due to the large cross-sections for
charge-transfer collisions as compared to van der Waals

collisions. This will be treated separately for each plasma
condition.

As mentioned in section 3.3, in both plasma conditions
appreciable amounts of NHare formed in the background. To
elucidate the possible role of NHnolecules in the plasma
chemistry leading to NHradicals, we will first summarize the
results of a previous study on the production of NH and,NH
radicals in an Ar-plasma expansion to which Nias added
in the background® From that study, we concluded that in the
presence of Ar ions the charge-transfer reaction

Ar" + NH, — Ar + NHj (8)
with subsequent dissociative recombination of the molecular
ion with electrons was the most important source of NH radicals
and could partially explain the observed Neensities

NH," 4+ e— NH + 2H

—NH, +H 9)

with a rate constant of 2 10713 m3 s for an electron
temperature aroundle = 0.3 €V2%33 Furthermore, we deter-
mined that the branching ratio of the dissociative recombination
reaction of NH is for 80% to NH and 20% to N It was
also shown that the reactions

NH; + NH; — NH; + NH, (10)

and

NH; +H—NH,+ H, (12)
play a significant role in the production of NHadicals. The
latter has a rather low rate constant of&410 mé s™! at a
temperature of 1750 K due to an activation energy of 4992 K,
and the observed NHiensities could only be explained if the
reaction rate was increased by a factor of 7.5 to 2.80717

source via charge transfer followed by dissociative recombina-
tion%>

N*+H,—NH" +H (12)

NH"+e—N+H (13)
The rate constants for reactions 12 and 13 areS41¢ and
2 x 10718 m3 s71, respectively. Vankan et 8lproposed this
dissociation mechanism for the,Hinolecules to explain the
trends in the production of Ngdmeasured as a function of the
H, flow injected into the background of a pure nitrogen plasma
expansion. However, because in these reactions no molecular
radicals are formed, other reactions have to be included to
explain the trends in the densities of the Niadicals. One
possible other reaction could be
N*+H,— NH+ H" (14)
To the best of our knowledge, no value for the reaction rate is
reported. As the reaction is resonant, we will assume that it has
arate constant of 5.4 1076 m3 s1 similar to that of reaction
12. However, already from a comparison between a calculation
of the flux of NH radicals that can be produced via reaction 14
and the measured NH flux at= 10 cm, we conclude that this
reaction channel cannot be the main production channel for NH.
If we assume a velocity of 1000 nTsfor the particles in the
beam atz = 10 cm, then the measured flux of NH at that
position is 2 sccs fop(Ho)/¢(total) > 0.2 (assuming a 10 cm
radius for the plasma beam). Because we know that the
ionization degree at the exit of the arc is not more than31%,
a maximum flow of 0.3 sccs of ions enters the reactor (at a
total N, flow of 17 sccs). Via reaction 14 this can result in a
maximum flow of 0.3 sccs of NH. To explain the measured
total NH flux of 2 sccs, we propose that the following reaction
has to be taken into account

N+ H,— NH + H
k=3.9x 10 *ex %773 m’st (15)

Due to its high activation energy of 15 775°Kthe rate constant

m3 s~ This increase could be ascribed to the presence of at 1775 K is rather low, i.e., 5.8 10-2°m?® s~%. With this rate
energetic H atoms in the plasma. The dependence of the reactiorfonstant and a density of atomic nitrogen in the plasma

rate on the kinetic energy of the particles involved is generally
known for ion—molecule reactions. Studies on the kinetic energy

expansion of-1 x 10?9 m~330this reaction cannot fully explain
the observed NH density. However, the rate of reaction 15 will

dependence of endothermic charge-transfer reactions havede higher in the supersonic expansion region and the first part

shown that, with increasing ion kinetic energy, these reaction
channels become availafe®* A similar enhancement of the
reaction rate might occur during neutraleutral collisions.

of subsonic expansion, where hholecules can diffuse into the
plasma expansion. There N atoms with kinetic energies in excess
of 0.5-1 eV are expecte?f Namely, thermal energies of a few

In the present experiments, the plasmas are created fromthousand kelvin are possible in the first few centimeters after

mixtures of N and H (either injected in the plasma source or
downstream in the plasma expansion) instead of injectegl NH
However, also in these plasmas a significant amount of

the shock. Also substantial rotatioralibrational excitation of

H$™Y molecules has been obsenf8d¢ We therefore assume
that in total approximately 1 eV of energy is available to the
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TABLE 2: Reactions and Rate Constants

rate constant

no. reaction (més) reference
R1 N* + NH3 — N + NH3* 2x 10715 64
— HNZ + H; 2.2x 10716
— HN + NH 2.2x 10716
R2 N* + H, . NH* +H 5.4x 10716 64
— NH + H* ~5x 107162
R3 NHi +e — NH, + H 3.6 x 10°14p
d NH + 2H 14x 1018
R4 NH" + e — N+ H 2x 107
R5 HN;r +e — NH + N 2.6x 10 70
— H+ N, 14x 10
R6 HNT +e — H,+ N 2 x 107180
R7 N+ H, e NH +H 3.9x 10 1¢for z < 10 cnf
3.9 x 10 exp((—250)/T) for z> 10cm
R8 NH+ H — N + Ha 8.3 x 10717 exp(—10001) 64
R9 NH+ N — N2+ H 1.8 x 1071/(T/300y5 64
R10 NH+ NH — N + NH; 1.7 x 10718(T/300)5 exp(—100007)°
R11 NH + H — NH + H; 3.2x 10°Y7 64
R12 N+ NH; — N, + 2H 1.2x 107 10
R13 N+ NH; — NH + NH 4 x 10°Y(T/300p>for z < 10 cnf
4 x 107Y(T/300Y5 exp((—250 x 2)/T) for z> 10 cm
R14 NH + H — NH; + Hj 25x10Y 25

2 Estimated rate constant for charge-transfer reactions as no information is available in the lite&dstireated rate constant for dissociative
recombination reaction§.Rate constant as determined in this paper.

particles involved in the reaction, which would give a rate hydrogen atoms, because the association rate for nitrogen atoms
constant of 4x 1018 m3s~1 for z < 10 cm. As a consequence is lower than that for hydrogen atoms. The loss probability of
of the above, also other reactions involving N atoms have a H atoms on copper surfaces is reported in literature to be 0.3
higher rate constant. For example, also the rate constant of the0.557-8 whereas values for N atoms vary from 3:9102 to

reaction between N atoms and B 8.5 x 1074.6970The amount of ions emanating from the plasma
source is very low (less than 1%), and we assume the ratio of
N + NH,— NH + NH the fluxes of N" and H" exiting the arc to be equal to the ratio
1+ T \05 —11 89 _ of N, and K in the gas mixture flowing through the arc.
k=4x10 17(@)) XA () m’s " (16) Although the H molecules are in this case injected in the arc,
the maximum flux of NH radicals can be calculated in the same
becomes substantially higher, i.e., a rate constantxflD-16 way as for the previous plasma condition. At the low relative
m3 s1for z < 10 cm. In Table 2, the final expression for the H: flow, the flux of N* exiting the source and the NH flux at
rate constants of reactions 15 and 16 as a functiaracé given, z= 10 cm are the same as in the previous situation; also now
reactions R7 and R13. reaction 14 can only account for 15% of the measured NH flux.
It is observed that the NH density has a maximumat10 Furthermore, the NH flux would linearly decrease with increas-

cm and decreases further downstream. This is partly caused bying ¢(Hz)/¢(total), while up tog(Hz)/¢(total) ~ 0.75 the NH

the loss of NH radicals due to diffusion out of the plasma beam. flux is measured to be constant (Figure 8). So also in this plasma
The main loss channel of NH radicals is abstraction reactions condition reaction 15 has to taken into account. The hydrogen
with N and H atoms or by reactions between two NH radicals, molecules can both originate from the injectegifldw but also
resulting in N and H molecules and N and H atoms (reactions from hydrogen molecules formed in the plasma reactor (and
R8—R13) (Table 2). By calculating the NH density using the like in the previous case diffuse into the plasma beam).
reactions and rate constants given in ref 64, the obtainegl NH However, we know that there is also NHpresent in the
density is more than one order above the detection limit. Becausebackground, which will diffuse into the plasma beam and react
no NH, was observed, the activation energy of the reaction with N* ions and H atoms (reaction 11). The"Neaction

between two NH radicaf channel will not be very important, because the reaction with
H, molecules, from both the plasma expansion and the
NH + NH—NH, +H background, will be much more effective than with NH

_1gf T \05 —-1000 3 1 diffusing into the beam. We therefore propose the neutral-
k=5.8x 10 (ﬁ)) exp(T()m s~ (17) dominated reaction path (reaction 11) for the ,Niadical
production. When more His added to the gas mixture, more
should be increased. A% is assumed to be 10 000 K, the rate NH2 radicals are produced by reactions between H atoms and
constant becomes % 10720 m3 571 (reaction R10 in Table 2).  NHs molecules, followed by the reaction between H and;NH
Using this rate constant, the calculated N#tensity is below  leading to NH (reactions R14 and R11 in Table 2). This is
our detection limit of~3 x 10% m=3. underpinned by the stronger increase of Nf@mpared to the
4.2. No—H, Plasma. In the case of an expandingzNH. trend of ammonia in Figure 9 and by the fact that the maximum
plasma, the gas mixture of,Mnd H is almost fully dissociated =~ NH2 density is observed at high hydrogen flows.
in the plasma source. However, inside the nozzle the hydrogen It is observed that the NH density has its maximunz at
and nitrogen atoms will partially recombine at the surface, 10 cm and decreases further downstream. The NH densities as
leading to (rovibrationally excited) molecul&%®® This loss a function of the relative bflow show the same pdependence
mechanism is less important for nitrogen atoms than for at the three positions in the plasma beam. Furthermore, the
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gradient of the NH density as a function of the measured position downstream the Nktradicals are dissociated, and their densities
in the plasma beam has a constant factor of about 5 betweerbecome smaller than those of the atomic radicals. It is concluded
positions. Both observations suggest that the loss mechanisnthat the NH radicals play an important role as precursors for
of NH is the same for all three positions measured. We ascribethe N and H atoms, key to the surface production ef N,

the loss of NH radicals partly to diffusion out of the plasma
beam but mainly to abstraction reactions with N and H atoms
or by reactions between two NH radicals, reactions-R&3
(Table 2).

The gradient of the Nkdensity as a function of the measured
position in the plasma beam gives a factor of 2 betweenl0
and 20 cm, whereas it is a factor 10 betweess 21 and 36
cm. That this factor is not constant as it is in the case of NH
can be explained as follows. The Mkadicals are produced in
a reaction between H atoms and MNhholecules, which also
still can take place aftez = 10 cm. Thus, in contrast to the
NH radicals, the NH radicals are still produced after= 10
cm. This counteracts the loss of Miradicals due to diffusion

and NH; molecules.

In both plasmas that have been studied, the Nidicals are
produced in the plasma expansion. The results of expanding
N2 plasmas to which Hwas added in the background point to
a formation of NH by a reaction between N atoms emitted by
the plasma source and rholecules with a minor contribution
from the reaction of N with H,. In expanding N—H, plasmas,
two mechanisms are responsible for the production of NH
radicals. The NH production occurs in the same way as
mentioned above, thus via N and.HBut NH is also formed
by abstraction from Nk which is in turn formed in a reaction
between H and Nk That NH was not detected in the case
where H is added to a Blplasma indicates that in this plasma

out of the plasma beam of the radicals and by abstraction reactions involving NH play no significant role in the produc-

reactions with H atoms. Aftez = 21 cm, the density of the

tion of NH, radicals.

NH, radicals is determined by these processes as almost no

production occurs.

5. Conclusions

To determine the production mechanisms of NH and;NH
radicals in expanding Nplasmas to which Hwas added in
the background and in expanding-N\H, plasmas, we measured
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From the density distribution of the rotational states of the
NH radical in an expanding Nplasma with H injected in the
background, we concluded that the low rotational levels in the

References and Notes

(1) Ricard, A.; Gordiets, B. F.; Pinheiro, M. J.; Ferreira, C. M.;
Baravian, G.; Amorim, J.; Bockel, S.; Michel, Bur. Phys. J.: Appl. Phys.

three vibrational states were populated according to a Boltzmannigog 4, 87.

distribution. However, at = 10 cm the high rotational levels,

J = 12, in they = 2 vibrational state were overpopulated. At
the other two positions, only two rotational transitionsvire

2 were observed. In N-H; plasmas, the rotational levels in all

vibrational states were populated according to a Boltzmann

distribution at the three positions in the plasma expansion.
From the distribution of the NH densities over the vibrational

(2) Kessels, W. M. M.;van Assche, F. J. H.; Hong, J.; Schram, D. C;
van de Sanden, M. C. Ml. Vac. Sci. Technol., 2004 22, 96.

(3) Kim, H. J. Vac. Sci. Technol., B0O03 21, 2231.

(4) Heil, S. B. S.; Langereis, E.; Roozeboom, F.; van de Sanden, M.
C. M.; Kessels, W. M. MJ. Electrochem. So2006 153 G956.

(5) Nagai, H.; Hiramatsu, M.; Hori, M.; Goto, T. Appl. Phys2003
94, 1362.

(6) Eremin, E. N.Russ. J. Phys. Cheri975 49, 1112.

(7) Uyama, H.; Matsumoto, Rlasma Chem. Plasma Proce4989

states, we concluded that at all three positions in both types of9, 13.

plasmas the vibrational distribution deviated from a Boltzmann 3 343

distribution, except az = 36 cm in N—H> plasmas.

The measurements revealed typical densitiesxfI®18 m—3
for the NH radical in both plasmas and up to<710*® m=3 for
the NH, radical when Hand N are both fed through the plasma
source. In N plasma with H injected in the background, no
NH, was detected, indicating that the density is below our
detection limit of 3x 106 m~3. In N, plasma with H injected
in the background, the flux density of the NH radicals in the
plasma beam a = 10 cm is about 6x 10?1 m™2 s™1. This

corresponds to a flow of 2 sccs, and this means that in this

plasma 30% of the radical flux is NH. InJNH» plasma, the
flux density of the NH radicals in the plasma beamat 10
cm is about 1x 10?2 m~2 s~ This corresponds to a flow of 4
sccs, and this means that in-NH, plasma az = 10 cm the
NH and NH radicals form about 60% of the radical flux. The
flux densities of the NK radicals with respect to the atomic

(8) Yin, K. S.; Venugopalan, MPlasma Chem. Plasma Proce$883
(9) Vankan, P.; Rutten, T.; Mazouffre, S.; Schram, D. C.; Engeln, R.
Appl. Phys. Lett2002 81, 418.

(10) van Helden, J. H.; Wagemans, W.; Zijimans, R. A. B.; Schram, D.
C.; Engeln, R.; Lombardi, G.; Stancu, G. D.;'fike, J.J. Appl. Phys.
2007, 101, 043305.

(11) Gordiets, B.; Ferreira, C. M.; Pinheiro, M. J.; Ricard, asma
Sources Sci. Techndl998 7, 363.

(12) Gordiets, B.; Ferreira, C. M.; Pinheiro, M. J.; Ricard, Aasma
Sources Sci. Techndl998 7, 379.

(13) Jauberteau, J. L.; Jauberteau, I.; Aubretord. Phys. D: Appl.
Phys.2002 35, 665.

(14) Amorim, J.; Baravian, G.; Ricard, APlasma Chem. Plasma
Process1995 15, 721.

(15) Bockel, S.; Amorim, J.; Baravian, G.; Ricard, A.; StratilAfasma
Sources Sci. Techndl996 5, 567.

(16) Fisher, E. R.; Ho, P.; Breiland, W. G.; Buss, RJJPhys. Chem.
1992 96, 9855.

(17) McCurdy, P. R.; Butoi, C. I.; Williams, K. L.; Fisher, E. R.Phys.
Chem. B1999 103 6919.

(18) Steen, M. L.; Kull, K. R.; Fisher, E. Rl. Appl. Phys2002 92,

radicals are appreciable in the first part of the expansion. Furtherss.



11472 J. Phys. Chem. A, Vol. 111, No. 45, 2007

(19) Uyama, H.; Matsumoto, @lasma Chem. Plasma Proce4989
9, 421.

(20) Kiyooka, H.; Matsumoto, CRlasma Chem. Plasma Proce$896
16, 547.

(21) Halpern, J. B.; Hancock, G.; Lenzi, M.; Welge, K. 8. Chem.
Phys.1975 63, 4808.

(22) Rahinov, |.; Ditzian, N.; Goldman, A.; Cheskis, Apl. Phys. B:
Lasers Opt2003 77, 541.

(23) Derzy, |.; Lozovsky, V. A.; Ditzian, N.; Rahinov, |.; Cheskis, S.
Proc. Combust. Ins200Q 28, 1741.

(24) Friedrichs, G.; Colberg, M.; Fikri, M.; Huang, Z.; Neumann, J.;
Temps, FJ. Phys. Chem. 2005 109, 4785.

(25) Rahinov, I.; Goldman, A.; Cheskis, Sppl. Phys. B: Lasers Opt.
2005 81, 143.

(26) van den Oever, P. J.; van Helden, J. H.; Lamers, C. C. H.; Engeln,
R.; Schram, D. C.; van de Sanden, M. C. M.; Kessels, W. MIMAppl.
Phys.2005 98, 093301.

(27) van den Oever, P. J.; van Hemmen, J. L.; van Helden, J. H.; Schram,
D. C.; Engeln, R.; van de Sanden, M. C. M.; Kessels, W. M.RVasma
Sources. Sci. Technd®006 15, 546.

(28) van den Oever, P. J.; van Helden, J. H.; van Hemmen, J. L.; Engeln,
R.; Schram, D. C.; van de Sanden, M. C. M.; Kessels, W. MIMAppl.
Phys.2006 100, 093303.

(29) (a) van de Sanden, M. C. M.; Severens, R. J.; Kessels, W. M. M;
Meulenbroeks, R. F. G.; Schram, D. &.Appl. Phys1998 84, 2426. (b)
van de Sanden, M. C. M.; Severens, R. J.; Kessels, W. M. M.; Meulen-
broeks, R. F. G.; Schram, D. G. Appl. Phys1999 85, 1243.

(30) Mazouffre, S.; Bakker, I.; Vankan, P.; Engeln, R.; Schram, D. C.
Plasma Sources Sci. Techn@aD02 11, 439.

(31) Dahiya, R. P.; de Graaf, M. J.; Severens, R. J.; Swelsen, H.; van
de Sanden, M. C. M.; Schram, D. €hys. Plasmad994 1, 2086.

(32) Vankan, P.; Schram, D. C.; Engeln,/Rasma Sources Sci. Technol.
2005 14, 744.

(33) van de Sanden, M. C. M.; de Regt, J. M.; Jansen, G. M.; van der
Mullen, J. A. M.; Schram, D. C.; van der Sijde, Rev. Sci. Instrum1992
63, 3369.

(34) Meulenbroeks, R. F. G.; van Beek, A. J.; van Helvoort, A. J. G;
van de Sanden, M. C. M.; Schram, D. Bhys. Re. E 1994 49, 4397.

(35) Engeln, R.; Mazouffre, S.; Vankan, P.; Schram, D. C.; Sadeghi,
N. Plasma Sources Sci. Techn@D01, 10, 595.

(36) Vankan, P.; Mazouffre, S.; Engeln, R.; Schram, DPRys. Plasmas
2005 12, 1023083.

(37) Cavity-Ringdown Spectroscopy: An Ultratrace-Absorption Mea-
surement Techniqudusch, K. W., Busch, M. A., Eds.; ACS Symposium
Series 720; American Chemical Society: Washington, DC, 1999.

(38) Vankan, P. J. W. Ph.D. Thesis, Eindhoven University of Technol-
ogy, Eindhoven, The Netherlands, 2005. http://alexandria.tue.nl/extra2/
200510358.pdf.

(39) Mazouffre, S.; Vankan, P.; Engeln, R.; Schram, DPRys. Plasmas
2001, 8, 3824.

(40) Boogaarts, M. G. H.; Bxker, P. J.; Kessels. W. M. M.; Schram,
D. C.; van de Sanden, M. C. MChem. Phys. Let200Q 326, 400.

(41) Kessels, W. M. M.; Leroux, A.; Boogaarts, M. G. H.; Hoefnagels,
J. P. M.; van de Sanden, M. C. M.; Schram, D.JCVac. Sci. Technol., A.
2001 19, 467.

van Helden et al.

(42) Mazouffre, S.; Boogaarts, M. G. H.; Bakker, I. S. J.; Vankan, P.;
Engeln, R.; Schram, D. ®Rhys. Re. E 2001, 64, 016411.

(43) Brussaard, G. J. H. Ph.D. Thesis, Eindhoven University of
Technology, Eindhoven, The Netherlands, 1999. http://alexandria.tue.nl/
extra2/9900312.pdf.

(44) Hoefnagels, J. P. M.; Barrell, Y.; Kessels, W. M. M.; van de Sanden,
M. C. M. J. Appl. Phys2004 96, 4094.

(45) TU/eDACS Technical Laboratory Automation Group, Eindhoven
University of Technology: Eindhoven, The Netherlands.

(46) Dressler, K.; Ramsay, D. Rhilos. Trans. R. Soc. London, Ser. A
1959 251, 553.

(47) Ross, S. C.; Birss, F. W.; Vervloet, M.; Ramsay, D.JA.Mol.
Spectrosc1988 129, 436.

(48) Kohse-Hinghaus, K.; Davidson, D. F.; Chang, A. Y.; Hanson, R.
K. J. Quant. Spectrosc. Radiat. Transfe89 42, 1.

(49) Votsmeier, M.; Song, S.; Davidson, D. F.; Hanson, RIi. J.
Chem. Kinet1999 31, 323.

(50) PrecisionScan-D Dye Laser Manyéabirah Laser- und Plasmat-
echnik GmbH: Darmstadt, Germany, 1999.

(51) Mazouffre, S. Ph.D. Thesis, Eindhoven University of Technology,
Eindhoven, The Netherlands, 2001. http://alexandria.tue.nl/extra2/
200142219.pdf.

(52) Green, R. M.; Miller, J. AJ. Quant. Spectrosc. Radiat. Transfer
1981, 26, 313.

(53) Herzberg, GMolecular Spectra and Molecular Structur&¥an
Nostrand: New York, 1964; Vol. 2.

(54) Brazier, C. R.; Ram, R. S.; Bernath, P.JFMol. Spectrosc1986
120, 381.

(55) Lents, J. MJ. Quant. Spectrosc. Radiat. TransfE973 13, 297.

(56) Herzberg, GMolecular Spectra and Molecular Structur&¥an
Nostrand: New York, 1964; Vol. 1.

(57) Schadee, AAstron. Astrophys1975 41, 213.

(58) Seong, J.; Park, J. K.; Sun, Bhem. Phys. Lettl994 228 443.

(59) Vvan, der Mullen, J. A. MPhys. Rep199Q 191, 110.

(60) Cernogora, G.; Ferreira, C. M.; Hochard, L.; Touzeau, M.; Loureiro,
J.J. Phys. B: At., Mol. Opt. Phy4.984 17, 4429.

(61) Brussaard, G. J. H.; Aldea, E.; van de Sanden, M. C. M.; Dinescu,
G.; Schram, D. CChem. Phys. Lettl998 290, 379.

(62) Ko, T.; Marshall, P.; Fontijn, AJ. Phys. Chem199Q 94, 1401.

(63) Weber, M. E.; Armentrout, P. Bl. Chem. Phys1989 90, 2213.

(64) Armentrout, P. BJ. Anal. At. Spectron2004 19, 571.

(65) Capitelli, M.; Ferreira, C. M.; Gordiets, B. F.; Osipov, APlasma
Kinetics in Atmospheric GaseSpringer: Berlin, 2000

(66) Vankan, P.; Schram, D. C.; Engeln, ®hem. Phys. Let2004
400, 196.

(67) Jackson, B.; Pearson, M. Chem. Phys1992 96, 2378.

(68) Rettner, C. TPhys. Re. Lett. 1992 69, 383.

(69) Mannella, G. GChem. Re. 1963 63, 1.

(70) Sarrette, J.-P.; Rouffet, B.; Ricard, Rlasma Processes Polym.
2006 3, 120.

(71) Geppert, W. D.; Thomas, R.; Semaniak, J.; Ehlerding, A.; Millar,
T. J.; Gsterdahl, F.; Ugglas, M. A.; Djuric, N.; PRaA.; Larsson, M.
Astrophys. J2004 609, 459.



