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Abstract

Studies of amorphous hydrogenated carbon (a-C:H) film deposition revealed
that ﬁethyl radicals are the precursor specieé responsible for the bulk mass de-
position of the ﬁlmé, while the ions act to improve the mechanical properties.
The films were deposited on Si(100) substrates both on the powered (negativelyv
self-biased) and on the grounded electrodes from a methane rf plasma (13.56
MHz) at 68 to 70 mTorr and 300 to 370 K. The films producc;d on the powered
‘electrode exhibited superior mechanical properties, such as high h;a.rdness. A
mass spectrometer was used to identify neutral 'si)ecies and positive ions in-
cident on the electrodes from the plasma, and. also to measure ion energies.
Méthyl radicals were incident on the elec’tro'dej su;face with >an estimated ﬂux
of 10cm~2s~1, for an rf power of 50 W. Methyl radicals appear to be the
dominant intermediates in the growth of the soft carbon polymer, and there is
a remarkable decrease in deposition rate due to introduction of NO, a radical
scavenger. A novel pulsed biasing technique was used so that the rolé of ionsin
the plasma could be studied separately. It was found that the hardness of the
films de;pends on the power supplied by the ions t.o the growing film surface (the
time averaged difference between the plasma ’potential and the electrod(e po-
tential); but not on the energy of individual ions. The pulsed biasing technique
offers an‘efficient method to adjust the film hardness by independent control of

the neutral radical and ion fluxes to the surface.



1 INTRODUCTION

Amorphous hydrogenated carbon films (a-C:H) have been widely utilized in
recent years as hard coatings with useful optical, thermal, and electrical prop-
erties. These films are usually deposited by plasma assisted chemical vapor de—
position (PACVD), ion beam deposition,v or sputter deposition. Identification
and control of the parameters that determiné the physical and chgmica.l prop-
erties of these films is necessary 1f they are toibe used in'va.rioug applications.
There are several relevant papers 1~18 that testify to the great number of inves-
tigations to characterize these films and determine what the necessary plasma
conditions are that yield carbon ﬁlms with the desired properties. However,
v correlati}on between t_lie plasma deposition cénditions and the film properties
has been difficult to establish.

" The purpose of our studies is to characterize both the plaéma and the phys-
ical properties of the films to develop the scientific basis that will allow control
over film properties. To that effect, properties of a-C:H films - hardness, scratch
resistance, ‘density, compressive stress, and FTIR spectra - were investigated
and compared between the films produced on an rf powered electrode and on
a grounded (nonpowered) electrode. These studies revealed the importance of
high energy ion impact in creating desirable properties. Mass spectroscopic
plasma characterization was performed to identify the neutral and ionic species

in the plasma and to measure their concentrations. In order to deconvolute
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the roles of the ions and radical§ in the growth of the films; we have developed
a novel high voltage pulsed biasing technique, and also investigated the effect
of a radical scavenger, NO. Pulsed .biasving offers a convenient way to change
the energy and flux of ion bombardment without affecting the radical ﬂux to
the substrate, and allows a degree of control over the final properties Qf the
films not attainable by conventional tech_ﬁiques. The role of radicals in film
growth was also studied by reducing the radical flux lby the addition of NO. As
a result of these studies it was uncovered that r}eutl:al methyl groups are the
precursors for forming a soft polymer film and that ion bombardment causes

hardening. Polymer film deposition rate and ion hardening can be controlled

independently by means of pulsed biasing.' :

2 - EXPERIMENTAL PROCEDURES

2.1 The Plasma Deposition System and Mass Spec-_
trometric Analysis

The carbon ﬁims in this study were produced by PACVD using methane gas
in an rf apparatus (frequency 13.56 MHz) with a parallel plate configuration
as schematically illusi;rated in Fig.1. The plates were 8.75 cm in diameter with
a separation distance of 2.0 cm. The plates were housed in a stainless steel
chamber pumped by a Seargent Welch model 1397 mechanical pump to é base
pressure less than 10 mTorr, as measured with a Baratron type 227AHS-C-
10 capacitance manometer. Methane gas (Matheson 99.5%) was used as the

feedstock and gases were introduced into the plasma region through an orifice in



the upper electrode. Methane ﬁow';v rates were measured with Porter Mass flow
controllers as approximately 8 cmé /min. The initial methane preséure before
plasma dischargevwas adjusted to 65 mTorr. Upon initiation of discharge the
gas pressure rbse to 68-70 mTorr, depending on rf power. Typically rf power
was applied to the lower electrode while the upper electrode was gr;)Unded, but
the connection was reversed when mass spectrometric aﬁa.lysis of the species
impinging on the grounded electrode was désired. Single crystal Si(iOO) wafers,
0.338 mm thick, were uAsed as substrates. The wafers were etched in 49% HF
immediately before being attached to the electrodes.

The plasma chamber was connected tilrough a differentially pumped middle |
stage to a high vacuum chamber in wlﬁch was installed a UTI model 100C mass
| analyzer along with ion deflection lenses to measure the ion energy distribu-
tions. The first oriﬁce throﬁgh the lower electrode in the plasma chamber was
approximately 100 pm in (iiam.eter, while the second orifice, between the middle
stage and the lower high vacuum chamber, was a.béut 1 mm in diameter. Pres-
sure was maintained on the order of 10~8 Torr in the lower chamber. The ion
deflection lenses were made of two metal plates, separated by 5 mm, with the
center holes 3 mm in diameter. To minimize undesirable off-axis deflection of
ions, the upper plate was grounded and the retardation voltage was applied to
the lower plate so that the ion retarding field was confined between the plates.
For the same reasdn, these lenses were placed as close as possible to the mass

analyzer.



A high voltage pulsé generator system used for the pﬁlse biasing of the
grounded electrode was constructed in this laboratory, and is capable c;f: pré-
d-uci.ng nega,ti.ve\pulses of mbre than 1 kv with a pulse width o.f. about 25 us, at
frequencies less than 30 kHz. The frequency limit was increased up to 100 kHz
for negative voltages less ihan 80 V, by making use of only the trigger pulse
generator inv this syétem.

The .mass spectra for the neutral species were taken under the normal
- jonizer-on .operation, with electfon energy of 75 eV and ion energy of 19 eV.
Every component in the ionization ch‘émbél; was érounded while taking ion
spectra, except for an. ion focusing leﬁg (ionjzer-éﬁ' operation). When the total
ion intensity was measured, the quadrapole ﬁlfer elements were also grounded.

A quantity of key interest in this study is the potential drop between the
plasma glow region and the sample surface. For a sample on the powered
electrode, the potential drop is the difference between the plasma pdtenti_a.l and
the self-bi;ds potential at that electrode. The rf powered electrode écquires a
negative self-bias ;/oltage with respect to the plasma potential, due to the iarge
difference in ion .versus electron mobilitiesvlg. For our parallel plate electro-de
system, the self-bias voltage varies with applied rf power as shown in Fig. 2..

With the plasma ignited, a steady state potential distribution is eétablished
between the electrodes. Fig.3 shows how the plasma potential is expected to
vary across the inter-electr_dde gap for an rf power éf 50 W. The sheath width in

this figure is based on a Debye shielding length (about 2 mm), as estimated from



an exponential curve fitting of theb ﬁoating potential profile as measured with
a Langmuir type probe?®. There is of course a significant difference between
the floating potential and the plasma potential, but Fig.3 correlates well with
the width of the cathode da.rk space (a little less than 1 cm ) which could

be observed visually through a window in the plasma chamber. The plasma

potential in the glow space in Fig.3 is based on the average energy of ions

incident on thev grounded electrode, presented lahter in Fig.14.

It is evident from Fig.3 t'h.a't positive ions créa.ted in the plasma region are
accelerated towards both _electrodes. However, the situation is very asymmetric,
as positive ions striking the powered electrode can have as much as 400 eV of
enérgy, while those. striking the groundgd electrode will have an energy close to

15 eV.

2.2 Film Characterization

The thickness of deposited films was measured by a Clevite Surfanalyser 150
profilometer, with a diamond tip being scanned acrossthe step between the film
and an area which had been masked during deposition. The profilometer was
dso used to measure the degree of bending of the silicon substrate, induced by
the stress in the deposited films. From the bending radius, the thickness and
Young’s modulus of the substrate, the compressive stress within the deposited
film was calculated by a conventional formula?!. The density of the films was

determined from the measured mass of.the film and its volume. The Knoop
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hardness of theb films was measured with a Buehler Micromet microhardness
tester with loads from 20 té 5 grams for films thicker than 1 um. The ratio of the
longer indentation diagonal to indentation depth for a Knoop indenter is 1:28.
Indentation diagonal lengths of lessb than 10 um were measured by Secondary
Electron Microscopy (SEM) The scratch adhesion tests were performed on an
apparatus described previously?? and scratch tracks were observed by SEM and
Auger Electron Spectroscopy (AES). FTIR spéctra were obtained on a FTIR
spectrometer operated under it.s transmission mode.
3 RESULTS
3.1 Film Growth Rate

Deposition rate in terms of thickness per unit deposition time is given in
Fig.4 as a function of rf power. For our standard deposition conditions, with
an rf power of 50 W, depositioh rates were measured as 140 A/min'on the
powered electrode and 95 A/mjn on the grounded electrode. As will be ‘.shown
in the next section, the density of the films produced on the powered electrode
is greater than the density of films formed on the grounded electrode by about
30 %, which makes the mass deposition rate on the powered electrode twice as
large as that on the grounded electrode. As can be seen in Fig.4, thé deposition
rate is not a linear function of rf power and tends to level off after 50 W. It
should be noted that the measured deposition rate did not depend on whe_’cher

the upper or lower electrode was powered. The difference in deposition rates



between the powered and grounded electrodes, as shown in Fig.4, is therefore
not due to a gas flow effect, even though the methane is flowing into the plasma

out of the upper electrode, making the system somewhat asymmetric.

3.2 Mechanical Prop-erties, Film Thickness, and Den-
sity '

The Knoop hardness value for the films formed on the powered electrode
(PE, 34 GPa = 3468 kg/mm?) are ai)out fifteen times that for films formed on
the grounded electrode (GE, 2 GPa = 0.24 kg/mm?), and nearly one third that
of diamond, as shown in Table 1. SEM images showed that films formed on the
grounded electrode were much more susceptible to dama.g’e by scratch adhesion
testing  than were films formed on the powered electrode. Powered electrode
ﬁlmé were not ﬁoticea.bly damaged by an 831g SAT test, as observed by SEM
(Fig.5.). Films formed on the grounded electrode were severely damaged with
~ a load of 831g,'and damage was nqticeable by SEM at load values as low as

32g. Rela.tively large areas (lmm diameter), centered on the scratéh tracks,
were depth profiled and AES was performed. both in the track and away from
the track. Fig.6 shows the Si and C AES signal intensities as a function of
depth, demonstrating the elemental composition in and away from the scratch.
The film formed on the powered electrode was not noticeably damaged at this
load level, demonstrating its hardness and strong adhesion. The film formed on
(the grounded electrode, however, shows a large amount of damage and a strong

intermixing of carbon and silicon in the scratch track, demonstrating the poor



mechanical properties of this film.

A markedly high compressive stress was measured for films formed on the
powered electrode (Table 1). In order for the films to withstand such a high
stress and remain attached to the silicon substrate, there must be good ad-
hesion, probably due to strong Si-C chemical bonds which are expected 'to be
preseht at the interface.

Density is also significantly different between the films produced on the two
types of electrodes. The value for the carbon film produced on the powered
electrode; 1.7 g/ cfx13, is .in close agreement with those previously reported?3.
Although this va.11‘1_e is much lower than that of diamond (given also in Table 1
for reference), t.h.is does not imply that the film has a sparse three dimensional
structure. In view of the considerable hydrogen content expected in these ﬁl;ns,
the number density ( number of atoms per unit volume ) could be close to that of
diamond, and hard a-C:H films must essentially consist of a dense hydrqcarbon

phase?4,

3.3 FTIR Spectra and Film Composition

Fourier transform infrared spectroscopy of a-C:H films was carried out in order
to study the hydrogen content and bonding within the films. Fig.7 compares
the FTIR spectra of carbon films formed on the powered and on the grounded
electrodes, in two frequeﬁcy regions associated with C-H st.retching and C-H

bending vibrations. The soft carbon film shows absorption bands characteristic



of methyl groups (1375, 2878, and 2958 cm™!) as well Aas methylene groups
(1460, 2930 cm™1)?%. The frequency of the above bands are close to those
reported for alkanes?3, implying that the carbon films formed on the grounded
electrodé are made up of a structure which is predominantly polymer-like. It is
also likely that they are composed of grains with methyl group rich boundaries,
due to the large intensity of the methyl group bands.

In comparison, the carbon films formed on the powered electrode show no
such distinct CH3 barids, indicating thaf the amorphous hydrocarbon network
extends over a significant range. The broad C-H stretching band at ;round
2920 cm™! is similar to that reported by Dischler et al?® for an a-C:H ﬁlm:
produced from benzene by PACVD. In that study, the band was deconvoluted
into four overlapping bands associated with sp?> CH and sp® CH; stretching
-vibrations. On the b.ending. region, a red shift of the CH; band is observed,
1445 cm™! vs. 1460 cm™! for the grounded electrode carbon film which, is

suggestive of cyclization of the carbon skeleton?®

. Cyclization will promote
extension of the three dimensional network and will cause stress inside the films.
Morebver, the appearance of a weak band near 1600 cm~! could be associated
with graphite-like or conjugated sp? clusters, which must also be responsible
for the strong absorption of visible light by the carbon films produced on the
powered electrode.

The FTIR spectra also suggest a large difference in hydrogen content be-

tween the two films. Based on the molar extinction coefficients for the methy-
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lene and methyl bending vibrations (14.9 and 15.0 I/mole-cm according to the
work of Tibbitt et al?”), the concentration of methyl and methylene groups in

the carbon produced on the grounded electrode are estimated to be 12 and 20

" mmole per gram of film (mmole/gy), respectively. For the carbon film formed

on the powered electrode, on the other hand, tﬁe methylene concentration is
estimated to be about 5 mmole/gy, lower by a factor of four than that in the
groﬁnded electrode carbon, while the.methyl concentration is below the limit
of detection. The lack of information for tertiary C-H groups does not allow
evaluation of total hydrogen content, but, frém the values given, a much lower
hydrogen content is evidént for thg ca.fbon film formed on the powered elec-

trode.

3.4 Mass Spectrometric Plasma' Studies

3.4.1 Neutral Radicals in Methane Plasma

In order to understand the contribution of radical species in a-C:H film growth,
mass spectra of the neutral species incident on the péwered and grounded elec-
trodes were collected, as shown in Fig.8. The signal in the 12 to 15 amu range
contains minor contributions from plasma radicals, as will be deduced later.
The methane peaks h'a.v.e decreased to about half that observed before ignition
of the plasma discharge and, instead, a strong moleculaf hydrogen peak and
weak features due to CoH, species have emerged as a result of plasma reaétions.
Cracking patterns and sensitivities oi; the mass Fa.na.lyzer fo; all the relevant hy-

drocarbon species were measured in this system in advance, by leaking through

11



the pure gases from measured pressures in the plasma chamber. According
to these calibrations, the weak features from C, species can be deconvoluted
into the confributions from ethane, ethylene, and acetylene as shown in Fig.9,
which is calculated for the spectrum obtained through the grounded electrode.
A deconvolution of the features for the powered electrode resulted in a similar
ratio. The main production channels of these stable C; species in.a methane
‘plasma have been discussed by Tachibana et all®.

The sum of the partial pressures of the measured plasma species must coin-
cide with the measured pressure in the system. Once the intensities resulting
from the specific species are known, their respective partial pressures can be ob-

tained by means of the cracking patterns and analyser sensitivities as measured

for the pure compounds. The result is shown in Fig.lQ. This figure represents’

the partial pressures within a mean free path of the sampling orifice in the lower
electrode. 'As can be seen in Fig.10, thereis a ﬁieasurai)le difference between the
powered and grounded electrodes in terms of the individual partial pressures.
However, summation of the partial pressures evaluated in this way results in
an almost ideﬁtical total pressure for both electrodes ( ca. 65 mTorr ), which
is only about 3 mTorr below that measured with a capacitance manometer at
a point away from the plasma region. This indicates a horhogeneous total gas
pfessure Within thé plasma chamber, and provides an independent assessment
of the mass anﬁyzer system calibration.

Of great interest is the contribution made by the radicals, to the neutral

12
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signal intensity. This contribution, neglected in Fig. 10, can partlly account
for the slightly higher total pressure measvured with the pressure gauge, as
compa.redlto the calcglated one. The mass signals due to radical species in~
the 12 to 15 amu range can be deduced by careful subtraction of non-radical
components, namely the signal intensities due to the fragments of methane and
C, species, produced in tﬁe mass spectrometer ionization chamber. The result
is shown in Fig.li. The only signal ob;erved af a level significantly greater than
the experimehtal variation is that of 15 amu, showing that the methyl radical
is dominant. This is in agreement with the predictions of Tachibana et all®
and Kline et al?8. Fig.11 .aléo indicates fhat there is no -sigm'ﬁvcant difference in
radical flux between the powefed and grounded electrodes. From these data we
can conclude that the ﬂﬁx of radicals produced in the plasma is not significantly
diﬁ:ere_nt between the powered and grounded electrodes.

In order for the result shown in Fig.11 to be used for an estimation of
the methyl radical density in our methane plasma, some information about the
sticking coefficient of methyl radicals is required. The signal intensity measured
with the mass analyzer depends on a steady state concentration of the relevant
species in the high vacuum chamber for the mass analysis. This concentration is
ﬁot solely determined by the ﬂux of the species coming in through the orifice,
but depends as well on the sticking probability onto the chamber walls.The
pressure inside the chamber is maintained at 10~8 Torr, making collisions with

walls the predominant scattering mechanism.
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By blocking the direct pathway between the lower orifice and the mass
spectrometer ionization chamber, the signal intensity of any species with a
high sticking probability would be significantly attenuated. Fig.12 compares
the relative radical intensities with and without such a:shield. Only a slight
decrease in the CHj signal intensity is observed when such a shield is in place.
The difference is almost within the experimental variation. This indicates a
fairly sma.li sticking coefficient for the methyl radicals onto the stainless steel
chamber walls, which in turn allows an estimation of methyl radical density in
the plasma. The ionization cross section of the methyl radica;l is the only other
important parameter to be taken into account. This will be explained in more

detail in the discussion section, in relation to the deposition rate.

3.4.2 Ionized Species in Methane Plasma

The mass spectra of.positivé ions incident on the powered and grounded
electrodes could be measured by turning off the ionizer in the mass spectrome-
ter. iThe spectra are shown in Fig.13. In addition to thé the primary iops CH3*
and CH4t which are species produced by electron impact ionization of methane,

secondary ions are also observed in relatively high ratios'at the grounded elec-

trode. These secondary ions, like CHs* and C2.H5+, are produced through ion

molecule reactions. On the other hand, at the powered electrode, CHY is the.
most dominant and even less hydrogenated CH,* and CH* ions can be seen,
together with minor peaks due to secondary ions as mentioned above.

The large difference in spectral features, as seen in Fig.13, can be explained

14



i‘n terms of tI;e larger potential drop near the powered electrode, as compared
to the grounded electrode. Because of the large negative potential drop at the
powered electrode, secondary electrons emitted there are accelerated into the
plasma at mﬁch greater energies than those emitted at the-grou‘nded electrode.
As a result, electron impact jonization of methane occurs at a much higher
electron energy near the powered electrode. This is more likely to produce
less-hydrogenated fragment ions. Also, ions produced through electron impact
near the powered electrode are much more rapidly accelerated towards the
electrode by the large potential drop than are ions produced near the grounded
electrode. The probability that ions formed near the powered electrode react
with methane molecules is t.hus decreased and the reldtive flux of the secondary
ions onto the powered electrode is reduced.

Another difference between the two electrodesis the tota.l‘ion intensity which
is about a factor of ten less at the grounded electrode than at the powered elec-
trode. This could in part be due to a higher ion flux at the powered electrode.
However, care should be taken because the signal intensity measured with the
mass analyser could also be influenced by other factors. In particular, the ions
detected are those passing within a small solid angle which is roughly defined
by the angle that the second orifice makes with the center of the first orifice at
the lower electrode. Consequently, the angula:r distribution and the degree of
focussing of the ions after passing through the first orifice could significantly

affect the signal intensity. More direct measurements of total ion flux are cur-

15



rently underway.

By measuring and differentiating the ion signal intensity as a function of
retarding voltage, we could obtain the ion energy distributions with respect to
the ground potential of the mass spectrometer. Fig.14 shows the ion energy
" distributions measured in this way for CH}, HY , a8 well as for the total ions. In

the case of the grounded electrode, the energy peaks are found, irrespective ‘of
the species, inA the 15 to 20 eV range. This corresponds to the plasma potential
in the glpw space as shown in Fig 3.

- Since the mass spectrometer and all other chamber elements located below
the orifice in the lower electrode are at ground potential, ions incident on the
lower electrode with energies from 350 to 430 eV decelerate to-energies from 0
to 80 eV before being deteéted. Therefore, the energies with which ions strike
the powered electrode are 350 eV higher than the energies shown in Fig. 14.

_The ion energy distributions fof the powered electrode are 5150 more complex
than that for the grounded electrode. The djstribution. for light hydrogen ions,
for example, shows a high energy peak togethe; with a secondary peak on the
low energy side. This is likely to be related to an rf moduiation of iéﬂ energy,
which takes place when the time required for an ion to traverse the cathode
sheath is compa.ra.blg to or shorter than the rf cycle. In fact, a much heavier
ion, CH3*, shows only a single energy peak close to the plasma potential. This
last point implies that jons which have entered the sheath edge impinge on

the powered electrode with a kinetic energy almost equivalent to the potential

16



difference between the electrode and the plasma bulk, without any significant

loss of energy due to collision with gas phase species. Thus, the kinetic energy of
ions impinging on the grounded electrode should be less than 20 eV on average,

but exceeds 350 eV for ions incident on the powered electrode.

3.5 Alteration of a-C:H Film Propérties by Plasma
Control |
3.5.1 Pulsed biasing of the Grounded Electrode

The data up to this point suggests that the significant difference in the
growth conditions between the powered and grounded electrodes is the rela-
tively ﬁigh flux and energy of the ions impinging on the rf powered electrode.
Since the films formed at the powered electrode are mechanically superior to
those formed at the grounded electrode, ion impact processes must be at the
origin of the hardness of these films.

We have devised a pulsed biasing experiment to enhance and control ion
bombardment onto the ;therwise grounded (nonpowered) electrode in order
to illuminate the effect of the ions more clearly. By pulsing the nonpowered
electrode to large negative voltages during the deposition, we can control the
flux and energy of the incident ions and create conditions at the nonpowered
electrode more similar to those at the powered electrode. Thié control, unlike
the rf power control conventionally used to vary ion energy, has a relatively
small effect on the radical flux, as long as the pulse width and frequency are

varied so that the nonpowered electrode is near ground potential most of the

17
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time. A similar technique, but with pulse heights from 10 - 100 keV, has
been employed by Conrad and Castagna?® for ion impl#ntation. Our technique
_ employs pulses of much lower voltage, thus bombarding the surface with ions
of much lower energies and not implanting the ions in the traditional sense.

As a convenient parameter for the pulsed biasing under these conditions, we
chbse the time averaged pot-eﬁtia.l drop at the pulsed electrode, namely the time
averaged potential difference between the plasma bulk and the electrode. If we
assume the ion flux to be roughly constant, this parameter is proportional to
the total power supplied by ions onto the growing film surface. Fig.15(a) shows
how the thicknesé deposition rate of the film varies with the pulsing. param-
eter defined above. The thickness: depositionv rate decreases wi.th the averagé
potential drop, but the mass deposition rate remains coﬁstant. 'Therefore, it
appears that the ions act to densify the films. The decrease in the thickness
deposition rate by the pulse biasing is in remarkable contrast to the situation
on the powered electrode, where the deposition rate was significantly greater
than that on the grounded electrode (cf. Fig.2)

The Knoop hardness of the films incrga.ses monotonice;.lly with the average
potential drop (Fig. 15(b)). The compressive stress becomes*a;;parent after
the average potential drop exceeds 50 V. Data points on this plot are listed
for widely varying pulse peak voltages, and no dependance on peak voltage is
apparent. Thus, we reach one of the most important conclusions of this study;

that the increase of hardness depends predominantly on the power supplied by
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the ions to the growing film, but not on the energy of individual ion. Also
significant is the fact that, in spite of thé considerable hardness increase, up to
one half that achieved on the powered electrode, no increase in the deposition
rate was observed, implying a relatively large contribution of radicals to the:
bulk mass deposition of the films.

3.5.2 Inhibition of Carbon Film Growth by NO Scavenging of
Radicals o

The-studies utilizing the pulsed biasing technique show the hardening effect

‘of ion energy and also indicate a relatively large contribution of radicals to

the bulk mass of the films. In order to further clarify the radical contribution
to film growth, the effect of a ra.dicgl scavenger on growth rates was studied. . -
It has been demonstrated in the case of silicon growth' by PACVD, that the
addition of a small amount of radical scavenger into the plasma causes a lafge
deérease in the deposition 1;ate3°.. Fig. 16 shows the effect of N 6, a radical -
scavenger, on the depositio.n rate of a-C:H films. Here the total gas pressure
before plasma igﬁition was kept constant at 65 mTorr as before, in. order to
avoid large changes of plasma parameters; Althougil this caused a decrease
in methane pressure, it amounted to only 20% for the ﬁlaximum NO content.
Therefore this effect can account for only a moderate decrease in the deposition
rate. In Fig.17, a very strong decrease in growth rate is evident in the case of
the powered electrode, where as little as 5% NO decreases the growth rate by

more than a factor of two, and no deposition was observed in the presence of
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20% NO. A decrease in growth rate is also measured for the film grown on the
groﬁnded electrode, however this decrease is less rapid.

Auger electron spectroscopy was performed on a film formed with the addi-
tion of 10% NO to the plasma. It was clear tha.t a large amount of nitrogen and
oxygen had been incorporated into the film formed on the grounded electrode.
It'is apparent that the product of radical scavenging, some sort of CNO polymer
has been deposited at the grounded electrode. AES also demonstrated vefy' lit-
tle if any NO incorporation into the film formed at the powered electrode. The
additional presence of the CNO polymer at the grounded electrode accounts
for the less rapid decrease in deposition rate there, as compared to the rate at
the bowered electrode. The CﬁO polymer 1s susceptible to decomposition by
_ion bombardment, hence its absence at the powered ele'ctrqde. |

It is important to demonstrate that NO is not scavenging the ions as well
as the radicals. Fig.17 shows fhe mass spectra of ions incident on t.he pox\;ered
electrode with and without the addition of NO (20%). The intensity of the ion
signal has decreased by about a factor of two with the addition of 20% NO.
_ Howevér, as is seen in Fig.16 the grdwth rate of the films has decreased to zero
at this point. If the ions were the predomina.nt precursor, we should still see a
growth rate on the order of 80A /xﬁin. Hence we can conclude that it is a radical
scavenging effect, not an ion scavenging effect; that accounts for the decrease
in growth rate by the addition of NO.

This study shows once again how radicals in the plasma must be the pre-
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cursors responsible for the deposition of the majority of the film mass.

4 DISCUSSION
4.1 Role of Radicals

The most dominant radical is the methyl radical (Fig: 11), which possesses a
rather small sticking coefficient, as noted by the 1a.ck of intensity decrease with
a shield in place (Fig. 12). The dominance of methyl radicals is expected from
the individual cross section data by Melton and Rudolph3!, which favors the
formation of methyl ra.dica.ls;'over ;ther fragments by electron impact dissocia-
tion of methane. Methyl radical abundance is consistent with a low reactivity
of methyl radicals with methane which results in a long lifetime °. If the main
role of the radicals is to provide the bulk mass of the films by polymerization,
the methyl radical density must be high enough to account for the observed .
mass deposition rate. In order to evaluate this methyl radical éeﬂsity based on
the result shown in Fig.11, the ionization cross section of methyl radical in our
mass a.na.lyzér must first be estimated. The only available cfoss section data
for methyl radical related species are for the deuterated species, CD3, reported
by Ba.iocciﬁ et al32. For an electron energy of 75 eV, like that used in our
mass spectrometer system, the total ionization cross section of CDj is about
2.8x10-16 cm2. We will z;ssume a similar cross section for CH3. On the other
hand, the fota.l ionization cross section of methane, which we used as a reference

species for the present estimation, varies significantly as determined by differ-
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2 as reported by Melton et al

ent workers. We chose.the value of 3.8x10~1¢ cm
31, Using the same intensity units as used in Fig.11, 1 mTorr of methane in

the plasma chamber produces an integrated intensity over the total ionization

fragments of about 2.0, while according to Fig.11, the signal intensity due to

methyl ra,dj;‘ca.l is approximately 0.2.

Due to the small sticking probability of the methyl radical with the chamber
walls, its a,vel;a.ge residence time in the high vacuum chamber where mass anal-
ysis occurs, is expected fo be similar to that of the stable methane molecule.
Thergfore the numerical values given above are sufficient for estimating the
methyl radical density in the methane plasma. From the signal intensity ratios
and- the ionization cross sections used; the p.a.rtia.l préssure of methyl radical
should be about 0.14 mTorr, which is equal to a radical density of 4.5x10!2
crn"3 at 300 K. For this density, the radicél flux to the substrate is calculated
to be about 7x10'® cm~2s~1.

The mass deposition rate, as measured on the powered electrode, for ex-
ample, was 4.1x10~8 gem~2s~!. By assuming an atomic ratio of hydrogen to
carbon in the_ﬁim to be 1:1, the above growth rate requires depositivon of C;
species at the rate of 1.9x10'% cm~25-1. Due to'/the much lower atomic mass
of hydrogen as compared to carbon, this va.l'qe is not very sensitive to what
atomic ratio of hydrogen is assumed. A similar calculation for the grounded -
electrode leads to a smaller rate of 1.0x10'® cm~2s~1.

A compa}ison of the estimated radical flux with these growth rates shows
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that methyl radicals alone adequately account for the deposited mass. Thus
we determine a consistentv sticking probability of methyl radical with the film\
surface, namely 0.02 to 0.03, calculated as the ratio of the deposition rate, in
terms of the number of carbon atoms, to the methyl radical flux.

The methyl radical density estimated here can be compared to that recently
reported by Toyoda et al®, i.e., 4.7x10'! cm~2 for an rf power of 25 W at 10
mTorr. In view of the lower pressure and rf power used by these authors, the
value is in relatively good agreement with that estimated here. They predicted
: fhat the sticking probability of CHj radicals with the chamber walls would be
less than 10~3. This is also consistent with our results, as the sticking coefficient
of methyl radica.ls with the energetic film surface may be higherbthan"t'h'a.t for

collisions with the chamber walls.

4.2 Role of Ions

Ions act to modify the structure of a-C:H films making it harder and stronger.
Pulsed biasing experimenté indicated that the mechanical properties are varied
by the difference between the plasma poten.tia.l and the time averaged electrode
potential, not by the individual ion energies. Thus, only the power supplied
by ions to the growing film surface is crucial. This suggests a mechanism in-
volving large but local thermal spikes quenched rapidly by the bulk of the film
as proposed by Weissmantel3. Within these energetic spike regions, various

processes - bond rearrangement, cross linking accompanied by hydrogen elimi-
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nation, partial graphitization , etc. - could be highly activated. Each of these
processes can respectively contribute to nanometer scale surface smoothness,
high hardness and densification, small optical gap, etc., which are all charac-
teristic of diamondlike a-C:H films. Also, a rapid quenching of the energetic
surface layer by the bulk of the film is likely to be related to the high resid-
ual compressive étress, as.nonequilibrium structures could be frozen out of the
energetic surface.

It should be noted that thé contribution of ions to increase the bulk mass
of the film has not been tota.liy ruled out. Indeed, in the ion-beam deposition
process, they are the 6nly source of the bulk mass of the film. The larggr
deposition rate on the po@ered electrode as compared to the groﬁnded electrode
may be in some part due to the contribution of ions. Alternatively, the higher
deposition rate on the poWered electrode may be interpreted in terms of a
potentially higher sticking c;)efﬁcient for methyl radicals on a surface which is
under t_he' high energy ion impé,ct, as is the case at the powered electrocie. The -
measurement of the absolute ion flux onto the growing film surface will help us

answer this question. -
5 CONCLUSIONS

a-C:H films formed on the rf powered electrode have mechanical properties
much superior to those formed on the grounded electrode. FTIR spectra suggest

that the films formed on the grounded electrode have a polymer-like structure,
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possibly composed of grajns‘wi_th boundaiies rich in methyl groups. The films
. formed on fhe powered eléctrode, in contrast, show no distinct CHjs reiated
bands and £hus likely consists of a fhreé dimeﬁsional network of cyclic carbon
skeletons.

The pulsed biasing experiment_aliowed us to determine the fble of ions and
demonstrated thé.t both ionsv and radicals are intimately involved in the growth
mechanisms of a-C:H films. Ion bomb;rdmept of the growing surfaces of a-C:H
films alters the structure ig a way which incréaseé the hardneés a.nd density
of these films. The film hardening is a function rﬁajﬁly of the differeﬁce be-
tween the bla.sma potential and 'thg time averaged electrode potential,vnot of
the height of the individual pulse. Thus the important quantity is the power

., .
supplied to the film su:'face by ions during deposition, not on the energy of the
individual ion. This dependen;:e may suggest a thermal spike and rapid quench-
ing mechanism, resulting in the fc;rmation of metastable stvruc‘tures necessary
for the production of ﬁl_ms with desirable properties.

Methyl radic.als were detected with a.n estimated radical flux of the order of
1016 ¢cm—3, whi;:h accounts for the measured mass deposition rate. Film mass
is a function mainly of the integrated radical flux incident on the substrate.
Addition of a radical scavenger dramatically ‘decreasés thé growth rate of a-
C:H films. Thus, radical species are an important precursor for film growth, as

they provide the most significant feedstock for the bulk mass of the films.

Knowledge of the separate roles of radicals and ions opens a way to control
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the deposition rate and film properties independently. The pulsed biasing of the
otherwise grounded electrode is a simple and efficient method for this control.

In the future , we shall explore the structure of the interface and the adhesion
betweeén the film and substrate. Interfa,cié.l studies are already under'wa.y in our
laboratory using a variety of surface science techniques, and the results will be

reported soon.
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Table 1. Summary of the mechanical properties of a-C:H films, diamond,
and graphite.
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8 List of Figures

Fig. 1. Schematic diagram of the plasma deposition and mass analyser sys-
tem. The substrate can be attached to either electrode. Pressure in the upper
chamber is in the mTorr range, while in the lower chamber it is maintained in

the 108 Torr range.

Fig. 2. self-bias voltage vs rf power for our deposition system at a methane

pressure of 65 mTorr.

Fig. 3. Plasma potential as it varies between the two electrodes. The pow-
ered electrode is at 0 cm and the grounded electrode at 2 cm. Potentials are
based- on Langmuir probe measu?ement and ion energy distributions. Bound-
aries between the glow region and the ion sheaths or dark spaces are based on

visual inspection.
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Fig. 4. Deposition rate vs rf power for the powered and grounded electrodes.
Data points were taken for the powered and grounded electrodes in both uppef '
and lower positions in the deposition apparatus to show the symmetry with

respect to gas flow.

.Fig. 5. Secondary elvecytron microscope image; of sc.ratch trackshmade with
a-Rockwell C diamond tip at a load of >831g, for films formed on the powered
and grounded electrodes. Little damage is apparent on the hard film fo;'mec‘i
on the powered electrode, while the soft film formed on the grounded electrode

has suffered noticeable damage.

Fig. 6. Peak to peak auger intensities for carbon and silicon as a function of
argon ion sputter time for areas in the scratch track and away from the scratch
track of the areas shown in Fig. 5. A large amount of intermixing is evident in

the scratch track of the soft film formed on the powered electrode.
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Fig. 7. FTIR spectra of a.-.C:H films formed on the grounded (a, b) and
powered (c, d) electrodes in the regions of interest for CH bending (a, c) and
CH stretching (b, d). Film thicknesses for the grounded electrode and powered
electrode films are 1.27 uym and 2.15 pum, respectively. Spectra for the film
formed on the grounded electrode shows absorptions due to CH3z not apparent

in the powered electrode film spectra.

Fig. 8. Mass spectra of neutrals incident on the grounded electrode (GE),

- and the powered electrode (PE).

Fig. 9. Experimental and calculated intensities of the mass spectrometric
signals in the cracking of various CoH, species. Intensities are calculated based
on the optimum concentration ratios (calculated as CgHs : CoHy : CoH, =
0.45 : 0.27 : 0.28) and the cracking pattern spectra of the pﬁre gases taken

with the same apparatus.
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Fig. 10. Partial pressures of neutral species above the substrates at the

grounded electrode (GE), and the powered electrode (PE).

Fig. 11. Relative intensities of 12 - 15 mass signals due to neutral radical
species, for the grounded electrode (GE), and the powered electrode (PE). The

CH; radical is the predominant radical species in the plasma.

Fig. 12. Effect of direct path shielding on the detected neutral radical
intensities. Intensities with a shield and with no such shield are shown. The
lack of a measurable change'in'the 15 amu signal intensity indicates a small

sticking coefficient for the methyl radicals with the chamber walls.

Fig. 13. Mass spectra of ions incident on the grounded electrode (GE) and
* the powered electrode (PE). The intensity for the grounded electrode spectrum

is magnified by a factor of ten.
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Fig. 14. Ion signal intensity vs ion energy for the total ions, HI, and
CHY ions .incident on the grounded el.ectrode (open shapes) and the powered
electrode (solid shapes). The energies with which the ions strike the powered
electrode afe 350 eV greater than those measured at the mass spectrometer

and listed here.

Fig. 15 The dependence of deposition rate (a), and of hardness and com-
pressive stress (b) on the tl;me averaged potential drop between the plasma bulk
and. the substrate. Hardness depends monotonically on the average potential
elrop between the plasma and the electrode, ie the power delivered tn the film

: 8urface bylions, as controlled by pulsed biasing. Depositiqn rate is independent
of the average potential drop. The pulse frequencies are 25, 12.5, and 6.25 kHz
for the -800 V pulses (@ ), 25 and 12.5 kHz for -}1100 vV (Q), 25 kHz for -500
V{(QO) and-200V ( A ), and iOOkHz for -20 V ( 4 ) and -80 V (W )- The

symbols are listed in the brackets behind each peak voltage, with 0 V being (A)
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Fig. 16. Effect of nitric oxide addition on the deposition rate at the powered
- electrode (PE) and the grounded electrode (GE). Radical scavenging by NO

decreases the deposition rate dramatically.

Fig. 17. Mass spectra of ions incident on the powered electrode for 0% NO
feed gas concentration and for 20% NO. The presence of the radical scavenger

has a relatively small effect on ion flux.
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Table 1. Summary of the mechanical properties of a-C:H films, diampnd,
and graphite. - |

* 1 GPa

a-C:H (50w rf Power) | . .
5 E GE Diamond Graphite
Density | 16 - 1.8 1.2 - 1.4 | 3.52 2.27
(g/cm3) |
IHardness |
(GPa) 33 - 35 ~2 100 .
Stress 1.5 - 3.0 ~0 0 0
(GPa) |
— >
= 102 Kg/mm
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