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Detailed TIMS Study of Ar/C;H, Expanding Thermal Plasma: ldentification of a-C:H Film
Growth Precursors
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Acetylene chemistry is studied by means of threshold ionization mass spectrometry (TIMS) in remote
Ar/C,H, expanding thermal plasma to identify the growth precursors of hydrogenated amorphous carbon
(a-C:H) films. More than 20 hydrocarbon species are measured, enabling a comprehensive study of acetylene
chemistry in the plasma environment. It is shown that the plasma composition is controlled by the initial
ratio between the acetylene flow into the reactor and argon ion and electron fluence emanating from the
remote plasma source. Complete decomposition of acetylene to C, GHCgldnd GH radicals is achieved

in subsequent charge transfer and dissociative recombination reactions under low acetylene flow conditions.
The formation of soft polymer-like a-C:H films can be attributed to G, ahd also partially to CH and-@&
deposition. At acetylene flows higher than argon ion and electron fluence, reactions of C,,GidGGH

radicals with acetylene lead to the formation of various hydrocarbon species, whose behavior is dependent
on whether the number of carbon atoms is even or odd. The detected resonantly stahjliggd,&nd
probably also @and GH radicals are unreactive with acetylene in the gas phase and are, therefore, abundantly
present close to the substrate. Ther&ical has among them the highest density, and it is identified as the
significant growth precursor of Ar/El, expanding thermal plasma deposited hard a-C:H films.

1. Introduction properties, ion bombardment of the growing film with ion
energies in excess of about 100 eV is usually involved. The
tion since their first preparation by Aisenberg and Chabot in role of energetlc.|ons in the depos!tlon process of DLC is a_Iready
19711 mostly for their superior mechanical, optical, chemical well understood: they penetrate into the subsurface region and
! ’ y 1. displace hydrogen and carbon atoms, which leads to an enhanced

and electronic properties. Moreover, these properties can be linki £ th b work and to hvd |
easily tuned to desired values by tuning the process parameterscross' INking of the carbon network and 1o nydrogen remova

DLC is a metastable amorphous material usually characterized M the growing film, resulting in dominant $jponded film
by a hydrogen content [hydrogenated DLCs are called hydro- Structure:
genated amorphous carbon (a-C:H)] and a ratio betwe&n sp It was shown that a-C:H films having good mechanical and
and sp bonded carbon. Research over the years has establishegtructural properties (e.g., hardness up to 14 GPa) can be
that the sp phase is responsible for optical and electronic prepared in the absence of ion bombardment by means of a
properties and the 3phase determines to a large extent the remote Ar/GH, expanding thermal plasma (ETP). Moreover,
mechanical properti€sDLCs are used as protective coatings very high deposition rates up to 70 nm/s can be achieved with
on magnetic storage disks, IR optic elements, or razor bfatles, film quality, in terms of hardness, improving as the growth rate
and if doped, for example, with nitrogen, they can be used as increased’?which makes it an attractive deposition technique
electronic thin films in cold cathode field emission displays or for industry. Radicals rather than energetic ions dominate the
electrode materials in electrochemical studies of water treat- growth in this type of plasma.
ments? Recently, it was shown that a-C:H, in which orienta- |y general, the role of radicals in the growth process of DLC
tional order has been induced by directional irradiation with @ fjims is not well understood, mainly due to the complexity of
low energy ion beam, can be used for liquid crystal alignment the processes involved. For example, the growth can depend
in liquid crystal display processirfg. Non-hydrogenated DLCs  op, the hydrogen passivation of the a-C:H surface, the deposition
have also a potential application in poly-light-emitting diode temperature (surface diffusion, bond stability, etc.), and the
(LED) and organic-LED devices? - . radical fluxes toward the surface. Moreover, numerous particles

DLC can be prepared by various deposition techniques suchcan pe involved; even when simple g6f CH, gas precursors
as ion beam deposition, sputtering, pulsed laser deposition, and, e ysed, a plethora of hydrocarbon radicals and stable species
plasma enhanced chemical vapor deposition (PECVD) with js formed. The detection and measurement of radicals, for
different hydrocarbon gasé®LC is also formed on the surface o, ample, by laser spectroscopy, under plasma conditions is
in the dlverto_r and other Inner parts of the fus_lpn devices as a difficult and limited by their usual low densities. Understanding
result of erosion of graphite tails and redeposition ddgand 4,0 niasma chemistry of AriGi, ETP, identification of the
CiTy species. To achieve optimal mechanical and structural growth precursors and unraveling the growth mechanism can

- - provide, therefore, valuable information for other fields in which
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Diamondlike carbon (DLC) films have been attracting atten-
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action in fusion devices, or the formation of hydrocarbon species pressure of approximatelly 0.5 bar. The electron temper-
in interstellar environments. ature in the plasma is similar to heavy species temperature with

From mass spectrometry and Langmuir probe measurementsthe valueTe ~ Ty ~ 1 eV22 The cascaded arc operation is
it was previously established that Aei@; ETP chemistry is controlled by argon flow and arc dc current. A constant value
dominated by argon ion induced dissociation of the injected of 100 sccs (standard cubic centimeters per second, 1=sccs
C;H..13 Furthermore, cavity ringdown absorption spectroscopy 2.69 x 10° particles/s) of argon flow and an arc current in the
(CRDS) measurements of carbon (C), methylidyne (CH), and range of 22-61 A was used for the measurements presented in
dicarbon (G) radicals, formed in the dissociative recombination this article. The thermal argon plasma expands into the low
(DR) of a GH, ion with an electron, led to the conclusion that pressure vessel. The expansion is supersonic until going through
the contribution of these species to the growth of hard a-C:H a stationary shock at approximately 5 cm from the nozzle, after
films is, under high rate deposition conditions, negligite'® which it is subsonicT, drops in the expansion to values less
A residual gas analyzer (RGA) was also used to monitor stable than 0.3 e\2* The pressure difference between the cascaded
plasma chemistry products in the plasma background. Thearc and the vessel makes the plasma production remote and the
diacetylene molecule (1), which is formed in the reaction  arc operation independent of the conditions in the expansion
of ethynyl radical (GH) with C,H,, was observed with a high ~ vessel.
density?” On the basis of these results, it was hypothesized that The GH2 is admixed into the ETP by means of the injection
the GH has only a minor contribution to growth under high ring located approximately at the position of the stationary
rate deposition conditions. These studies have revealed that theshock. The Ar/GH, ETP flows from this point at a subsonic
plasma chemistry is more complex than originally antici- speed toward the substrate with a transport time from the
pated31819and that some additional so far undetected species injection ring to the substrate in the order of a millisecond. The
must be present in the Arg8, ETP and contribute to the a-C:H  cascaded arc is enclosed in a movable housing, which allows
film growth. variation of the injection ringsubstrate plane distance in the

In this article, we apply the threshold ionization mass range 25-55cm (and hence also changing the transport time).
spectrometry (TIMS) diagnostic technique to detect diverse The vessel pressure is kept constant at 29 Pa by means of
hydrocarbon radicals, to understand the plasma chemistry, ancgdditional argon injection into the plasma background through
to identify the growth precursors in an A, ETP. TIMS is a leak valve. The base pressure in the experimental chamber is
capable of the detection of a variety of low density reactive maintained by a 1000 L/s turbo pump and is below®i@bar.
species at the position of the substrate without the limitations During the plasma operation two mechanical booster pumps are
inherent to some of the optical techniques, such as the existenca/sed with a total pumping capacity of 400 L/s. The a-C:H films
of suitable optical transitions of the radical or the molecule of are deposited on a temperature-controlled substrate (c-Si, Al,
interest, and it has already been used in our group to detectdlass, ...) typically at 250C.'® The ion bombardment of the
SiHs, SiH,, and N radicals in an Ar/k{/N2)/SiH; ETP20.21Here, substrate can be neglected because only a small self-bias (
we report the detection of more than 20 hydrocarbon radicals V) is present on the substrate, a consequence of the low electron
and molecules in the Ar/E, ETP. The absolute density temperature. The growth is monitored by in situ single
measurements of these species allowed us to draw conclusiongvavelength real-time ellipsometry (HeNe laser, 632.8 nm, not

about their role in the growth mechanism of a-C:H films. shown in Figure 1), which provides information about the
growth rate, refractive index, and extinction coefficient of the

2. Experimental Setup growing film24 Figures 2 and 3 show the growth flux in carbon
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current and @H> flow. The growth flux is calculated from the

Figure 1. Expanding thermal plasma setup as used for the deposition growth rate multiplied by the film density, determined from its
(a) with the installed residual gas analyzer (RGA) and the same setuppreviously established relation with the refractive indeXhe

with the_ implemented quadrupole mass spectrometer (QMS) with the maximum growth flux measured at an arc current of 61 A
three differential pumping stages (b). and a GH, flow of 18 sccs corresponds to a growth rate of
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T i T i where GH, is admixed to the argon ETP, and is terminated
€ 24} D(Are), 61A T after the transport time~{1 ms) at the substrate holder, where
; L l  g—O0—0—0—pg reactive radicals such as C, CHp,GCH, C3, CsH, and G
S, | P(Are), 48A /mf ________ e o | deposit and only radicals with a low surface reactivity (e.g.,
© - X l/i' @ e b CH,) or stable molecules, such asHg, get into the plasma
% O(Ar.e) @ background. The beam directed (drift) velocity was measured
2 20 _22Al yA, Y Y by Engeln et al28 and it is around 2000 m/s at the position of
o AA the injection ring (after the stationary shock) and drops to values
B e below 200 m/s close to the substrate plane, at 55 cm from the
S 18 Re Arc current: —0—61A ) : p pats :
£ o @ 48A ring. The stable plasma chemistry products circulate in the
& A D 22 plasma background (with a recirculation time-010 ms) and

1,6 L L L L can diffuse back into the main plasma stream and react there

0 ° 10 19 20 or are finally pumped away (with a typical residence time of

C,H, flow [sccs] ~400 ms). The barrel shock around the supersonic expansion

Figure 3. Refractive index at 632.8 nm measured at a substrate regio_n Iimits direct injection of the background_ re(_:irculating
temperature of 250C. The arrows indicate the argon ion and electron Species into the ETP. Furthermore, recombination of, for

fluence for every arc current. example, atomic hydrogen takes place at the reactor wall and

the pyrolysis of the stable molecules can occur on the electron
30 nm/s. Films deposited under these conditions have a hardnesand plasma-heated arc nozzle or other hot parts of the setup
of 14 GPa, a Young's modulus of 120 GPa, and a density of (cf. Figure 4). However, despite these additional phenomena,
1.65 g/cni. They can be classified as medium hard DLC films.

The substrate holder is replaced by a three-stage molecular
beam TIMS (Hiden Analytical EPIC 300, PSM upgrade) setup @ @
to measure the neutral species densities at the substrate?plane. ;\
Hot spot:
C,H, pyrolysis

The plasma is sampled through a 0.8-mm-diameter orifice,
which is in line of sight with the quadrupole mass spectrometer
(QMS) ionizer. The QMS itself was situated in the third stage
of the three-stage differentially pumped stainless steel housing.
The pressure in the third stage during plasma operation was
below 2 x 10~7 mbar. A mechanical chopper is placed in the

Recirculation

second stage of the differential pumping to modulate the __a:;a?osnﬁ’:;':d
molecular beam, formed after the sampling orifice, and to chemistry

BN

Recombination

separate the signal due to the particles in the molecular beam ¢
from the background species that are present in the QMS ionizer.
An additional correction has to be taken into account for the

background pressure variation in the third stage at the moment

+1— Deposition
the chopper position is changed. The TIMS setup and the density \ |
calibration procedure are treated in great detail elsewi¥dte.
was not always possible to perform a proper background —> Pumping

correction in the density calibration procedure. For radical Figure 4. Schematic illustrating different processes in expanding
species with low reaction probability on a stainless steel surfacethermal plasma together with the parametrization of the expanding beam
(expected, e.g., for CHor CH; radicals), the background  Uused in the plasma chemistry simulation model (cf. the Appendix).
pressure can build up inside the stainless steel housing of the ) ) ) )

QMS and background species can contribute up to 50% of thethe results pr_esented in _thls article confirm that _tr_\e forward
measured signaP. Therefore, the calibration procedure provides Plasma chemistry determines the plasma composition near the
only an upper density limit for these species, which can be Substrate plane.

overestimated up to a factor of 2. For radicals with a surface  The primary dissociation of £ is argon ion induced and
reaction probability close to unity (e.g., Cz,CCH, or GH), no proceeds through a charge transfer (CT) reaction between the
background correction is needed, leading to reliable density Ar ion and the GH, molecule?’ reaction R1 in Table 1,
measurements. Furthermore, in the calibration procedure, knowl-followed by a fast DR reaction of the ;8" ion with an
edge of the electron impact ionization cross section is necessary€lectron, reactions R2eR2e in Table 1. The electron impact
However, they are not available for most of the hydrocarbon induced dissociation and ionization processes can be neglected
species detected and they have to be estimated. On the basis gfue to the low electron temperatufeThe branching ratio of

the similar near-threshold electron impact ionization cross- the DR reactions R2aR2e, involving the ground state,;*
sectional behavior, measured for several hydrocarbon speciesion, was measured in an ion storage ring experirdgNext to
unknown cross sections are approximated by the cross sectiorfhese primary CT and DR reactions, secondary CT and DR
of the GH, molecule. The unknown electron impact ionization reaction steps are also possible, which will dissociate primary

cross section is the main source of systematic error in the reaction products using an additional argon ion and electron
calculation of radical densitiés. pair (cf. reactions R3R10). The branching ratios of these

reactions were not measured, and values estimated by Janev et
al3%31are adopted here. Also, the reaction rates for DR reactions
are calculated as proposed by Janev et al., With 0.3 eV (as

The ETP can be represented to a good approximation by adetermined from ThomsenRayleigh scattering and Langmuir
plug-down geometry in which the (forward) plasma chemistry prob&? measurements). The secondary CT and DR reactions
evolves along the expansion axis, starting at the injection ring, R3—R10 will compete with radicatneutral reactions of primary

3. Plasma Chemistry
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TABLE 1: Charge Transfer and Dissociative Recombination Reactions

no. reaction channel k (cm?/s) reaction yields ref
R1 Art 4+ C,H, — CoHo™ + Ar (42+£14)x 100 1 b
R2a GH;" + e —C,H+H 9.5x 1078 0.5¢ de
R2b —C,+H+H 0.3¢
R2c —CH+ CH 0.13
R2d —CH,+C 0.05
R2e —C,+ H; 0.0Z2
R3 Art 4+ CH — CH™ + Ar Kr1 1 estimated
R4a GH™ + e —C,+H 7.2x 1078 0.47 e
R4b —C+ CH 0.38
R4c —C+C+H 0.15
R5 Art 4+ C; —Ct + Ar Kr1 1 estimated
R6 Gt +e —C+C 6x 108 1 estimated
R7 Art 4+ CH — CH" + Ar Kr1 1 estimated
R8 CHf + e —C+H 45x 1078 1 f
R9 Art 4+ CH; — CH;" + Ar Kr1 1 estimated
R10a CH'+e —CH+H 5.2x 1078 0.25 f
R10b —C+H, 0.12
R10c —C+H+H 0.63

aReaction yields as reported in the literatut®eference 27¢ Different reaction yields are used in the simulation model. More details can be
found in the textd Reference 29 Reference 31.Reference 30.

TABLE 2: Radical —Neutral Reactions

no. reaction channel reaction yields used  k x 1071°(cm?/s) AH (eV) ref

R1lla C+ CyH2 —CH+H 0 2.7 —0.80+0.8¢ b—e

R11b —C3+ H 1 —1.28+0.43%

R12a CH+ CoH32 —CsH,+H 0 2.0 —0.83 c,g

R12b — CgH + H; 1 —-1.91+1.86

R12c —C3+H-+H; 0 2.25/3.18

R13 CH + CH» - C3H3 +H 1 3.0 —0.56 C

R14a G+ CoHz —CH-+H 0.5 2.7 —0.42 h,i

R14b — C4+ Hy 0.5 —-0.97

R14c — CH+ CH 0 —1.15/0.49

R14d —CH;+ Cs 0 1.47/2.32

R1l4e —CgH,+C 0 1.82

R14f — CsH + CH 0 1.79/1.78

R15a GH + CH, — CaHz + H 1 1.3 —0.22/-1.04 k

R15b —CH+H, 0 0.82/0.00

R16 C+ C4H; —CsH+H 0 5.2 estimated
- Cs + Hz 1

R17 CH+ C4H2 —CsH2+H 0 3.6 estimated
- C5H + H2 1
e C5 + Hz +H 0

R18 G + CH: —? 5.4 estimated

R19 GH + CiH; — CeHz + H 1 33 |

R20 GH + CoH; —CgH2+H 1 1.0 estimated

R21 G + CoH; —? 3.5 estimated

aValues are for linear and cyclic isomers, respectiveRReference 51¢ Kaiser, R. I.; Ochsenfeld, C.; Head-Gordon, M.; Lee, Y. T.; Suits, A.
G. Sciencel996 274, 1508.¢ Guadagnini, R.; Shatz, G. C.; Walch, S.JPPhys. Chem. A998 102, 5857.¢ Chastaing, D.; Le Picard, S. D.; Sims,
I. R.; Smith, I. W. M. Astron. Astrophys2001, 365, 241.f For cyclopropenylidene, cycs8,. ¢ Thiesemann, H.; MacNamara, J.; Taaties, CJA.
Phys. Chem. A997 101, 1881." Reference 43.Reisler, H.; Mangir, M. S.; Wittig, CJ. Chem. Phys198Q 75, 2280 (different reactivities for
triplet and singlet g are reported, average value is usedwo different values for the enthalpy of formation ofHCare available (cf. ref 56).
kReference 40.Nizamov, B.; Leone, S. R1. Phys. Chem. 2004 108 1746.

reaction products with £, and other stable plasma chemistry effect on the plasma composition, since the radical densities
products, as listed in Table 2. The initial flow ratio between are much smaller than stable product densities suchybls C
the GH; flow injected through the ring and the argon ion and and GHa, and they can be in the first approximation neglected.
electron fluence emanating from the cascaded arc, here defined Plasma Chemistry Simulation Model.We built a numerical

asF = ®(CHy)/P(Art,e), is the critical parameter, which
determines whether CT and DR reactioRs< 1) or radicat
neutral reactionsH > 1) will dominate the forward plasma

guasi-one-dimensional plasma chemistry simulation model to
test the plasma chemistry as discussed above and compare it
with the experimental results. The model is based on the particle
chemistry after the primary £, decomposition. The argonion  conservation equations for the species number density along
and electron fluencé(Art,e") is dependent on the arc current the expansion axis, taking into account the influence of the
and has values of 1.3, 3.5, and 4.8 sccs for 22, 48, and 61 A,species-dependent radial diffusion. Since thél Qs injected
respectively. The radicalradical reactions will have a marginal  at the position of the stationary shock front, only the subsonic



TIMS Study of Ar/GH, Expanding Thermal Plasma J. Phys. Chem. A, Vol. 109, No. 44, 20080157

part of the plasma is taken into account following the approach lead to a difference between TIMS and CRDS measurements.
used by Kroesen et &.or van de Sanden et &l. It was discussed-35that the density of the reactive species with
The model provides the species averaged number densitienonzero surface reaction probability decreases as the distance
across the beam at given distances from the injection ring to the surface decreases. The density gradient near the surface
assuming (to the first approximation) that the directed velocity and the density at the surface depend on the surface reaction
is constant (1000 m/s) along the subsonic part of the expansion.probability as well as on the conditions near the surface, which
The argon ion and electron fluence together with the ETP beamwill be in our case determined mainly by the flow stagnation
radius at the injection ring are used as fitting parameters to region formed above the substrate. The flow stagnation region
optimize the model output. The model details can be found in is changed when the arc housing is lowered because the ETP

the Appendix. beam directed velocity is higher at shorter distances from the
arc nozzl€® The change of the stagnation region can explain
4. Results and Discussion the different ratio between the CRDS and TIMS measurements

The radical measurements are performed as a function of thet 25 and 55 (52) cm. Moreover, the TIMS housing has a bigger
C,H, flow at an arc current of 48 A. The radicals are detected dlﬁmﬁter 15 CT) than 'fhr:? OrIgIdnEE}II substrate holderl(l cm),
at two arc positions: at injection ringsubstrate plane distances Which can result in a changed flow pattern even at 55 cm
of 25 and 55 cm. The 55 cm distance is the same as the onec@mpared to the CRDS experiments, which were performed with
used during the deposition (cf. Figure 1), and experimental the original substrate holder. Taking all of these effects into
results obtained at this distance can be directly related to thegccount, ong can see Ithat the absolute ng deﬂsmes measured
film growth rate and film properties. The measurements with PY_TIMS and CRDS also agree reasonably well.
the arc lowered to an injection rirgubstrate plane distance _The further discussion in thls section is organlzed_ as follows.
of 25 cm are performed to probe the evolution of the plasma First, the measurements of prlmary.CT and DR reaction products
composition along the expansion axis. However, when the arc (1€ C, CH, CH, C;, and CGH radicals) are shown and the
is lowered, the flow pattern in the reactor is changed, which Plasma chemistry and contribution of these species to the growth
can have an influence on the plasma chemistry as well. To underF < 1 conditions are discussed. Next, the measurements
evaluate how large this effect is, the CH radical measurements®! the secondary reaction products (thg GH, CsHz, Ca, CiH,

by TIMS (13 amu, at injection ringsubstrate plane distances and GHz species), which are formed in the reactions eHE
of 25 and 55 cm) and CRDS are compared in Figure 5. The with primary reaction products, are presented and their possible
role in the growth is discussed. Finally, the results related to

20— ; ; ; Cs, CsH, CgHa, CsHe, and some other species, identified as
130 ; . .
minor background species not relevant to the growth mechanism,
5 151 . i o TIMS (25 cm) — h
£ 4 4 CRDS(25cm) {20 g are shown. _ _ _
— 1 A‘ 4 = Primary Reaction Products. Plasma chemistry starts with
© gl OO SA {10 %5 C.H, decomposition in primary reactions R1 and RRRe.
= Oa o 5 x The relative yields and gas phase reactivity of the primary
2 , , , 4 A 10 > reaction products (C, CH, GHC,, and GH) determine the
% 4r 115 2 subsequent plasma chemistry and plasma composition. There-
S 4l S fore, the measurements of these radicals are reported first.
6 o TIMS (55cm) 110 5 C,H and CH. Figures 6 and 7 show the measurement of
& 2f o A CRDS (52 cm) &
= t8 ye 15 0 F = o(C,H,)o(Ar )
= 1r o A, & 0 1 2 3 4 5
0f A e A O A A 10 ® 25¢cm
0 5 10 15 20 czH A 55cm

C,H, flow [sccs]

Figure 5. Comparison between CH radical density as measured by
TIMS and CRDS experimental techniques.

4.0735x10° m*®

40t

counts/s

CRDS measurements were performed with a fixed injection
ring—substrate plane distance of 55 cm (Figure 1a) and with
the laser beam crossing the expansion axis at distances of 25
and 52 cm from the injection ring, with the latter one being 3 /.
cm above the substrate plahe. . . .
The relative TIMS and CRDS measurements of CH are in
good agreement at both positions, confirming that there is only
a marginal change in the relative density of measured speciesrigure 6. TIMS C;H radical measurement together with the simulated
as a function of the gH, flow. Comparison of absolute values, results (lines).
or at least the difference between 25 cm and 55 (52) cm for
these two experimental techniques is more difficult for several C:H and Ch radicals as a function of the,8, flow together
reasons. Since CRDS utilizes the light absorption, it measureswith the simulated densities. The maximum densities at 55 cm
line-of-sight densities, so the length of the absorption path haswere determined to be 497 x 10 and 1.353 x 106 m™3
to be assumed and it is a possible source of errors in the densityfor C,H and ChH, respectively, but as already explained, the
calculation. We used 10 and 20 cm absorption path lengths atCH, density can be overestimated up to a factor of 2 due to its
25 and 52 cm, respectively, to calculate the CH derdity. expected low surface reaction probability (possible error in the
Additionaly, the fact that the CRDS measurement is performed background correction during the TIMS measurerfRnThe
3 cm above the substrate and not in the substrate plane cai€measured densities are a result of thel@nd CH production

10 15 20
C,H, flow [sccs]
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F = ®(C,H,)/o(Ar &) F = ®(C,H,)@(Ar",e)
2 3 2 3

0 1 4 5 0 1 4 5
T T T T T T T T T T T T
16 | ® 25cm | 250
CHz A 55cm
200 |
o 2r 1.3%3x10"°m™ XY
2 £ 150}
[
= S
2 o 3
3] O 100}
4r 50
(S ol
1 1 1 1
0 5 10 15 20
C,H, flow [sccs] C_H, flow [sccs]

Figure 7. TIMS CH; radical measurement together with the simulated Figure 8. TIMS C radical measurement together with the simulated
results (lines). results (lines).

and loss processes in the plasma chemistry. Both radicals have 0 1 F= q’2<CZH2)/¢3(Ar ) 4 5
first-order behavior, since they are predominantly produced in sol : ' T ' ]
the primary CT and DR reactions R1 and R2. The dominant

loss processes are due to reactions witgH.C(F > 1) or 50 | CH |

+1.7 16 -3
secondary CT and DR reactiors € 1). The maximum at 55 1:9.12x107m
cm is measured & ~ 1 (GH flow of 3.5 sccs), as expected
for dominant primary reaction products, since all argon ions,
electrons, and £, molecules needed in loss processes are
equally depleted in reactions R1 and R2. The agreement between 20
simulated and measured relative densities as a functiopHf C
flow confirms the primary nature of £ and CH radicals in

40 |

counts/s
w
o

10F

Ar/C,H, ETP. ol *
As can be seen in Figures 6 and 7, the model predicts a
smaller difference between the densities at 25 and 55 cm than Csz flow [sccs]

that determined by TIMS. Moreover, the simulated densities _. ) . .
are approximately 5 times higher than the measured densities.régﬂlré 9([inTe|sl\;IS CH radical measurement together with the simulated
(The absolute values of simulated densities are not shown in '
these and following figures, and the model results are rescaled F = ®(C,H,)/o(Ar' &)
to the experimental data.) As already mentioned when we 0 ! 2 8 4
discussed the difference between the CRDS and TIMS measure- 150 - ]
ments, these differences can be attributed to the decrease of C
the density of the reactive species in the vicinity of the surface
as well as the change of the flow stagnation region, when the
arc housing is lowered. When the simulated results for 55 cm
are rescaled by a factor éf;, good agreement between the
simulation model and the measured data is achieved for most
of the species. In the rest of this article, simulation results at 55
cm are rescaled by/a. . .

C, CH, and G. C, CH, and G are the remaining possible ol e -
primary reaction products, and their measurements as a function 0 5 10 15 20
of the GH> flow are shown in Figures 8, 9, and 10, respectively. C,H, flow [sccs]
The density behavior of these radicals is different from that of _ ) 22 . )
C,H and CH due to secondary CT and DR reactions-F&. Figure 1(_). TIMS C; radical measurement together with the simulated

. . results (lines).

These reactions are also sources of C, CH, apda@icals.
Additional argon ion and electron pairs are needed for thesein secondary CT and DR reactions, forming C as a reaction
reactions, and hence, C, CH, angdr@dicals have a maximum  product. This shifts the C maximum density (at 25 cm) toward
density at~ < 1, even at the 25 cm distance. C, CH, anta® a lower GH; flow with respect to the CH andGnaxima. The
react very fast with acetylene (reactions RER14). Therefore, same arguments explain also why the C atom has the highest
the densities of these radicals at the substrate level are belowmeasured density undgE ~ 0.5 conditions. The model
the TIMS detection limit unde= > 1 conditions. Their  simulation is in agreement with the suggested reaction scheme.

-

o

o
T

1.1%9x10" m™®

counts/s

[$)]
o
T

maximum densities at 55 cm appear at alddut 0.5 and are Discussion.All primary reaction products are formed in the
equal to 2.835 x 107, 1.9°77 x 106, and 1.159 x 1017 m3 CT and DR reaction steps, and they can be found uRderl
for C, CH, and G, respectively. conditions, when enough argon ions and electrons are available

There is a difference between the C radical and the CH and for these reactions in the ETP. Figure 11 summarizes the
C, radicals. The carbon atom is the “end” radical product of reaction scheme under these conditions.
the plasma chemistry under the< 1 conditions, since all other With the knowledge of absolute radical densities, we can now
primary products (CH, CH C,, and GH) decompose further  have a closer look at the primary DR reaction R2. The product
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— Primary
—> Secondary
CT and DR reactions

End radical product - deposition

Figure 11. Reaction scheme undé& < 1 conditions when the CT
reactions with argon ion followed by DR with electron dominate the
plasma chemistry.

yields of reaction R2 were measured in the ion storage ring
experiments? C,H, ions were prepared in a low pressure plasma
ion source, stored fat s in aheavy-ion storage ring, and cooled
with an electron cooler. After the cooling, when the ions were
in the HG=CH™ geometry, they collided with electrons at a
maximal collision energy of 7.4 meV. Neutral products and their
relative yields were measuredy;HC+ H was found to be the
dominant reaction channel (reaction yield 0:-50.06), followed

by C, + H + H (0.30+ 0.05), CH+ CH (0.13+ 0.01), C+

CH, (0.05+ 0.01), and @+ H; (0.02+ 0.03). However, when
these yields are used in our plasma chemistry simulation model,

J. Phys. Chem. A, Vol. 109, No. 44, 20080159

flux toward the surface, and their mass. Moreover, Chahtry
has discussed that the overall surface reaction probakljty (
which includes both the sticking probabilitg) @nd the surface
recombination probability (therefore= 5 > s > 0), has to be
taken into account in calculation of the particle flux toward the
surface. Then, the growth flux of particién terms of carbon
atoms/(s M) can be expressed #As°

av

" 1_—Sﬁ/2 [C atoms/(s )]

1
G= agh (1)
where g is the number of C atoms in speciegonly the C
atoms are taken into account, since the mass of hydrogen is
small and can be neglectedt,is the species density near the
surface (measured by TIMS), angtV is the average thermal
velocity [v/(8kT/zm)]. Additional effects such as a convection
or temperature gradient near the surface can play an additional
role in the case of ETP; however, we use eq 1 as an approx-
imation to calculate the species contribution to the film growth.
Since most of the radicals mentioned have a very high sticking
probability close to unity, it is assumed that= s for all of
them. A substrate temperature of 523 K is used for the cal-
culation of the average thermal velocity, since the gas temper-
ature is very close to the substrate temperature within one mean
free path distance from the surface. Taking the substrate
temperature may underestimate the growth flux a little bit,
because it is a lower limit of a gas temperature near the surface.

The case wher ~ 0.5 (GH, flow of 2 sccs) is discussed

the relative magnitudes of simulated densities do not correspondfirst. Due to the abundance of Ar ions and electrons under these

with the experimental results. The measured CH density is much
lower, and the C and CHdensities are higher than those
predicted by the simulation model (even when the measured
CH, density is assumed to be overestimated by a factor of 2).
The comparison is made & > 1 where the reactions with
C,H» (with reliable reaction rates known from the literature,
cf. references in Table 2) are dominant loss processes for all of
the radicals.

Using modified product yields of about 0.26, 0.41, 0.07, 0.26,
and 0.00 for reactions R2d&R2e, respectively, a reasonable
agreement between the simulated and experimental C, Ch, CH
C,, and GH relative abundances is obtained. The difference
between the ion storage ring experiment and ETP conditions
lies most probably in the different internal excitation of thelg
ion formed in the CT process. Due to the lower ionization
potential of GH; (11.4 eV) compared to argon (15.76 eV),
additional internal energy is available, which allows the forma-
tion of intermediates such as the vinylidene ionQ=C™")
isomer. The DR of the HC=C" ion with electron will
preferably yield the Chl+ C channel and suppress the GH
CH and GH + H channels. It could therefore explain the
experimental observations. Of course, one should keep in mind

conditions, full depletion of acetylene (cf. theH> measurement
in Figure 12) and its complete decomposition into C, CH,CH

F = ®(C,H,/o(Ar"e)
3 4 5 6

2

o]

O C,H,ETP off
e CH,ETPon
| & C,H,(x30,ETPon)

N w S~ [&]
T

RGA detector current (x 107"} [A]

o

20
C,H, flow [sccs]

10 15 25 35

Figure 12. C,H, and GH, molecules as measured in the plasma
background with a residual gas analyzer together with the simulated
results (lines).

C,, and GH radicals in CT and DR reactions occur. The C,

that the species densities are calibrated with possible systematicCH, G,, and GH radicals will be the major contributors to the

errors (as indicated) and the simulation model is still rather
simple. Moreover, some reaction yields as well as the rates of

other reactions in Tables 1 and 2 were only estimated. Therefore,

the product yields of reaction R2 used in the model should be
taken with care. They indicate however that additional internal
energy of the molecular ion strongly influences DR reaction
yields. No attempt was performed to optimize the reaction yields
of reactions R4 and R10.

The experimental results for C, CH, GHC,, and GH
radicals at a distance of 55 cm can now be directly compared

film growth. The sticking probability of C andbn pyrolytic
graphite was found to be0.9 at temperatures below 250,36

and the sticking probability of £1 was reported to be in the
range 0.8-0.9 on a-C:H’ Furthermore, the CH sticking
probability at the a-C:H surface is also expected to be close to
unity. Therefore, a sticking probability af= 1 is used for all

of these radicals (except GHand growth fluxes (at 2 sccs of
CoH; flow) of 1.3 x 1070, 8.8 x 108, 7.5 x 10%% and 2.2x

10'° carbon atoms/(s fhare obtained for C, CH, £ and GH,
respectively. Chlwas not considered, since it has the lowest

with the measured growth flux for 48 A, shown in Figure 2. density among these radicals. The experimental errors are not
The contribution of the reactive species to the growth is shown, but they are larger than the errors shown for the radical
dependent on their sticking probability at the surface, the particle densities. The additional uncertainty comes from the uncertain-
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ties in the sticking and reaction probabilities, the validity of eq
1 (e.g., what is the effect of a temperature gradient close to the

Benedikt et al.

connected to the main vessel by a 100 orifice!” These
measurements are shown together with the measuremegitlpf C

surface), and some other gas-sampling issues (the surfacainder plasma off and on conditions in Figure 12. Th#i

temperature is lower than 25C during the TIMS measurement,
and the sampling orifice is bigger than the particle mean free
path, so the radical density is not measured exactly at the
substrate plane but slightly above). The C anddlicals have

the highest contribution to the growth. When added together,
these four species account for 25102 atoms/(s ) of the
growth flux, which is approximately one-third of the measured
total growth flux under these conditions (cf. Figure 2). It seems
that the species growth flux is underestimated by a factor of 3,
since all possible ¢, dissociation products have been mea-
sured. Additionally, the ion contribution to the growth can be
neglected, as checked by the simulation model, which indicates
that the ion densities are 2 orders of magnitude smaller than
the radical densities. The calculated growth fluxes of other

flow was extended in this case up to 34 sccs in order to see
whether the GH; signal saturates at high,B; flows. The TIMS
measurement of fEl,, shown elsewher&,corroborates the RGA
results. Moreover, the £, density can be calibrated. At an
arc current of 48 A and a#El, flow of 18 sccs, the ¢H, density
equals 5.65% x 10" m=3 (CO, gas was used in the 8,
calibration procedure).

The GH> has clear second-order behavior. It is not present
in ETP atF < 1, because there is not enoughHg available
for secondary reactions. At very highld; flows, the GH,
density saturates because thg¢igproduction is limited by the
amount of available Ar and e for the GH production in CT
and DR reactions R1 and R2a. BothHz and GH, RGA
measurements can be well simulated by the plasma chemistry

radical species presented later in this paper also indicate thatmodel results at 55 cm. 48 is the stable molecule, and its

their sum is just one-third of the value necessary to explain the
growth (cf. the summary in Figure 25 at the end of this article).
The fact that this discrepancy is observed through all of the
experimental conditions and through all of the radicals indicates
that some factor common to all radicals is neglected or, despite
our great effort to eliminate all possible systematic errors, some
additional systematic error is present in the density determina-
tion. For example, the fact that large temperature and density
gradients are formed in the flow stagnation region can result in
higher growth fluxes than those predicted by eq 1.

Soft and porous polymer-like a-C:H films with a low
refractive index (Figure 3), density of 1.2 g/&nhardness of 4
GPa, and hydrogen content higher than 40% are obtained unde
F < 1 conditions. Combining the material properties with TIMS
results, it can be concluded that C angr@dicals (with a small
contribution of CH and @H) account for the deposition of soft
a-C:H films underF < 1 conditions. The film analysis results
imply that an additional incorporation of atomic hydrogen has
to be taken into account to be able to explain the high hydrogen
content in the filmt” The model predicts an atomic hydrogen

abundant presence in the background is evidence that it has
negligible reaction probability at the a-C:H surface and that it
does not contribute to the deposition.

C4 and GH. Figures 13 and 14 show measurements of the
C,and GH radicals. Their behavior has second-order character

F = ®(C,H,)/o(Ar ¢
2 3 4

30 C ® 25¢cm |
4 A 55¢cm
» 201
2
r
o
10}
O L
0 5 10 15 20
C,H, flow [sccs]

igure 13. TIMS C, radical measurement together with the simulated

density in the gas phase near the substrate approximately 1.3egyits (lines).

times higher than the C density, which should in principle supply

enough hydrogen atoms to reach the measured hydrogen contergimilar to the GH, molecule. Moreover, both£&and GH react

of 40% in the film. Molecular dynamic studies have already
confirmed that atomic hydrogen can be incorporated into the
growing film.38 At high GH; flows (F > 1), the densities of
C, CH, CH, and G are below the TIMS detection limit and
the GH density is below 2« 10 m~3. Nevertheless, the growth
flux (Figure 2) and the refractive index (Figure 3) reach their

with C;H», since their relative densities decrease with increasing
acetylene flow. The loss process is also clearly visible when
the 25 and 55 cm measurements are compared. Ongn@
C.H from primary products can form in reaction withi, a
species with four carbon atoms. Recently, it was shown that
the GH radical is also produced in a slightly endothermic

maximum. These observations exclude primary and secondaryreaction (R15b}}! but it is a minor branch of reaction R15 and

products of CT and DR reactions from being dominant growth
precursors for hard a-C:H films in the A8, ETP.

Secondary Reaction ProductsThe fastest growth and best
mechanical properties of a-C:H films are achieved under the
conditions of high @GH; flow (F > 1). It is therefore important
to measure the products of reactions of primagii£dissocia-
tion products with GH; (cf. reactions R1tR15 in Table 2).

C4H>. Most information is available for reaction R15 ok
with C,H, because of its importance in,&, combustion
processes and in planetary atmospheric environni@fJ he

reaction rate is temperature independent, and the only exother-

mic channel is the production of the4d, molecule (1,3-
butadiyne) and atomic hydrogéhC4H, was detected in the

F = ®(C,H,)®(Ar"e)
2 3

1 4

40 — T T T T T
CH
30 e 25cm
) A 55cm
@8
2 20|
]
8 7.0%1%10" m*
0%4x10° m
10} J 1
T X113
Al A
0_ 1 1 1 1 ]
0 5 10 15 20

C,H, flow [sccs]

ETP background previously by means of a residual gas analyzer

(RGA, K. J. Lesker AccuQuad 200D) mounted on the sidewall Figure 14. TIMS C,H radical measurement together with the simulated
of the reactor in the separate, differentially pumped chamber results (lines).
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is neglected in the simulation model. Kaiser et%astudied F = ®(C,H,)I®(Ar",€"), only for 48A data
experimentally reaction R14 of the;@dical with GH,. They 0 1 2 3 4 5
observed that when the collision energy of the reactants is 0F C E
smaller than 0.25 eV, the 8 radical is the only product of o 25 om, 48 A

reaction R14, contrary to the fact that the I€anch (R14b) is Q S5em 224

also exothermic. Since the,@dical is measured in the plasma, 60 « gg 222:2?2

it is expected that the internal excitation of theHGadical opens

counts/s

up the G production channel (reaction R14b). A reaction yield * % \i

of 0.5 was used in the simulation model for both the R14a and 30k % 1 T
R14b channels without any optimization. Another possible | /% & ]
channel producing £and GH radicals is the CT reaction of o

C4H2 with an Ar ion followed by the DR of a £, ion with an ol & N © ]
electron** The significance of these reactions was tested in the 0 5 10 15 20
simulation model, with a rather high CT reaction rate ok6 C,H, flow [sccs]

107 cmivs and a DR rate of 3 1077 cmis, but it had a Figure 15. TIMS C; radical measurement at arc currents of 22, 48
marginal influence €§%) on the final plasma composition. angd 61 A together \jvith the simulated results for measurements’ at 4".8

There are some differences betweenadd GH. The GH A (lines).
measurement at 25 cm has a longer “tail” (higher signal) than
the G radical at high GH, flows. Furthermore, the maximum F = ®(C,H,)®(Ar" &), only for 48A data

) : 0 1 2 3 4 5

C/H density at 55 cm (equal to 7:0; x 10 m™3) is . - - - . -
measured at a £, flow of 7 sccs, whereas the maximum for % CH ]
the G radical (3.533 x 10 m~3) lies between 4 and 5 sccs. ® 250m, 48 A
This difference can be subscribed to the smaller reaction rate S gg iy iéﬁ
of the GH radical with GH, in comparison with G To our * 55cm, 61A
knowledge, no experimental or theoretical data on these reaction
rates are available, but a similar difference is observed also for
C; and GH radicals. The reaction ratks andky; were selected 30
in such a way that simulated densities fitted the experimental
data reasonably well. &

The maximum Gand GH growth fluxes 5.8x 10 and 2.1 0, ) ) ,
x 109 carbon atoms/(s # (under a GH, flow of 18 sccs, 0 5 10 15 20
using a sticking probability of 1) are more than 20 times lower C,H, flow [sccs]
than the measured growth flux 1710t carbon atoms/(s # Figure 16. TIMS CsH radical measurement at arc currents of 22, 48,
again indicating that these radicals are not the major contributorsand 61 A together with the simulated results for measurements at 48
to the film growth. However, their incorporation into the fims A (lines).
is highly probable and they can be responsible for a higher

counts/s

1.2%4x10" m®

carbon content in the films deposited under moderatd,C 0 F=1®(C2H2)£®(Ar ‘eéonly fo’: o dataf,
flow conditions in the range from 4 to 6 sccs as observed by ' ' ' ' ' i
Rutherford backscattering spectroscopy/elastic recoil detection i CH, % |
analysis measuremerits. o 250m 48A

CsHs,, CsH, and G. The G, CsH, and GH> radicals turned @ 3l X 55cm, 22 A i

. . . 7] 55cm, 48 A

out to be the species with an unexpected behavior. They were = % 55cm. 61A
successfully detected with ionization potentials (IPs) of 12.1 3 20} } 21772x10" m” |
0.2, 9.7+ 0.2, and 9.2+ 0.2 eV, respectivelj® The den- o ; 0\3
sity measurements at 25 cm at an arc current of 48 A and at 55 10+ H ¢ A A
cm at arc currents of 22, 48, and 61 A are shown in Figures o g A “ "
15-17. G, CsH, and GH, are expected to be formed in o} eeaf: @ * 4
reactions of C and CH with £1,. The branches of the .C 0 5 10 15 20
reaction with GH» (R14d-f) are more than 1 eV endothermic C,H, flow [sccs]

(cf. Table 2) and can probably be excluded. There is a clear

difference between the behavior of thgahd GH radicals and ~ Figure 17. TIMS CsH; radical measurement.

the GH> radical as a function of the £, flow. Both Gz and

CsH have second-order behavior with the production limited Unpaired electrons are delocalized as a result of two or more
by the available amount of argon ions and electrons @l existing resonant electronic structures. It should be noted that
CsH density saturates @ > 1, where the argon ions and two isomeric forms, cyclic and linear, are allowed for bo#t¢C
electrons are fully depleted) and without any significant loss and GH,*’ but it was not possible to distinguish which isomeric
process in the gas phase. Indeed, the reaction rate ofitt forms were detected. The maximum densities o&@d GH at
C,H, was measured up to a temperature of 6#9aqd it was a GH, flow of 18 sccs and at a distance of 55 cm and arc
found to be in the order of T84cm s L. Such a small reaction  current of 48 A were determined to be 52% x 107 and

rate results in a lifetime of the £radical in the ETP in the  1.2°33 x 10 m=3. The G radical has the highest density of
order of seconds. (Qifetime is estimated as M¢,1.KcH,+c,) all measured radicals under 48 A aRd> 1 conditions.

which gives at a density of 1cm—2 C,H, a value of 1 s.) The The GH> radical was identified as cyclopropenylidene, the
reaction rate of gH with C;H, is expected to be in the same most stable gH, structure?>484%and its measurement is shown
order, since both are resonantly stabilized radicals, where thein Figure 17. Its density does not saturate wikex 1, and it
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also decreases with increasing arc current, which means thatproduction channel for the £radicals but not for the H

its production is not limited by the available amount of argon
ions and electrons. ThezB, measurement is similar to the
results for the Cll CHa, C3H4, CsHa, and GHg species (shown
later in Figure 22), which all scale approximately with the
amount of unconsumed,8; (cf. Figure 12). It leads us to the
conclusion that the §H, radical is not produced in the forward
ETP chemistry but is a product of some background process
involving C;H,. One possibility could be a #l, pyrolysis on

radicals. Another remarkable fact is that thgHQlensity at 55

cm shows only a small variation as a function of the arc current
compared to the £density, which increases with increasing
arc current. We suggest that the H-shifting reaction

CH+H<C;+H, (AH,=-0.36eV) (R22)

is a possible source of additiona @ Ar/C,H, ET and it can

the cascaded arc nozzle. The nozzle serves as an anode in thealso account for €4 density behavior with respect to the arc

cascaded arc electric circuit; it collects electrons and gets heated
especially when an insulating a-C:H layer is deposited on it
(cf. illustration in Figure 4). Undeff > 1 conditions, a sootlike
deposition around the nozzle exit is observed, which glows
during the plasma operation, andH; pyrolysis occurs most
probably at this place. ThesH; formation in pyrolysis on the

arc nozzle, at the upper part of the reactor, is consistent with
the observed ¢H, density drop between 25 and 55 cm.

The fact that GH, is not produced in the ETP chemistry is
a surprising result. Reaction R12 of the CH radical withig;
in which GH, can be produced, was studied both theoretically
and experimentally. Boullart et &.detected the ¢, (identi-
fied as cyclopropenylidene cycs8;) by means of TIMS in
C,H,/O,/H;, flames and derived the product yield of reaction
R12 to be 855% CsH. plus H and 15506 C:H plus H. A
theoretical calculation by Vereecken etalfound prop-2-
ynylidene (HCCCH) plus H to be a dominant exit channel
(80—90%, pressure=10 atm), followed by cyclopropenylidene
plus H (~10%) and propynilidine (lin-gH) plus H, (2—5%).
The production of @ plus H, and H in this reaction was not

observed because it is more than 2 eV endothermic (using the

enthalpies listed in ref 31). It seems thaiHz formation in
reaction R12 is suppressed under Aig ETP conditions and
the channel in which molecular hydrogen is expelled from the
CsH3 complex formed in the CH- C,H, reaction is favored.
This behavior is most probably caused by the internal energy
of the CH radical, which can be relatively large, since it was
formed from a superexcited,8, complex with an internal
energy of up to 15.76 eV, reaction R2c. The additional internal
energy can critically influence the dissociation of theHg
complex and leads to preferentia}tC+ H, formation. Only
channel R12b with a product yield equal to 1 is used in the
model for reaction R12.

The G radical is produced dominantly in reaction R11 of C
with CoH». This reaction has two exothermic channelgHCG-
H and G + H,. The product yields were studied by the crossed
molecular beam technique for %, 1D,) reaction with GHp,5?
and it was found that both # and G species are produced
with similar yields. As a consequence, thgHadensity should
be higher than the 3lensity, since it is also formed in reaction
R12. However, the measured @ensity is significantly higher
than the GH density, which is evidence that reaction R11 yields
preferably G + H, under Ar/GH, ETP conditions, again
favoring the expulsion of the molecular hydrogen from thel£
reaction complex. As in the case of reaction R12, we can argue
that this behavior is a result of the additional internal excitation
energy of the gH, complex. It was shown that the C atom is
produced in a highly excited stafeombined additionally with
a 1500 K gas (gHy) temperature in the ETP under 48 A arc
current conditions. Only the £+ H, channel of reaction R11
is taken into account in the simulation model.

A difference is observed between &d GH. The G density
drops less than the density of theHOradical between distances
of 25 and 55 cm, which implicates that there is another

current. Hydrogen atoms will be abundantly present in the
expanding beam, since they are formed in most of the
hydrocarbon reactions. Furthermore, their reactivity withi£
is very smalP? Since the increase of the;CGdensity is
experimentally observed, we incorporated only the forward
reaction R22 in the model with an estimated reaction rate of 2
x 10710 cm?® s71. The backward reaction would require the
knowledge of the reaction equilibrium constant and the H
density. The importance of H-shifting reactions in a dc-arc jet
CH4H, CVD reactor was shown by Mankelevich et>alln
the same paper, they also presented results of simulation of
Ar/C,H, ETP chemistry and predicted that the adical is
(together with GH) one of the dominant radical products with
a density of 7x 10 m~3, in good agreement with the TIMS
measured density.

Discussion.The most important question is whethey; CsH,
and GH» radicals are significant contributors to the a-C:H
film growth. The GH, radical can be ruled out immediately on
the basis of the fact that its density increases with in-
creasing GH, flow (without any saturation) and decreases with
increasing arc current, with both trends going opposite to the
one observed for the growth flux (Figure 2). TheHz density
at 48 A and a GH, flow of 18 sccs equals 2115 x 107 m™3,
which is high enough for a measurable contribution to the film
growth, which indicates that thesB, (cyclopropenylidene)
sticking probability at the a-C:H surface is rather low. Th#lC
relative density resembles the measured growth flux #i,C
flows higher than 5 sccs (arc current 48 A), but the fact that its
density does not increase with increasing arc current and that it
is 5 times smaller than thes@lensity favors the gradical to
be the probable significant contributor to the growth. The C
density shows a trend that corresponds (urfder 1.5 con-
ditions) to the growth flux, as is seen in Figure 18, where the

50 T T T T T T
a 22A
40 e 48A O 8T
® o B1A »
~ | o /’ |
_g 30 o ©® /,r
3 .«
© 20t L 4
Gl
)
e
10+ % :
R <&
- >~
- e——F<15
of o ]
0 5 10 15 20 25 30

Growth flux (x1 020) [C atoms/s/mz]

Figure 18. TIMS C; radical count rate plotted against the total growth
flux.

TIMS signal for G is plotted against the growth flux. Even
better correlation is found between the €unt rate and film
refractive index plotted in Figure 19. The refractive index is
around 1.8 when £is not present in the plasma and is above
2 and linearly increases with increasing @nsity when the
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Figure 19. Film refractive index plotted against the TIMS @dical

count rate. Figure 20. TIMS Cs radical measurement together with the simulated

results (lines).
Cs radical is measured by TIMS, which indicates that it is
responsible for the film quality in terms of hardness and density.

The G radical also has a relatively high sticking probability. It 40
was measured on pyrolytic graptfteand was found to be close

to unity at room temperature, 0.8 at 25C and further 30+
decreasing with increasing substrate temperature. Using a

sticking probability of 0.8, a €growth flux of 3.3x 10?° carbon a0l

atoms/(s ) is obtained (18 sccs of £y, 48 A arc current),
which is the highest growth flux from all species measured and
accounts for 19% of the measured a-C:H growth of4.70?
carbon atoms/(s A. The GH growth flux under the same
conditions, calculated with the same sticking probability of 0.8,
is 6.6 x 10, and together with the {radical and the €and
CsH radicals shown later, they account for 32% of the a-C:H
growth flux. As in the case of C, CH,QCanfi GH radicals, 't_ Figure 21. TIMS CsH radical measurement together with the simulated
seems that the growth fluxes of these species are underestimategbgylts (lines).
by a factor of 3. If this is the case, the @dical would be the
dominant growth precursor under> 1 conditions. Moreover,  is low, again in analogy with €and GH radicals. This
the temperature-dependent sticking probability 9E&n explain similarity is used to estimate the reaction yields and reaction
the observed decrease of deposition rate at elevated substrateates for the plasma chemistry simulation model. As can be seen
temperature$® However, since the £radical has the highest  in Figure 20, the g€density at a 55 cm distance is slightly bigger
density and highest growth flux among all of the other radicals than the prediction from the simulation model. It is probable
measured, and its density is correlated with growth rate andthat also G and GH radicals are interchanged in the reac-
film refractive index, we can certainly conclude thaj i€ a tion GH + H < Cs + Hy. However, this reaction is not in-
significant contributor to the a-C:H film growth for ETP-CVD.  cluded in the model. The maximum at 55 cm foy &hd GH
Diamondlike a-C:H films with a hardness of 14 GPa and a densities corresponds to 133, x 107 and 7.65§ x 106 m=3,
hydrogen content of about 33% are deposited under theserespectively. Assuming a sticking probability equal to the C
conditions. As mentioned in the previous discussionHor 1 sticking probability (0.8), the highest possible contribution of
conditions, also undeff > 1 conditions, an additional incor-  these species to the growth flux under aHg flow of 18
poration of hydrogen in the growing film must occur to explain sccs and an arc current of 48 A can be estimated. The ob-
the film stoichiometry. The model predicts that the atomic tained values are 9.% 10 and 5.4x 10 carbon atoms/
hydrogen density close to the surface is approximately twice (s n?), which is more than 3 times lower than the estimated C
as high as the £density, which should in principle supply  growth flux.
enough hydrogen atoms to reach the measured hydrogen content CHs, CHy, CsHs4, CsHs and GHs. Next to the above-
of 33% in the film. Molecular dynamic studies have already discussed radicals, GHCH,4, CsHa, CsHy, and GHe species
confirmed that atomic hydrogen can be incorporated into the were also detected (Figure 22). They are not incorporated into
growing film38 the plasma chemistry model. All of them, exceptg, follow
Other Detected Species.Next to the primary reaction the trend similar to gH,, which scales approximately with the
products and the products of their reactions with acetylene, otheramount of unconsumed,8, that is left after the main plasma
radicals such as G Cs, and GH and stable molecules such  chemistry has taken place in the beam. As was already suggested
as CH, C3H4, CsHa, CsHe, CeHo, and GHg were detected. for the GH, radical, these species are probably formed in the
Cs and GH. The G and GH radicals were measured with  pyrolysis of GH, on the heated cascaded arc nozzle. Tktd:C
ionization potentials of 11.4+ 0.5 and 9.8+ 0.2 eV, density scales approximately with the square of the unconsumed
respectively, and their relative densities measured at 25 and 55C;H,, suggesting that it originates in the reaction of one of the
cm are shown in Figures 20 and 21. These radicals are mostspecies formed in the &, pyrolysis with GHo.

counts/s

-
o

10 15
C,H, flow [sccs]

probably formed in reactions of C and CH withyH5, reac-
tions R16 and R17, similar tog&nd GH formation in reac-
tions R11 and R12. The comparison of the results at 25 and
55 cm suggests that the reactivity of &xd GH with C,H>

The densities of the species in Figure 22 are estimated to be
in the range (0.530) x 10" m=23 (at an arc current of 48 A
and a GH> flow of 18 sccs), and the most abundant species are
CsH4 and CH, molecules. The fact that the plasma composition
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F = o(CH,)o(Ar"e)
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Figure 22. TIMS CHs, CH,, C3Hy, CsHa, CsH4, and GHg measurement
together with RGA results for §Els. Lines are drawn to guide the eye.
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is initiated in a CT reaction between an argon ion and tté,C
molecule followed by a DR of internally excited,id;™ with
an electron. C, CH, CH C, and GH, primary reaction
products, are formed in this CT and DR step. Our results
strongly suggest that branching ratios of the DR of the formed
C,H3t ion are different from the reported values measured in
storage ring experiments for the ground stael£ ion.?° Due
to the difference between the ionization potentials of argon and
C;H», the formed GH,' possesses additional internal energy
of up to 15.76-11.40= 4.36 eV. The internal excitation allows
C,H,' rearrangement into intermediates such as th&=+C™"
isomer. When these intermediates recombine with electrons, they
dissociate likely to CHl+ C products and the CH CH and
C;H + H channels are, compared to the DR of the==HTH"
ion, suppressed.

The plasma chemistry and the following plasma composition
are determined by the initial ratib between the gH, flow
through the injection ring and the argon ion and electron fluence

can be successfully modeled without these species and that theyfom the plasma source. The CT and DR reactions dominate

are all stable molecules (except gHut it is known that CH
surface reaction probability is very snfdJlconfirms that they

the plasma chemistry under< 1 conditions, and the products
of primary GH, dissociation products are decomposed even

are only background species unaffecting the main plasma further. The main plasma chemistry end products are then carbon
chemistry and that they can be neglected when the deposition@oms, as depicted schematically in the plasma chemistry scheme

mechanism is treated.

CeH, and GHe. These stable products were previously
measured by the RGA(shown also in Figure 1) at an extended
C,H, flow range of 33 sccs and at an arc current of 48 A (Fig-
ure 23). The GH, and GHe densities were not calibrated with
TIMS, but from the comparison of the RGA signal intensity, it
can be estimated thatg,,_, < NcgHs < NogH, < NegH, Under
all of the conditions measuredgld, can be formed in a reaction
of C;H with C4H, (R19) and GH with C;H, (R20). The results
from the simulation model for §H, are also shown in Figure
23. Since GH; is a relatively stable molecule, its contribution
to the a-C:H growth is considered to be negligible.

F = ®(C,H,)/o(Ar"€)
3 4 5 6 7 8 9 10

N

o
o
-
N

g A CSHZ
S sp G 1
1,
K3 é___l_ K
& 1.0 R [~
3 <A
S v
o 0,5+ b % T
g : Lot
,’, é . .
OO-I- oiig .I 1 L ]
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C,H, flow [sccs]

Figure 23. CgH, and GHe molecules as measured in the plasma

background with a residual gas analyzer together with the simulated

results for a GH, molecule.

The GHes molecule has similar behavior to the gHCH,,
CsH», C3H4, CsHa, and GHg species, and its density measure-

ment is also shown in Figure 22. It was not resolved which of

many possible gHg isomer§® was detected. However, the role

of CgHg in the plasma chemistry and deposition can also be

neglected.

5. Conclusions

The plasma chemistry occurring in an AsH; ETP has been
characterized in detail by means of TIMS. ThgHgdissociation

in Figure 11.

On the other hand, when theld; flow is higher than argon
ion and electron fluencd=(> 1), the most important reactions
are those involving €, and primary radicals. Two branches
are identified in the plasma chemistry under these conditions,
depending on whether an even or odd number of carbon atoms
is involved in the reactions. The reaction of,8 radicals with
CoH> leads to the formation of stable,g&:1H> molecules,
whereas the reaction of carbon clusterg With C,H, forms
Con+1yHyy=0,1) radicals, which are further reactive withld
and other stable molecules, as illustrated on the right-hand side
of the reaction scheme presented in Figure 24. The plasma

End radical products > deposition

End stable products
Figure 24. Reaction scheme of AriEl, ETP chemistry.

chemistry can propagate toward larger hydrocarbon molecules
through these polymerization reactions. Stable hydrocarbon
molecules with an even number of carbon atomgKig), which

are commonly measured in,lg; plasmas, are formed in this
branch. On the contrary, the C and CH radicals react witt,C
(C4H,) and form G and GH (Cs and GH) radicals which, due

to their resonant stabilization, are unreactive in the gas phase
with stable molecules and are, in this sense, the plasma

chemistry end products (cf. the left-hand side of Figure 24).
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Furthermore, the gas temperature 1500 K and the internal
excitation of the C and CH radicals create conditions under
which the formation of @+ H, and GH + H, from C3H, and
CsH3 reaction complexes, respectively, is favored over other
possible reaction channels.

Moreover, the H-shifting reaction of atomic hydrogen with
CsH (CsH) leads most probably to additiona (Cs) formation.
Radicat-radical reactions can be neglected under the 4C
ETP conditions due to relatively small radical densities com-

J. Phys. Chem. A, Vol. 109, No. 44, 20080165

The deposited a-C:H films reflect the plasma composition
close to the substrate plane. Undier< 1 conditions, the flux
toward the surface is dominated by C angdr&dicals (with an
additional small contribution of CH and,B radicals). The
deposited films are porous, soft, and polymer-like with a
roughness of about 8 nki.The hydrogen content is larger than
40%, which implies that an additional flux of hydrogen atoms
is needed to explain the film C:H stoichiometry.

a-C:H films with a hardness of 14 GPa and a hydrogen

pared to stable molecules or argon ions and electrons densitiexontent of 33% are deposited under 1 conditions. Radicals
and due to the short reaction time in the ETP beam. The productswith an odd number of carbon atoms, the CsH, Cs, and GH

of C,H, (and probably also fH, and GH,) background
chemistry, most probably pyrolysis on the hot arc nozzle, were
detected next to the forward ETP plasma chemistry products.
However, their influence on the plasma composition and the
growth is found to be negligible.

The growth fluxes of the species with the highest contribution
to the growth are plotted in Figure 25 together with the total

F = ®(C,H,)/o(Ar e)
0 1 2 3

—— C v D 02
'- O CzH ...........03
~=CH --v--C,

(=]

(%]

N w »

-

Radical growth flux (x10%°) [C atoms/s/m?]
Measured growth flux (x10°) [ C atoms/s/m’]

o

C,H, flow [sccs]

Figure 25. Comparison of the growth fluxes, calculated from the TIMS
density measurements, to the measured total growth flux. Note the
different scales of the left and right axes.

measured growth flux from Figure 2. It can be seen that when

radicals, are responsible for the growth because they are
unreactive with GH, (and other stable hydrocarbons) in the
gas phase. The contribution of the radicals with an even number
of carbon atoms is small, because they are reactive in the gas
phase. The gradical has the highest density and is identified
as a significant, and also probably dominant, growth precursor
of hard a-C:H films. The growth rate as well as film quality in
terms of refractive index are correlated to the density of this
radical. Again, as in the < 1 case, the relatively high H content

in the film requires an additional hydrogen flux toward the
surface. Atomic hydrogen coming from the plasma is most
probably incorporated in the film. Feasibility of atomic hydrogen
incorporation in the growing film was confirmed by molecular
dynamic calculation&® and the plasma chemistry simulation
model predicts that its density in the plasma is sufficient.
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all of the contributions are added, the shape of the measuredNo. 974354.

growth flux with respect to the £, flow can be reasonably
reproduced. However, the sum of the calculated growth fluxes

Appendix: Plasma Chemistry Simulation Model

accounts, through all the conditions measured, for approximately Here, the description of the plasma chemistry simulation

only 30% of the measured growth flux (note the different

scales of the left and right axes in Figure 25). The fact that
this discrepancy is observed through all of the experimental
conditions and through all of the radicals indicates that some
factor common to all radicals is neglected (e.g., the large

temperature and density gradients formed in the flow stagnation

region can result in higher growth fluxes than those predicted
by eq 1) or, despite our great effort to eliminate all possible

model is given. The simulation model solves the conservation
equations for the species densities given by

dn(F.H _an

dt ot

+ V(nt) = [8ni] Al
D) = 5], (A.1)
The right-hand side describes the particle production and

elimination in the collisions with other species. The radiation

systematic errors, some additional systematic error is presentprocesses are neglected here. The plug-down geometry of the
in the density determination [e.g., some additional effects ETP allows the transformation of the problem into a quasi-one-

resulting from the differences between plasma on conditions
(radical measurements) and plasma off conditions (calibration
gas measurement)]. There is also the possibility of contribu-
tion of some additional species to the growth, but we find it
less probable, since all possible dissociation products of
C,H, were measured under tie< 1 conditions and still these
species account only for 30% of the growth flux. Anyhow, the
Cs density and the €growth flux are the highest among all
radical densities and growth fluxes and we identify theadical

as a significant growth precursor of Arld, deposited a-C:H
film.

dimensional situation, assuming that the species density is
homogeneous across the expanding beam and the beam diver-
gence is described byzadependent beam cross-sectional area
A(Z),SG

A u@) = [8—”] (A2)
A(2) 0z ot Jcoll

whereu is the drift or directed velocity. Steady state plasma
conditions were assumed. Wheris in a first approximation

assumed constant, eq A.2 can be rearranged into
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19 any
@8—215\(2) + [E] ol (A3)

ugn(z)

27 —u-n(2)

m~?]

Fepn,2.69x 1015 ]
nCsz(Z =0)= [ (A.9)

- _ L
1000[m $%]-7+0.045[m?
The main collision production and loss processes are the ) ) )

chemical reactions and CT and DR reactions. Collision processes_ 1 "€ GHz flow is a model parameter and is varied from O to

requiring significant threshold energy, such as electron impact 34 Sccs in steps of 1 sccs in order to get number densities at
dissociation or ionization, can be neglected due to the low the given distance as a function of acetylene flow. The initial

electron temperature<Q0.3 eV). The last term of eq A.3 can be
written as

an,
[E] ol - ;ikimnlnm (A.4)

whereki, is the reaction rate between spediesyxdm and the
summation is performed over all reactions in which spekciss

a product {) or a reactant<{). The divergence of the plasma
beam in the subsonic part is determined by radial diffusion. As
an approximation, the anglg between the plasma boundary

and the plasma axis at each axial position can be expressed*:

bys3

D12
Puer,(2)

tang =F (A.5)

(zdrp(z))
dz
whereD1, represents the binary diffusion coefficient amnz)

the plasma radius at axial position (cf. Figure 4). The
coefficientF, depends on the actual radial profile of the particle

densities in the plasma beam. However, a number of common

profiles (Gauss, Lorentz, Bessel, parabola) yield approximately
the same resulf, = 2 & 20%)32 D1, can be approximated by

3 RD® /11
8NV 27 pd,” VM M,
whereN, is Avogadro’s numberRR the universal gas constant,

p the pressure in pascalBthe gas temperature in kelvind,,

the averaged hard sphere radius, &h¢ the molar masses of
colliding particles. The main colliding partner is the argon atom,
since the plasma beam dominantly consists of them. As an
approximation, we used the same collision cross section of 1

x 10719 m? for all of the species. By solving differential
equation A.5 for the beam radius, we obtain

FD,,
ro(d = A/1o +2 -z

whererg is the beam radius & = 0. The plasma beam area

D

(A.6)

12—

(A.7)

argon ion and electron density (equal to each other) and initial
ETP beam radiusr§) were used as fitting parameters in order

to obtain the best agreement between measured and simulated
data.
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