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Optical emission study of reaction mechanisms in the deposition
of nitrogen-containing amorphous hydrogenated carbon films

Steven F. Durrant, Elidiane C. Rangel, and Mario A. Bica de Moraes
Laborataio de Processos de Plasma, Departamento dsicdai Aplicada, Instituto de Bica Gleb Wataghin,
Universidade Estadual de Campinas, 13083-970, Campinas, SP, Brazil

(Received 12 January 1995; accepted 15 April 2995

The reaction mechanisms taking place in a film-forming radio frequency discharge of a mixture of
acetylene, nitrogen, and helium have been investigated using optical emission spectroscopy. A
transient actinometric method was employed, based on the interruption of the flow of one of the feed
gases(either GH, or N,), and the subsequent observation of the time-dependent changes in the
discharge environment, specifically of the concentrations of CH and CN species, two possible
precursors of film formation. Both Nand GH, affect the CH and CN concentrations. Nitrogen
strongly enhances the rate of formation of CH, very probably via gas phase reactions between
atomic nitrogen and &1, or other species containing carbon and hydrogen. On the other hand, the
relatively high CH concentration observed in discharges without nitrogen is taken to indicate that
fragmentation of the €4, molecules by the discharge is another important mechanism of formation

of the CH species. For the CN species, gas phase reactions between carbon- and nitrogen-containing
species are expected to contribute to its appearance. However, a relatively high CN concentration
could be detected even in discharges withosti{in the gas feed, so long as a nitrogen-containing
polymer film was previously formed on the inner wall of the chamber. This is taken as evidence that
interactions between the plasma and the polymer surface play an important role in the generation of
the CN species. Further measurements of the CN concentration in a plasma of 100% He, produced
in the chamber immediately after the formation of a nitrogen-containing polymer film, indicate that

a possible reaction mechanism for the formation of the CN species is the detachment of nitrile
groups(—C=N) from the polymer surface upon cleavage of the carbon bond linking the nitrile
terminations to the polymer chains. €95 American Vacuum Society.

[. INTRODUCTION cal properties of hydrogenated amorphous carlae@:H) by
the addition of nitrogen. Supposedly, the incorporation of

In the last few decades, the technique usually known agitrogen adds extrar electrons which modify the thermo-
plasma enhanced chemical vapor depositiBECVD) has  stability® and mechanical properties of the films. Indeed, ni-
proven very useful for the deposition of thin films with di- trogenated carbon may form a phase with a hardness compa-
verse chemical compositions and a range of practical applirable to that of diamondOn the other hand, the optical band
cations. The use of organic compounds as starting materialgap® and electrical conductivify of a-C:H:N films can be
or monomersin the deposition discharge, results in materialsmodulated by their nitrogen content and this suggests appli-
whose structures range from that of an organic pol;}rtmzr cations in electronic and optoelectronic devices. Another im-
that of a carbonaceous substafezpending on the deposi- portant aspect o&-C:H:N films is related to the physico-
tion parameters such as the power applied to the dischargehemical properties of the film surface: nitrogen forms polar
the system pressure, and the substrate temperature. functional groupgamines and nitrilgsin the deposited ma-

Addition of noble or reactive inorganic gases to the or-terial, greatly improving the wettability of the film surface
ganic component in the discharge strongly influences thand its bondability to other material®.
deposition rate, structure and physical properties of the film. Despite the many studies undertaken to date on materials
While noble gases such as Ar and He are usually employedeposited by PECVD from hydrocarbon—nitrogen mixtures,
as plasmogeniaggases, i.e., as substances that do not entermuch remains to be learnt on the inter-relationship between
into the film composition, but increase the plasma electrorfilm structure and the discharge environment. Indeed, current
temperature and density, reactive inorganic gases added tmderstanding of the reaction mechanisms in these dis-
the organic gas directly alter the chemical composition of thecharges could be much improved. In view of this, we have
deposited material. Films grown from discharges of mixturegsecently employed infrared and optical emission spec-
of various hydrocarbons with HRef. 4, N, (Ref. 5, CO  troscopies in a study of plasma polymerization igHG-
(Ref. 6, and Sk (Ref. 7) are examples of materials whose N,—He mixtures'® In that study, the procedure suggested by
composition is modified by the inorganic component. Coburn and Chelt now widely known as thactinometric

Recently, films deposited by PECVD in hydrocarbon—technique was used, whereby the relative concentrations of
nitrogen mixtures have received renewed attention. One afvo gas phase chemical species—CH and CN, which are
the motivations for the study of these materials—usuallypossible precursors of film formation—were determined as a
known as amorphous hydrogenated nitrogenated carbdinction of a key system parameter, namely, the percentage
(a-C:H:N) films—is the possible improvement in the physi- of nitrogen in the gas feed.
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In the present article, actinometry was again employed in — T — T 71—
studies of discharges of,8,, N,, and He mixtures but in 1.0
this case was used to delineate transient concentrations of
CH and CN in the discharge, caused by the interruption of > ¢
the flow of one of the gas componers, or CH,). From )
these data, clues to reaction mechanisms in the discharge a

on the growing polymer surface were obtained. 0.6

Il. EXPERIMENT 0.4

The deposition chamber, pumping system, gas flow as-
sembly, and optical spectroscopy apparatus have recently
been described in detdit.In summary, the discharges were
produced in a stainless steel chamber fitted with horizontal 0.0 — L) .

" . 1 2 3 4 5
parallel plate electrodes capacitively coupled to a radiofre-
guency power suppl{40 MHz, 100 W. Acetylene, nitrogen, TIME (min)
helium, and argc_)n were fed to_the chamber via mass ﬂOVY:IG. 1. Relative emission intensities of He and Ar as a function of time
controllers. During the experiments, the chamber wasojowing the N, flow cutoff in a discharge of &,, He, and Ar mixture.
pumped continuously by a two-stage rotary pump. All theThe N, flow was cut att=0 min. Gas flows: 1.5 sccrfC,H,), 3.5 sccm
experiments were carried out at a rf power of 70 W and at 418, and 0.5 scentAr). Nitrogen flow before cutoff: 3.0 scem.
total pressure in the chamber of 9-13 Pa.

A 1-m-focal length monochromator spectrometer was em-
ployed to identify characteristic peaks from species emitting Owing to the assumptions made here, ottgndsin the
from the region between the two electrodes. The optical grateoncentrations of plasma species are obtained. However, this
ing used had 1200 lines/mm and was blazed at 500 nnrestriction applies equally to all previous reports of actino-
Since the reciprocal linear dispersion was about 0.8 nm/mmmetric data obtained by this method from polymerizing dis-
in the range of wavelengths measured, and the slit width washarges.

150 um, the resolution was about 0.12 nm.

To determine the relative concentrations of CH and CN,
respectively[CH] and[CN], the actinometric technique was Ill. RESULTS AND DISCUSSION
employed and Ar or He or Nwas used as an actinometric . .
gas. The wavelengths of tir\lle optical emissions monitored" DYnamic actinometry of the C - ;H,—N,~He system
were: 431.4 nm{CH), 385.1 nm(CN), 382.0 nm(He), 430.0 Figure 1 shows the self-normalized emission intensities of
nm (Ar), and 337.1 nn{N,). Since this work concerns tran- Ar and He as a function of time from a plasma of gHg, He
sient concentrations, boflcH] and[CN] were calculated as and Ar mixture. Nitrogen was also present in the mixture up
a function if time by the equation to a time arbitrarily set td=0 min, when the nitrogen flow

was cut. Both intensity curves rise steeply asidNpumped

[X(t)]=Kix(t)/1a(ti), @ from the discharge and subsequently stgbili?s. TEQJE&F; a
where X is either CH or CNK is a constant antly(t;) and  cooling effect on the discharge; reduction of thg flow
I A(t;) are, respectively, the intensities of the species X and oincreases the plasma activity. As the thresholds for the emis-
the actinometer at timé=t;. The valuesl «(t;) andl(t;) sions of Ar and He differ widely in energi14.5 and 24.2 eV,
were measured, respectively, from the intensity cuiygs) respectively, all the free electrons of the discharge within
and | o(t), taken with a strip chart recorder in two experi- this range are strongly and similarly influenced.
ments sequentially performed under identical conditions. A second set of self-normalized emission intensities for

A necessary condition for the correct application of Eq.Ar and He as a function of time are shown in Fig. 2. These
(1) is that the concentration of the actinometer in the dis-emissions are now from a discharge of g, Nle, and Ar
charge is constant, and this was the case in our experimentsixture. Acetylene was initially present in the mixture and at
Ideally, the threshold energies for the electronic transitions td=0 min the GH, flow was cut. The decay of both intensity
the states that give rise to the characteristic emissions of theurves as ¢H, is pumped from the chamber shows that
species of interest and the actinometer should be the same. G3H, has an effect opposite to that of,Nincreasing the
addition, the excitation efficiencies of the two species shoulglasma activityA. As defined previously,A= pE, provided
have a similar dependence on the plasma parameters, paris the mean electron density aldis the mean electron
ticularly the electron temperature, and it is well known thatenergy. Thus ifA increases, eithes or E increasegor both
this condition is often met in practice. However, the condi-increasg From Figs. 1 and 2 it can be seen that constant Ar
tion of identical threshold energies is rarely met becaus@and He intensities are reached at most about two minutes
there are not many candidates for actinometric gases. Comfter the N or C,H, feed is interrupted. This is the time
sequently, in our experiments, Ar, He, angwere used even taken to pump the bulk of these gases from the chamber.
though their threshold energies 14.5, 24.2, and 11.2 eV, Figures 3 and 4 show the relative concentrations of the
respectively, differ from those of CH=11 eV) and CN species CH and CN in the plasma, as a function of time
(3.2 eV. following interruption of either the Nor the GH, feed. As

LATIVE INTENSIT
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Fic. 2. Relative emission intensities of He and Ar as a function of time O
following the GH, flow cutoff in a discharge of N He, and Ar mixture. ':: 06l ! ' T ) ! ! ! !
The GH, was cut at=0 min. Gas flows: 3.0 scciiN,), 3.5 sccmHe), and o (b)
0.5 sccm(Ar). Acetylene flow before cutoff: 1.5 sccm. e 'M A
L Py . .
LZD 04 - 8. ® -
. . . . . (o]
in the previous experiments, before interruption, the chambed 02
was fed with a mixture of ¢H,, N, He, and Ar. 5 ’
As can be seen from curve A, in Fig. 3, after thg N U
supply is cut, at=0 min, [CH] falls very rapidly to about & 002 T B Y S T T
half of its former value. This is despite of the increase in theg] .
i TIME (min)

plasma activity observed in the absence ¢f Whus nitrogen
must play a key role in the generation of CH. In fact, most

; ; ; ; ; 1G. 4. (a) Relative concentration of species CN in the discharge as a func-
organic SUbStances.’ react vigorously with eXCIFed nltrogerilTon of time following the GH, flow cutoff (curve A) and N, flow cutoff
molecules and nitrogen atoms produced in a gIOW(curve B att=0 min. Gas flows for curve A: 3.0 sccthl,), 3.5 sccm(He),

discharge?® With a few exceptions, organic compounds areand 0.5 sccniAr); C,H, flow before cutoff: 1.5 sccm. Gas flows for curve
destroyed on contact with atomic nitrogen, forming hydro-B: 1.5 sccm(CzHy), 3.5 scemHe) and 0.5 scentAr); N, flow before cutoff:
gen cyanide, cyanogen, ammonia, and low molecular Weigfﬁ'o sccm.(b) Continuation of curve A. Argon was used as the actinometer.
gases. Reactions between acetylene and nitrogen have been
studied by several investigatd?sand hydrogen cyanide is
usually reported as an abundant reaction by-protfii¢t A

possible reaction leading to CH is

The large variety of reactive species in the discharge allows
other possibilities. As suggested by other investigatdes,
methylene radical may be formed by the reaction

In our discharge, the CH species may then arise from elec-
tron detachment of a hydrogen atom from the, Gkdical.

It should be pointed out, however, that even though very
important sources of the CH radical are reactions involving
nitrogen species, the nearly constf@H] level observed in
- Fig. 3 when N is absent from the chamber, can be, at least in
part, attributed to fragmentation of the acetylene molecules
by the electrons of the discharge. On the other hand, since
He metastables formed in a glow discharge may have ener-
gies exceeding the energy of the carbon triple bond in the
C,H, molecule(10 eV), a Penning dissociation reaction,

He* +C,H,—2CH+He, (4)

RELATIVE CH CONCENTRATION

0o 1 2 3 4 5

0.0 . 1

TIME (min)

Fic. 3. Relative concentration of species CH as a function of time followingWhere the asterisk) indicates a metastable state, is likely to
the N, flow cutoff (curve A) and the GH, flow cutoff (curve B att=0 min.  occur, contributing to the concentration of CH in the dis-
Gas flows for curve A: 1.5 sccifC,H,), 3.5 sccm(He), and 0.5 sccnfAr); charge

N, flow before cutoff: 3.0 sccm. Gas flows for curve B: 3.0 sddvg), 3.5 ) . . . .
scem (He), and 0.5 scenfAr); C,H, flow before cutoff: 1.5 sccm. Argon The change in the relative concentration of the species
was used as the actinometer. CH with time, when the flow of ¢H, was interrupted, is also

JVST A - Vacuum, Surfaces, and Films
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shown by the curve B, in Fig. 3. The steep decling@i], — T T T T
following the flow interruption at=0 min, is due to the 1.0 -
decrease in the supply of CH uniia the form of GH,). The
decrease in the plasma activity, following the removal of 5 ¢g
C,H, from the reactor, also contributes to the reduction in thee
CH concentration. HowevefCH] does not fall to zero after
the GH, flow is cut but remains nearly constant at about
10% of its initial value. This suggests thajk, remains in
the chamber after the flow is interrupted. A tentative expla-§ 04 .
nation for this residual effect is based on a possible release d!
C,H, molecules previously absorbed by the polymer coatingE 021l 4
formed on the inner surface of the chamber during deposit I
tion. In fact, Zabolotnyet al*’ reported that gH, was ap- © 54, e
parently incorporated into the polymer film formed during 0 2 4 6 8 10 12 14
reactions between &, and nitrogen. When the polymer film TIME (min)
reacted with active nitrogen, part of the,H, supposedly
decomposed by the preceding reaction was recovered. SinEs- 5. Relative concentration of CN species as a function of time in plas-
in our data the residual level §€H] is very low, this would mas of 100% H8.0 scom, curve Aand 100% N @8.0 seem, curve Batter
: : . a 10 min discharge with the following gas flows: 1.5 sog@gH,), 3.0 sccm
imply a small residual partial pressure ofHG. (N,), and 3.5 sccniHe).

The time evolution of CN], after the GH, flow cutoff, at
t=0 min, is represented by the curve A in Figgaydand _
4(b). A slow decrease ifiCN] follows the flow interruption, N2, He, and Ar, after the feed of Ns cut att=0 min. As
the [CN] leveling off at a concentration of about 40% of the Shown by the curve B in Fig.(4), [CN] is rapidly depleted
initial value. This high “residual” concentration is rather sur- @ N iS pumped from the chamber, and for practical pur-
prising if we assume that the CN radical arises from gad0Ses vanishes at about 3 min. The disappearance of the CN
phase reactions between nitrogen an#éi£molecules or its S|gqal following the I\g flow cutoff provides further conflr—
fragments. Even if the release ofi€ molecules by the mation that CN species can be .gen.erated from _reactlons on
polymer coating actually takes place, as discussed in the prd2€ polymer surface. As polymerization 0§, continues to
vious paragraph, the resulting/€, partial pressure would be ©¢Cur when N is absent from the discharge, a film contain-
too small to account for the large values[GN] at the tail  INd only Cand H is formed on top of the nitrogen-containing
end of the curve of Fig. ). This behavior strongly suggests film previously deposited on the walls of the chamber. This

that gas phase reactions are not the only source of the CREW material acts a passivation layer, protecting the underly-

species; interactions between plasma species and the pol'g_g nitrogen-containing film from further interactions with
e plasma.

mer film deposited on the inner surface of the chamber ma
also account for the presence of the CN species in the dis- ) ] .
charge. B. Possible surface reaction mechanisms
In view of the above data fdiICN], we may consider the To investigate possible reaction mechanisms on the sur-
total rate of formation of CNR¢y, (in units of number of  face of the polymer film formed on the inner surface of the
particles formed per unit timeas the sum of the rates due to chamber, we performed experiments in whigBN] was
gas phase and surface reactions, respectiRly(g) and  measured as a function of time in plasmas of 100% helium
Ren(9) . Significant clues as to the relative importance ofand 100% nitrogen initiated in the chamber immediately af-
Ren(9) andRey(S) on the total rateRqy can be drawn from  ter a film-forming discharge in a@,, N,, and He mixture
curve Ain Fig. 4. The decrease [€N] following the GH,  for a time T. The relative CN concentrations were deter-
flow cutoff suggests that gas phase reactions are important imined by Eq.(1). For 100% He and 100% Mlischarges, He
the formation of the CN radicals. However, sing@N] re- and N, were respectively used as actinometers. The results
mains at a relatively high level after the,ld, flow is cut, are illustrated by the curves of Fig. 5. The measurements for
even though the plasma activity decreases, this strongly ireach one of the curves were preceded by a discharge in the
dicates that surface reactions play a significant role in thgas mixture duringil=10 min. As shown in Fig. 5, for the
generation of the CN species in discharges ¢fiC N,, and  He plasma(curve A), [CN] decays with time and after 12
He mixtures. min is reduced to about 33% of its initial value. In the dis-
While both gas phase and surface reactions are importacharge of N (curve B, [CN] initially increases, and at about
for the generation of the CN species, we have no conclusiv8 min after the discharge is initiated remains nearly constant.
evidence of surface reaction mechanisms involved in the forAccording to our previous discussion, il is absent from
mation of the CH species. However, even if the residual CHhe discharge, the gas phase CN species arises from plasma—
concentrationFig. 3, curve B is in fact due to surface re- polymer surface interactions in both helium and nitrogen dis-
action mechanisms, these do not contribute significantly taharges.
the CH concentration in the discharge. A number of such interactions have frequently been ob-
It is also of interest to observe the time dependence of theerved at plasma—polymer interfaces. In fact, during the
CN concentration in a discharge initially containingHz, = course of a PECVD process, the growing film surface is

ION
o

06 4
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continuously bombarded by UV radiation, electrons, ions —— 77—
and neutral species in metastable and ground states. Breaki@ 1.0
of covalent bond®?! on the polymer surface, crosslinkiify  ©
and a variety of surface reactions result from these interacs g
tions. A commonly observed effect on polymer surfacesg
treated by plasmas is the creation of new functional groupsu

. . . . . - O 06 _
by incorporation of reactive species from the disch&gé® 2
On the other hand, in glow discharges like those of Af, O
and He, species may be found in metastable states with erG
ergies exceeding bond energies in the polymeric chainsy
Bond cleavage and the subsequent reorganization of the suE 02} i
face chemical structure may result from the release of metam
stable energies to the surface macromolecties. ® ool P TP SR

Considering that nitrile functional grougs—C=N) are 0 2 4 6 8 10 12
present in films deposited from plasmas containing hydrocar- TIME (min)
bons and nitroger®1%2’a possible explanation for the ap-
pearance of the CN species in the He plasma is the cleavads: 6 Relative concentration of the CN ;pegies as a fqnction of timg ina

L . . . lasma of 100% (8.0 sccm after a 10 min discharge with the following
of the ca_rbon bond linking the nitrile termination to the poly_- gas flows: 1.5 sccriC,H,) and 6.5 sconiHe).
mer chain, upon the release of energy from plasma species,
and the subsequent desorption of the CN fragment. Such a
plasma-induced desorptiofPID) mechanism would more be distinguished from background. This is to be expected
likely involve nitrile rather than other functional groups con- because in this case the film does not contain nitrogen and
taining nitrogen(e.g., amines since in the former a single therefore cannot yield CN particles. However, in the 100%
C—C bond would have to be broken to produce desorption ofitrogen discharge, also following a 10 min discharge in the
the CN particle. While high kinetic energy electrons and iongmixture, the CN emissions was again clearly detected and
may produce CN desorption, the effect of metastable He al:CN] evolved with time as shown in Fig. 6. As befof€N]
oms on the polymer surface should not be disregarded as th¥as calculated by Eq1), using N, as the actinometer.
metastable He energyl9.8 eV} exceeds the energy of any  The latter result is very similar to that depicted in Fig. 5
bond in the polymer chains. for the nitrogen plasma and provides further evidence for our

It should be noted that the decay [@N] during the He preViOUSly formulated hypOtheSiS that nitrogen from the ni-
discharge, shown in Fig. 5, is consistent with these ideas. [fogen plasma is incorporated in the polymer film, forming
the CN Species are desorbed from the p0|ymer f||m, a deCN units which are Subsequently detached from the film sur-
crease |r‘[CN] is indeed to be expected as a Consequence d:ﬁ.ce by the aCtion Of the discharge. The nearly constant Value
the dep|eti0n of CN units at the po'ymer surface. of [CN] with time, exhibited by the data of Flg 6 after about

It seems reasonable to suppose that the PID mechanisfhMin indicates, in the same manner as the data of Fig. 5 for
also accounts for the appearance of CN in the nitrogedhe nitrogen discharge, that CN units are detached at the
plasma because plasma species such as ions and electr§@§ne rate as they are formed on the film surface.
may have energies exceeding that of the C—C bond linking
the nitrile groups to the surface macromoleculess eV). V. CONCLUSIONS
The effect of metastable atoms on the polymer surface may Relative concentrations of the species CH and CN present
now be disregarded, because of the low metastable nitrogein glow discharges of mixtures of 8,, N,, and He were
atom energy(2.38 e\). However, since nitrogen from the determined by optical emission spectroscopy following the
nitrogen discharge may be incorporated into the polymecutting of one of the monomer flows in a “dynamic” form of
film, a fraction of the detected CN species may arise fromactinometry. From such studies we have found that both gas
CN units (possibly nitrile functionalspreviously formed on  phase and surface reactions contribute species to the plasma,
the film surface by the action of the nitrogen plasma itself. Inthereby influencing its composition. We interpret the experi-
fact, the behavior ofCN] with time, illustrated in Fig. 5 for ment in which the decay 4fCH] was recorded as a function
the nitrogen plasma, suggests that initial@—3 min, a  of time following the interruption of the flow of N as a
growing number of CN bonds is formed on the polymerstrong indication that chemical reactions between nitrogen
surface, giving rise to an increasing gas phase CN concerand GH, molecules contribute significantly to the total rate
tration. After about 3 min, a steady state condition is reachedf generation of the CH species. This contribution to CH
in which the number of CN units formed per unit time on the apparently dominates those due to fragmentation pf,®y
polymer surface equals that of CN species detached. plasma electrons and to reactions betweefi bied GH,.

In another set of experiments, plasmas of 100% He and From the observations in which the concentration of the
N, were established immediately after 10 min dischargespecies CN remained at a relatively high level even though
containing only a mixture of ¢4, and He. The feed gas C,H, was absent from the discharge, we concluded that even
flows were 1.5 and 6.5 sccm for,| @, and He, respectively. though gas phase reactions may contribute, reactions on the
In the 100% Hg8.0 sccm discharge following the discharge deposited polymer surface play a significant role in the gen-
in the mixture for 10 min, the CN emission signal could noteration of the CN species. As nitrile functionalities are usu-

04} 4
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