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Abstract

An investigation of the ion energy and ion momentum flux dependence of the properties of plasma-deposited diamond-like
carbon (DLC) films is presented. The DLC films are deposited in low pressure radio frequency (RF) discharges operating at
13.3 Pa with methane as the source gas. The discharge is characterized in situ for the negative direct current (d.c.) self-bias voltage
at the powered electrode, the average discharge current, and the total power, from which the average ion energy and average
incident momentum flux can be determined. Ion energies explored in this study range from 50 to 250 eV. Films are deposited on
[100] n-type silicon wafers and are characterized by a variety of analytical methods to determine film hardness, density, and stress.
It is shown that the maximum film density (1.7 g/cm3) and hardness (18 GPa) correspond to conditions of maximum deposition
rate (5×10−6 g/s) and maximum film stress (1.8 GPa) all at ion energies of approximately 160 eV. These values are comparable
with those previously reported in the literature. The relationship between film properties and impinging ion energy and ion
momentum flux is discussed within the framework of existing models of diamond-like carbon formation. © 1999 Published by
Elsevier Science S.A. All rights reserved.
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1. Introduction tical in many applications, most notably, as a dielectric
in integrated circuits when there are subsequent high

Although Schmellenmeier first identified diamond- temperature processes or as metal cutting tools. DLC
like phases of carbon in 1953 [1], their synthesis and films also exhibit compressive stresses, in the range of
properties have only recently been the subject of intense 1–10 GPa [12], which are greater than the stresses in
research. DLC films are metastable phases of carbon, dielectric films, 0.3–0.7 GPa [13]. Reducing the intrinsic
containing typically 20–60% sp3 bonds. It is this rela- stress without compromising the other properties of the
tively large sp3 bond component that imparts the many films is desirable in most applications. However, a
diamond-like properties. The films are mechanically minimum film stress appears to be necessary in order to
hard [2,3], transparent in the infrared (IR) [4–6 ], have impart the hard diamond-like properties that make DLC
a low sliding friction coefficient [7] and a variable band- a useful coating [14,15]. Films deposited with lower
gap. DLC film hardness can approach 20 or 30 GPa, values of stress are usually polymeric or highly graphitic.
making them attractive in applications such as wear- DLC films can be deposited by a wide variety of
resistant coatings for magnetic [8], optical, and biomedi- methods. These include plasma-enhanced chemical
cal devices [9]. Others have proposed the use of DLC vapor deposition (PECVD), magnetron and radio fre-
flat panel displays [10]. quency (RF) sputtering, arc evaporation, and laser

Certain DLC film properties have impeded their use ablation [16,17]. A common feature in all of these
in many of these applications [9]. The relatively low

deposition methods is that hydrocarbon ions strike atemperature limitation, 300°C [11], makes them imprac-
substrate with impact energies ranging from a few to
several hundred electron volts. Theories that explain the
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[18] and film densification due to knock-on or low The values of Vpp and Vdc are read directly from the
voltage probe trace displayed on a digital oscilloscope.energy ion subplantation [19]. It is believed that at

sufficiently high energies, the energetic ions can produce The maximum ion energy is expected to be
eimax=e(Vp−Vdc), with e the electron charge. Sincea thermal spike upon impact, which can cause the

relaxation and transformation of sp3 bonds to sp2 bonds. |Vdc|&Vp, the maximum ion energy eimax#eVdc. The
actual ion energy, ei, may be significantly lower thanThe structure and composition of these films can vary

depending on processing parameters. For example, in this in a collisional plasma sheath, depending on the
ratio of the mean free path to the sheath thickness. AtRF discharge PECVD, the film properties are seen to

depend on discharge parameters such as the negative a discharge pressure of 13.3 Pa, the plasma is weakly
collisional and the ions are expected to suffer momen-bias voltage established at the powered electrode, operat-

ing pressure, temperature, and gas precursor [20]. tum-changing collisions. The average ion energy is
approximated as [21]:Although it is desirable to develop a molecular-level

understanding of the DLC deposition process, in many
deposition methods, the molecular deposition properties ei=e

Vp−Vdc
dsp

l cos(a). (2)
are related to the macroscopic process conditions in a
complex way. In RF discharge PECVD, the RF power

Here, l is the ion collision mean free path, dsp is theand operating pressure determine the self-bias and
sheath thickness, and cos(a) is a factor of value close toimpinging ion energy distribution. While parametric
0.5 when the ion and neutral collision partner are closestudies of deposition conditions afford the development
in size [23]. The sheath thickness at the poweredof process recipes, it is the development of an under-
electrode is given as [21]:standing of the molecular properties of the deposition

method that offer insight as to the mechanism for film
dsp=

(Vp−Vdc)ve
0
Ap

Irms
. (3)formation.

In this paper, we report on our initial investigations
on the role that energetic ion bombardment plays in the Here, v is the discharge frequency, Ap is the powered
formation and stabilization of sp3 bonds in RF discharge electrode area, and e0 is the vacuum permittivity. A
PECVD of carbon films. For a limited range of process- typical sheath thickness as calculated from Eq. (3) using
ing conditions, we have characterized the plasma for measured discharge parameters for a discharge power
impinging average ion energy and ion momentum flux, and pressure of 30 W and 13.3 Pa, respectively, is
and have systematically studied the effects that these dsp#1 mm. A conservative estimate of the momentum-
parameters have on film properties such as stress, den- transfer mean free path, obtained using a hard sphere
sity, and hardness. approximation for methane ions colliding with neutral

methane, gives l#1 mm. However, charge-transfer
cross-sections are likely to be greater than hard sphere
cross-sections, and would make the sheath more colli-2. Experiment
sional than estimated here. Our estimates of the ion
energies use a simple hard sphere model and so shouldThe low pressure capacitively-coupled RF discharge
be interpreted as upper bounds in this study. The ionapparatus employed in this study is schematically
flux, Ci, is determined from the flux of ion current, Jiillustrated in Fig. 1. The RF discharge is sustained in a
[21]:grounded 12 inch diameter vacuum chamber constructed

of stainless steel. The substrates are placed on the lower,
150 mm diameter powered electrode located a distance Ci=

Ji
e
=

Irms
E2

epApC1−
1

p
cos−1A−Vdc

1
2

Vpp
BD

. (4)
of approximately 100 mm from the upper, grounded
electrode. Power is delivered to the lower electrode from
a 13.56 MHz RF generator and tunable impedance

The ion momentum flux is then calculated asmatching network. The power delivered to the plasma
C=Ci

E2miei , where mi is the mass of the dominantis monitored with a power meter (Bird Model 43), the
ionic species (assumed to be CH+

4
) transported acrossdischarge current, Irms, with a Hall probe (Pearson

the sheath. In general, the ion mean free path dependsModel 2878), and the discharge voltage with a high
on the collision cross-section, which can vary with ionvoltage probe. Following Lee et al. [21] and Catherine
energy. For the results presented here, we assume thatand Couderc [22], the mean plasma potential, Vp, is
the methane ion collision cross-section (and hence meanestimated from the peak to peak voltage, Vpp, and the
free path) is a constant.d.c. self-bias voltage, Vdc, as:

The powered electrode (on which the substrate sits)
is water-cooled. The substrates are cleaned by argon ionVp=

1

2
(Vpp+Vdc). (1)

bombardment at an RF power density of 0.57 W/cm2,
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Fig. 1. Schematic of low pressure capacitively-coupled RF discharge apparatus.

a d.c. self-bias voltage of approximately 375 V, and a 3. Results and discussion
pressure of 13.3 Pa for 5 min prior to deposition to
remove adsorbed surface contamination. The carbon (1s) binding energies for diamond and

graphite are 287 and 284 eV, respectively. In the past,The carbon chemistry in the films is analyzed by
electron spectroscopy for chemical analysis (ESCA). researchers [26 ] have used ESCA to identify diamond

content in DLC films deposited in methane plasmas.Profilometers are used to examine the surface morphol-
ogy and film thickness. The film weight is determined ESCA spectra (variation in the X-ray photoelectron

counts as a function of the binding energy) of the filmsby measuring the sample before and after deposition
with a Mettler AE240 scale. Film stress is determined deposited at incident ion energies of 96, 98, 120, 165,

and 211 eV in this current experiment are shown inby measuring the pre- and post-deposition curvature of
the silicon wafers using laser reflectometry [24]. The Fig. 2. The characteristic C (1s) binding energies of the

two samples deposited at 96 eV (135 nm thick film) andstress is calculated from the change in curvature of the
substrate using the Stoney thin film approximation: 120 eV (240 nm thick film) appear 1 eV greater than the

sf=
Mst2s
(6tfR)

. (5)

Here, Ms is the substrate biaxial modulus, R is the post-
deposition increase in wafer curvature, and ts and tf are
the substrate and film thicknesses, respectively.

Nano-indentation studies are performed with a Nano
Indenter II (MTS Systems Corp.) microprobe instru-
mented with a Berkovich indenter. The displacements
into the films were made using a constant displacement
loading rate in the load segment to a specified depth of
90, 100, and 120 nm. Each measurement was repeated
three times. Film hardness was extracted from the load–
displacement curves using the method of Oliver and
Pharr [25]. A fused silica sample functions as a reference
standard to ensure that the measured hardness values Fig. 2. ESCA spectra of DLC films at 13.3 Pa for a range of average

ion energies.were reasonable.
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other samples. A shift of the C (1s) peak towards higher
energy can arise if these films have a higher binding
energy than the other samples. A shift can also be the
result of sample charging. If a net positive charge
accumulates on the sample surface, then it will attract
the emitted photoelectrons, making the material appear
to have a higher binding energy. Thus, materials with a
lower dielectric constant will charge and show an appar-
ent shift of the binding energy to higher values. The
effect of sample charging can be studied by exposing
the sample during analysis with electrons to neutralize
the charging effect. The two samples which showed an
apparently higher binding energy did in fact exhibit
charging. The apparent binding energy decreased when
the insulating samples were re-examined with the charge

Fig. 3. Variation in the calculated average ion energy and ion momen-
neutralization electron gun in operation. It is noteworthy tum flux with discharge power.
that these two films had stresses and densities that were
among the highest measured. It is also noteworthy that the average ion energy is expected to be a determinant
the sample deposited at 98 eV of ion energy (388 nm in the stabilization of sp3 bonds in carbon films, it is
thickness) but for a deposition time that was twice that speculated that the process depends also on the total
of the 135 nm thick sample (similar deposition condi- rate of energy or momentum transfer to the film during
tions) did not show a shift due to charging. Experiments deposition. In a similar process of energetic ion-
consistently showed that the deposition rate increases enhanced deposition of cubic boron nitride films, it has
with film thickness, as is apparent in this particular case. been seen that the complex deposition process scales
For example, in one study, films were deposited at fixed best with the ion momentum flux on a per atom depos-
power and pressure (30 W and 13.3 Pa) for deposition ited basis [29]. Also, Hoffman and Gaettner [30] found
times of 480, 600, 900, and 1200 s. Over this range, the the stress in films to correlate with transfer of ion
deposition rates were seen to increase monotonically momentum during chromium deposition. It is note-
from 3.4 to 5.1 mg/s. worthy here to mention that while the precise mechanism

Only the thinner of the two samples (135 nm and for deposition is not yet known, our measured ion
388 nm) deposited under the same conditions (approxi- currents suggest that the ion flux to the surface is
mately 97 eV average ion energy) showed significant sufficient to account for the observed film deposition
charging. The deposition time doubled, but there was rates, and therefore a subplantation model is plausible
also an apparent 40% overall increase in the mass [19].
deposition rate. Similarly, a 600 s deposition resulted in The variation in film stress and hardness with average
a 50% greater mass deposition rate than a 240 s depos- incident ion energy is shown in Fig. 4. The variation of
ition. The increase in deposition rate with time saturated these properties with incident ion momentum flux would
after 600 s. The change in deposition rate and charging be qualitatively similar, and can be inferred from the
with thickness certainly warrants further study. This
result, however, may not be unusual in the synthesis of
diamond-like carbon films. Using Fourier transform
infrared spectroscopy, Crouse [27] showed that DLC
properties had an apparent increase in the sp3 to sp2
bond ratio with thickness above 50 nm. Furthermore,
Hirakuri et al. [28] showed a dependence of film stress
on thickness in the 200–1500 nm range.

The variation in the calculated average ion energy
and ion momentum flux with discharge power is shown
in Fig. 3, for a 13.3 Pa (100 mTorr) discharge pressure
in pure CH4. The ion energy and ion momentum flux
are seen to increase monotonically with the transmitted
power at a fixed pressure. While a more complex rela-
tionship for the variation in the average ion energy (and
negative bias voltage) with pressure at a constant power
is expected and has been recorded, only conditions of Fig. 4. Variation in film stress and hardness with calculated average

ion energy.constant pressure are reported in this study. Although
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relationship between the ion momentum flux and energy of approximately 160 eV, and then decline as the incom-
ing ions begin to sputter the film.shown in Fig. 3. The film stress, which is seen to be

compressive, initially increases with increasing ion These data provide further confirmation that the
mechanism responsible for DLC deposition in RFenergy, peaks at a maximum of approximately 150 eV

(to a value of approximately 1.8 GPa), and then drops plasma discharges is through a knock-on or ion subsur-
face penetration. In this process [35], the incident lowsignificantly at higher energies. The dependence of film

stress on ion energy (and hence self-bias voltage) follows energy ions displace surface atoms (through a forward
sputtering mechanism) into interstitial sites, or penetratea pattern seen in prior studies [14]. The value of the

peak stress, 1.8 GPa, observed here is similar to that the surface themselves. This is consistent with the
observed increase in stress, density, and hardness withseen in studies by Crouse [27] and Hirakuri et al. [28].

The film hardness values determined from our nano- average ion energy. The subsurface penetration prob-
ability has been shown to reach near unity values atindentation studies shown in Fig. 4 are the average of

the three readings taken for maximum consecutive load about the average ion energy where our film densities
reach a maximum value (about 160 eV ). It is expecteddisplacements of 90, 100 and 120 nm. The error bars

represent one standard deviation in the data. In all but that this process will have a penetration threshold energy
[19]. Furthermore, the decrease in density above thisone sample, the scatter in the resulting hardness values

is significant (>10%). The hardest film deposited energy is consistent with a thermal relaxation of the film
as energetic ions cause atoms to relax at a rate that is(18 GPa) corresponded to the highest intrinsic stress as

seen by others [31]. proportional to e5/3i [19,35].
The variation in the measured film density and depos-

ition rate with incident average ion energy is shown in
Fig. 5. Plotting the variation of these properties with
varying ion momentum flux would give a qualitatively 4. Conclusions
similar trend, as can be inferred from Fig. 3. All three
properties are seen to peak at the conditions of ion In this study, DLC films were deposited in low

pressure RF discharges with CH4 as the source gas. Theenergy where the highest stress is observed. The film
densities are within the range of 1.6–2.2 g/cm3 typical bias voltage at the powered electrode, average ion

current, and total power were monitored, and thefor hard hydrogenated amorphous carbon (a:C–H) [32].
The dependence of film density on ion energy (and average ion energy and ion momentum flux were esti-

mated from these measurements. The as-grown filmshence self-bias voltage) follows a pattern seen in prior
studies [17]. However, the films are much less dense were analyzed by a wide variety of analytical methods

to determine the film properties such as stress, density,than the 2.9 g/cm3 reported by Cuomo et al. [33] for
diamond-like carbon films deposited from hydrogen- and hardness. The results show that the maximum film

density and hardness correspond to the maximum filmfree sources with a high sp3 content (80%).
The film deposition rates range from 1.2×10−6 to stress all at average ion energies of approximately

160 eV. The C (1s) peak shifted to higher binding9.3×10−6 g/s, typical of rates for DLC films deposited
by the PECVD method [34]. For the results reported energies only for the thinnest films deposited at approxi-

mately 100 eV. The apparent peak shift was due tohere, the deposition rates peak at an average ion energy
sample charging, resulting from decreased dielectric
constant. This warrants direct examination of the dielec-
tric properties of the material, which the authors will
explore. The deposition rate increased with thickness,
and then saturated. The compressive film stress ranged
from 1.05 to 1.8 GPa for DLC films deposited with ion
energies ranging from 96 to 211 eV. The hardness
reached 18 GPa under the conditions of 160 eV.
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