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ABSTRACT

Recent work on the properties of "diamondlike" carbon films and their dependence on preparation conditions

are reviewed. The results of the study indicate that plasma deposition enables one to deposit a variety of amorphous

hydrogenated carbon (a-C:H) films exhibiting more diamondlike behavior to more graphitic behavior. The plasma-

deposited a-C:H can be effectively used as hard, wear-resistant, and protective lubricating films on ceramic materials

such as Si3N 4 under a variety of environmental conditions such as moist air, dry nitrogen, and vacuum.

INTRODUCTION

Carbon films exhibiting unique properties can be formed on different substrates by ion-beam deposition, ion-beam
sputtering, and plasma deposition of gaseous hydrocarbons [1 to 8]. The properties are sensitive to the deposition

conditions. These resulting films can exhibit high electrical resistivity, semitransparency, mechanical hardness, and

chemical inertness. The carbon films show promise as wear-resistant, hard solid lubricating coatings for mechanical

systems such as bearings and optical components. In addition, carbon films are useful as gate dielectrics and passivating

layers in semiconductor device processing, insulators for metal-insulator-metal fabrication, and masks for nanometer

lithography [9 to 11].

This chapter is principally concerned with the chemical, physical, and tribological characteristics of amorphous

hydrogenated carbon (a-C:H) films grown on different substrates (Si3N 4, GaAs, InP, Si, and fused silica) by means

of plasma chemical vapor deposition at 30 kHz. The influence of growth conditions on the chemical and physical

properties of these films was studied by Auger electron spectroscopy (AES), secondary ion mass spectroscopy (SIMS),
x-ray photoelectron spectroscopy (XPS), ellipsometry, and N 15 nuclear reaction techniques. The nuclear reaction

techniques provide the hydrogen concentration information. These analysis techniques and procedures are described

in references 12 to 18. Tribological studies have also been conducted with the a-C:H films to better understand those

chemical and physical properties of the films that will affect their tribological behavior when in contact with a ceramic

material. The friction, wear, and lubricating behavior of the a-C:H films were examined with flat specimens (composed
of an a-C:H film and Si3N 4 substrate) in contact with Si3N 4 riders in two processes. The first was done in dry

nitrogen gas in moist air to determine the environmental effects on friction and resistance to wear of the a-C:H films.

The second was done in an ultrahigh vacuum system to determine the effect of temperature on adhesion and friction
of a-C:H films.



AMORPHOUS HYDROGENATED CARBON (a-C:H) FILMS

Plasma Deposition

Amorphous hydrogenated carbon films were formed on the different substrates from the 30 kHz ac glow discharge

by using a planar plasma reactor [12 to 18]. All substrate materials were first cleaned in acetone and ethanol baths

and then rinsed in deionized water. The substrates were placed on the ground anode of the parallel plate reactor

in the chamber; the upper electrode was capacitively coupled to the 30 kHz power source. The background pressure

was typically 2.7 Pa (20 mtorr). The gas sources were CH 4 and Call|0 (methane and butane, 99.97 percent pure).

The deposition gas (CH 4 or C4HI0 ) was used to flush the system three times prior to each run. The chamber pressure

was controlled by the input gas flow rate and pumping speed. The power density and flow rate settings covered

the ranges 0.4 to 5 kW m -2 (25 to 300 W) and 3 to 9x 10 -5 m 3 min -t (30 to 90 SCCM), respectively. The initial

substrate temperature was 25 °C, and it increased a few degrees during each deposition.

The film growth rate varied monotonically with deposition power. Figure I illustrates the typical dependence of

growth rate on deposition power. The specimens are a-C:H films grown on InP substrates using a CH4 flow rate

of 70 SCCM. This growth rate increases from 5 to 27 nm min-l as the power increases from 25 to 300 W.

Film Characteristics

The AES and XPS measurements indicated that the a-C:H films contained only carbon; no other element was

observed to the detection limits (0. I at. %) of the instrument [12 and 13]. Figure 2 shows a typical AES profile

of a-C:H films on the InP and GaAs. Oxygen was not present in the films, but there was a small percentage of

oxygen at the carbon-InP interface. This suggests that the CH4 (methane) plasma removes all of the native oxides
from the GaAs surfaces and most of it from the InP surfaces.

Relative counts of hydrocarbon ions sputtered from a-C:H films deposited on the lnP substrate were determined

by means of SIMS depth-profiling studies performed with 3 keV Ar + ions [12]. In figure 3(a) the distribution of

ion counts is plotted as a function of mass-to-charge ratio for various deposition conditions using a C4H_0 plasma.
The predominant ion is CH +; it is interesting that a higher CH ÷ level is obtained from films produced at the higher

power densities. Additional ions are presented in figure 3(a): CH_, CH_', C2H +, C2H,+; and C2H _.

The ion distributions extracted from a-C:H films prepared by a CH 4 (methane) discharge are shown in figure

3(b). Evidently, CH ÷ has a higher probability of being sputtered from each film. At 50 SCCM (32.7 Pa), more
CH ÷ is generated from the a-C:H deposit made at 2.45 kW m-2. In addition, some of the films obtained from the

CaHI0 discharge (fig. 3(a)) have higher amounts of incorporated C2H 3 relative to the CH4-derived films (fig. 3(b)).
Figure 3 indicates that the lowest populations are associated with CH_. The ion distributions thus reflect some of

the bonding arrangements that result from the interaction of the plasma radicals with the growing film [19 to 21].

A SIMS depth profile (3 keV Ar ÷ ions) of carbon deposited onto GaAs using C4Hl0 is presented in figure 4.
The CH_+ (x = 0,1,2,3) distributions are uniform in the bulk of the film, and they drop to lower levels in the vicinity
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Figure 1,--Growth rate of hydrogenated carbon on n-InP as Fanction of deposition power.
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Figure 2.--Auger electron spectroscopy (AES) profiles of carbon films on lnP and GaAs, using 25 mA 3 keV Ar ÷ ions.
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of the carbon-GaAs interface. Moreover, figure 4 shows oxygen to be present throughout the film. This determination
cannot be made with the less-sensitive AES technique. It is apparent that Ga ÷ and As ÷ are readily detected as the

carbon film is sputtered away.
The argon ion etching rate of the a-C:H films is shown as a function of deposition power in figure 5(a). An inverse

relationship between argon ion etching rate and deposition power is observed. The etching rate drops from 80 to

50 nm min -_ when the deposition power is increased from 25 to 300 W. This suggests that films grown at higher

powers are denser than those grown at lower powers. Figure 5(b) shows the nuclear reaction analyses data. The

hydrogen concentration in the carbon film decreases slightly with increasing power. The hydrogen concentrations

are in the 7.2 to 7.7x 1022 cm -3 range, which gives an approximate value of 0.8 for x in the formula CH,.

,3--

CH

CH2 1E]

0 -- --

1o 20

C2H3

A C2
O

n F C2i12
c HIA /

2 #O / [] C,)I'I_

"'l
30

-°tCH
C3

FLOW POWER

RATE, DENSITY,

SCCM kW m -2

0 30 0.62

A 30 2.45

[] SO .82

O S0 2.45

DC2

,,- C21t2

Cll2 I

t_ Cll3 I [] ,
(b)

10 20 30

MASS-TO-CHARGE RATIO

(a) C_HIo plasma.

(b) CH 4 plasma.

Figure 3.--Relative ion count as function of mass-to-charge ratio for carbon deposited onto InP using C.,HIo and CH 4 plasmas.



i

z

o

'F G#

0 10 20 30 hO 50

SPUTTERTIME, min

Figure 4.--Secondary ion mass spectroscopy (SIMS) depth profile of carbon on GaAs using 3 keY Ar _ ion bombardment.

80 --

_T 70 --

z E
o _= 60 --

"_ (a)

50

/k

/k
ZS

I I I I ......£.... z_

_'_

o

7.8

7.6

7.4

0
0

0
0

(b)

7.2 I I I q_ I I
o 50 loo 1so 200 2so 300

POWER,W

(a) Ar ion etch rate.

(b) Hydrogen concentration.

Figure 5.--Ar ion etching rate and hydrogen concentration as function of deposition power for carbon film grown on n-InP.

TABLE I.--COMPOSITION AND PROPERTIES OF

HOT-PRESSED SILICON NITRIDE

Nominal composition, wt % ............... 92 Si3N4-4MgO-4Y203

Structural phase ................................................... H-Phase

Density, gcm -3 ....................................................... 3.27

Vickers hardness, GPa ............................................... 16.1

Three-point bending strength, MPa ................................. 980

Fracture toughness, MN m -3;2 ...................................... 9.4

Young's modulus, 10"*kg mm -z .................................... 2.9

Poisson's ratio ......................................................... 0.27

Compressive strength, kg mm -2 .................................... 330

Thermal expansion coefficient, 10 -6 *C -I ....................... 3.6
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Figure 7.--Optical bandgap as function of deposition power for carbon film grown on n-lnP.

The microhardness data measured for the carbon films on Si3N 4 substrate (table I) at various deposition powers

are presented in figure 6. The microhardness increases as the power increases. Thus it appears that a decrease in

hydrogen concentration is accompanied by an increase in film density and/or c-c bondings, and in hardness.

The optical energy gap is shown as a function of the deposition power in figure 7. A decrease in the optical energy

gap is clearly observed with increasing power.
At this stage, we will compare our results with conjecture forwarded by S. Kaplan et al. [22]. They claim that

since double-bond hydrogenation is an exothermic process, "graphitic" behavior is favored over tetrahedral bonding

in higher energy growth en,Jironments. They show evidence of this assumption by comparing a-C:H films made

by five different experimental configurations. As a-C:H properties are dependent quite strongly on the many variables
encountered in different preparation conditions, it seems that a better test of this assumption is in order. In addition,

their results show a rather striking feature: a-C:H films exhibiting more "diamondlike" behavior (i.e., larger bandgap

and more tetrahedral bonding) show a steep decrease in their hardness as compared with the more "graphitic" films.

Our results confirm this model, including the hardness measurements. The higher the plasma deposition power,

the more sp 2 versus sp 3 bonds are made, giving a more "graphitic" film, with smaller bandgap (fig. 7) and higher

density and hardness (figs. 5 and 6, respectively).

TRIBOLOGICAL PROPERTIES

In the preceding section there have been indications that a-C:H films have diamondlike behavior in lower energy

growth environments as compared with the more graphitic behavior in higher energy growth environments. Therefore,

the objective of this section is to compare the tribological properties of a-C:H films made by different deposition powers.



Slidingfrictionandwearexperimentswereconductedwitha-C:HfilmsdepositedonSi3N4flatsincontactwith
hemisphericalSi3N4riders(1.6mmin radius).Thea-C:HfilmsontheSi3N4fiatsubstrateswereapproximately
0.06/_m.TheSi3N4usedforflatsubstratesandhemisphericalriderswashotpressed,anditscompositionandsome
of itspropertiesarepresentedintableI. Twotypesofslidingfrictionexperimentswereconductedwiththea-C:H
films[23to25].Thefirsttypewasconductedinnitrogenandlaboratoryairatmosphereswithaloadof I N(Hertzian
contactpressure,910MPa)andataslidingvelocityof 8mmmin-_atroomtemperature.Thespecimenriderwas
madetotraverseonthesurfaceofa-C:Hfilm.Themotionwasreciprocal.Thea-C:Hfilmsweresubjectedtomultipass
slidingbytheSi3N4riders.Thesecondtypewasconductedinultrahighvacuum(I0-s to 10 -9 torr) with loads

up to 1.7 N (Hertzian contact pressure, 1.5 GPa) and at a sliding velocity of 3 mm min -_ at temperatures up to

700 *C. In this case, the a-C:H films were subjected to single-pass sliding by the Si3N 4 riders.

Environmental Effects on Friction and Wear

Environment significantly changes the friction and wear behavior of solid materials. Friction and wear of a-C:H

films are consistent with this generality and depend on water vapor [1 and 26 to 28].

Figure 8 presents typical plots of the coefficient of friction for plasma-deposited a-C:H films at low (50 W) and
high (250 W) deposition power as a function of the number of repeated passes in dry nitrogen and humid air

environments. The values of coefficient of friction given are typical, but the trends with number of passes are quite

reproducible. With the 50-W plasma-deposited a-C:H films, the coefficient of friction was generally found to increase,
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Figure 8.--Average coefficient of friction as function of number of passes of Si3N 4 rider across a-C:H film surface in laboratory air and in

dry nitrogen at deposition powers of 50 and 250 W.



as shown in figure 8(a). This increase, however, was small in a dry nitrogen environment even after it had been

in contact with the rider for about 10 030 passes. On the other hand, in humid laboratory air a significant increase

in the coefficient of friction occurred at about 500 passes and increased sharply to 1000 passes. The sliding action

caused breakthrough of the film and removed it from the sliding contact area at about 1000 passes. Note that among

the a-C:H films deposited at various deposition powers (50 to 300 W), the film deposited at 50 W has the lowest
initial coefficient of friction (0.08 to 0.09) in the dry nitrogen environment. The value of the coefficient of friction

was similar to that of a hemispherical diamond pin (radius, 0.2 mm) in sliding contact with a Si3N 4 flat. The friction

of the diamond was low (0.05 to 0.1) in dry nitrogen. It is well known that diamond has a low coefficient of friction

in contact with various types of materials [29].

With the 250-W plasma-deposited a-C:H films (fig. 8(b)), although the coefficient of friction increased with increasing

number of passes for about I0 passes in the dry nitrogen environment, it generally decreased in the range i0 to

10 000 passes.

At 600 to 700 passes, the coefficients of friction became very erratic and variable, as presented in figure 8(b).

Optical microscopic examination indicated that some wear debris particles formed in the front region of the rider
and on the wear track of the a-C:H film. Thus the wear particles so produced were caught up in the sliding mechanism
and affected the coefficient of friction.

At 1000 passes and above, the coefficient of friction became low, but still variable (0.01 to 0.1). At this range
the coefficients of friction for the 250-W plasma-deposited film were lower than those for the film deposited at 50 W.

In a humid air environment, the coefficients of friction for the 250-W plasma-deposited a-C:H film were higher

as compared with those in dry nitrogen by a factor of 1.5 to 3 up to 10 O90 passes. The film, however, did not
wear off from the substrate even in the humid air environment.

Thus, water vapor greatly increases friction and reduces the wear life of plasma-deposited a-C:H film at low

deposition powers. In general, a-C:H films deposited with lower deposition powers were more susceptible to water

vapor, when compared with the films deposited with higher deposition power. Particularly, the deposition power

greatly affects the wear life of the films in a humid air environment. The greater the deposition power (the more

graphitic the film), the greater the wear life in humid air.

Annealing Effects on Friction and Wear

Thermal annealing significantly affects the properties of a-C:H films. For example, an abrupt decrease of the optical

bandgap has been observed for the thermal annealing process [14].

Figure 9 presents the optical bandgap of the a-C:H films deposited on the quartz substrates by using 150-W,

70-SCCM-flow-rate CH 4 plasma as a function of annealing time at 400 and 600 *C. The thermal processing of the

films was accomplished in nitrogen gas with tungsten halogen light. The main part of the reduction in the optical bandgap

is obtained at short annealing time. This fact can also be deduced by the result obtained by laser annealing [30],

3.0 --

l
2.51 __

2.0--0 •

1.5 --

1.0 _0 0

(a)

.s I
0 50

o

1oo

0

(b)

r __J
150 200 0

TIME, sec

(a) Short annealing time.

(b) Long annealing time.

TEMPERATURE,

oC

• qO0

0 500

o o o
o

l __L I l
500 1000 1500 2000

Figure 9.--Optical energy gap E o as function of annealing time for a-C:H films on quartz annealed at two temperatures.



when processing time is much shorter than that reported here. The mechanism involved should be a two-step process.

There is known to be a two-stage pyrolysis of organic material into graphite [31] for temperatures in this range,

namely carbonization and polymerization. The carbonization stage includes loss of volatile matter, which we identify

with hydrogen loss in this case [1]. This stage occurs in the temperature range 400 to 600 °C in a-C:H. The

polymerization stage includes the formation of graphitic crystallites or sheets. If we assume that the polymerization
is a diffusion-dependent process with a relatively long time constant (on the order of 103 sec), then we can deduce

that the two processes of carbonization and polymerization occur simultaneously in our a-C:H films. The abrupt

decrease of the bandgap versus time at very short processing time is due to the hydrogen loss, while the subsequent

decrease in optical bandgap is due to an increase in cluster size [31].

Further, absorption in the UV-visible range was measured with a-C:H films on quartz substrates [14]. The
absorbance-versus-wavelength plot at 600 *C shows a decrease in peak height and a shift in the peak position. The

shift indicates changes in the carbon bonding. The decrease in peak height is attributed mostly to loss of material

in this case.

Thermal annealing also changes the friction and wear characteristics of a-C :H films. Figure 10 presents the friction
data for annealed a-C:H films in sliding contact with Si3N 4 riders in dry nitrogen and humid air environments. The
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annealing of the a-C:H films deposited on the Si3N 4 substrates was accomplished at 700 *C in ultrahigh
vacuum (10 -s to 10 -9 torr).

Both in dry nitrogen and in humid air, the initial coefficients of friction for the annealed film deposited at 150 W

(fig. 10(a)) were reduced by about a factor of 2 as compared with those for as-deposited film. The annealed film

did not wear off from the substrate in dry nitrogen even after it had been in contact with the rider for about 10 000

passes, while in humid nitrogen it wore off at 300 passes and had shorter wear life.

With the a-C:H deposited at 300 W (fig. 10(b)), the results show an interesting feature: the annealed film exhibited

more graphitic behavior; that is, at up to 100 passes the initial coefficients of friction in humid air were lower than

those obtained in dry nitrogen. This is contrary to the results obtained from the as-deposited a-C:H films (e.g., fig. 10)
and the annealed film at 150 W power (fig. 10(a)). Further, in the humid air environment the coefficients of friction

were reduced by about a factor of 2 as compared with the as-deposited film. The generally accepted theory (that

graphite lubricates because of adsorbed water or gaseous films) seems capable of explaining these results [32 and

33]; namely, the a-C:H film deposited at 300 W is believed to be more graphitic than the films deposited at lower

power. Moreover, the annealing of the film gives a more graphitic film. Effective lubrication is possible with the

very graphitic film provided both by the high-power plasma deposition and by the annealing process when an adsorbed

water vapor film is present. Thus, the annealed a-C:H film deposited at 300 W has very graphitic friction behavior.

Temperature Effects on Adhesion and Friction in Vacuum

An increase in the surface temperature ofa-C:H films tends to cause chemical changes, as discussed in the preceding

subsection. These chemical changes can alter their friction and wear behavior. For simplicity of discussion, the effect

of temperature on tribological properties of concern is investigated in a nonoxidizing environment (i.e., in an ultrahigh

vacuum). The in situ friction experiments were conducted in a vacuum with the as-received plasma-deposited a-C:H

films in contact with the ion-sputter-cleaned, hemispherical monolithic Si3N 4 rider specimens.

Typical plots of the coefficient of friction for a-C:H films plasma-deposited at 150 and 300 W as a function of

surface temperature are presented in figures 1 l(a) and (b), respectively. Comparative data for an uncoated Si3N 4

flat in contact with a hemispherical Si3N 4 rider are presented in figure 12.
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Figure 1 l,--Coefficients of dynamic friction as function of temperature for a-C:H films in contact with Si3N 4 rider specimens in vacuum,
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With the 150- and 300-W plasma-deposited a-C:H films (fig. 11), the coefficient of friction remained low at

temperatures to 500 *C and rapidly increased with increasing temperatures at 600 *C and above, remaining high
in the range of 600 to 700 °C. The mechanism involved in the rapid increase in friction at 600 to 700 °C should

be related to the two-step process, namely carbonization and polymerization of a-C:H films, as discussed in the

preceding subsection.

When compared with the coefficient of friction for Si3N 4 in contact with Si3N 4 itself (fig. 12), the coefficient of

friction for a-C:H films in contact with a Si3N 4 rider (fig. I 1) was generally much lower at temperatures to 500 °C.

It is also interesting to note that the coefficient of friction for the film deposited at 150 W had a very low coefficient

of friction (about 0.08 at 500 °C) even in an ultrahigh vacuum environment (fig. 1l(a)), and that the film effectively
lubricated Si3N 4 surfaces. Note that in vacuum the friction behavior of a-C:H film deposited at 50 W was similar

to that shown in figure 1 l(a).
¢

CONCLUDING REMARKS

There are two parts in this chapter, one mainly describing the growth and physical characterization of a-C:H films

and the other dealing with the tribological properties. The films can be characterized by several parameters, as described

in the first part. The main properties are defined by bonding ratios (sp2/sp 3) and by hydrogen concentration, which

will give the graphitic or diamondlike behavior. The more graphitic behavior is associated with lower bandgap and
low mechanical etch rate.

In the second part of the work, the a-C:H films were shown to be capable of tribological applications. Plasma-

deposited a-C:H can be effectively used as hard, wear-resistant, and protective lubricating films on ceramic material

under a variety of environmental conditions such as moist air, dry nitrogen, and vacuum. More specifically, we

10



found a very good correlation of the tribological behavior with the physical properties, as described in the first part

of the work. For a-C:H films deposited at low power, which are more diamondlike, we found friction behavior

similar to that of bulk diamond. The present experiments show that among the a-C:H films deposited at various

deposition powers (50 to 300 W), the film deposited at 50 W had the lowest initial coefficient of friction in dry

nitrogen. The value of the coefficient of friction (0.08 to 0.09) was similar to that of hemispherical diamond (radius,

0.2 mm) in sliding contact with a Si3N4 flat. Conversely, for the a-C:H films deposited at higher power, a graphitic

tribological behavior was found. Effective lubrication is possible with the graphitic films like bulk graphite when

adsorbed water vapor is present.

Lastly, a simple physical characterization of the films can partially predict the tribological properties.
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