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Abstract

In oblique deposition, the microstructure and film properties are strongly dependent on ion depositing and
self-sputtering. The effect of the incident angle of energetic carbon ions on the deposition of ultrathin
amorphous carbon (a-C) films by filtered cathodic vacuum arc (FCVA) was examined in the context of
numerical and experimental results. The thickness of a-C films deposited at different incident angles was
investigated in the light of Monte Carlo simulations, and the calculated depth profiles were compared
with those obtained from high-resolution transmission electron microscopy (TEM). The surface
morphology and structure of the a-C films were studied by atomic force microscopy (AFM) and X-ray
photoelectron spectroscopy (XPS), respectively. The film thickness decreased with increasing incident
angle, while the surface roughness increased and the content of tetrahedral carbon hybridization (sp’)
decreased significantly for incident angles above 45° measured from the surface normal. TEM, AFM, and
XPS results indicate that the smoothest and thinnest a-C films with the highest content of sp® carbon
bonding were produced for an incident angle of 45°. The findings of this study have direct implication in
ultra-high-density magnetic recording, where ultrathin/smooth a-C films of high sp® content are of critical
importance.

Index Terms — Amorphous carbon, hybridization, filtered cathodic vacuum arc, structure, surface
morphology, ultrathin films.
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1. INTRODUCTION

Amorphous carbon (a-C) films are widely used as protective overcoats mainly due to their high
hardness and good wear resistance [1-3]. An application where a-C films are of paramount importance to
device reliability and performance is hard-disk drives (HDDs). In HDDs, information is stored in the
magnetic medium of a hard disk by the magnetic field applied by a transducer embedded in the trailing
edge of the flying magnetic head. Both the disk and the head are coated with an ultrathin a-C film for
protection against impact, wear, and corrosion, which is critical to the longevity of HDDs [4-5]. The
structure of a-C films is characterized by two main types of atomic carbon bonding — graphite-like and
diamond-like (DLC), often referred to as sp® and sp® hybridizations, respectively. The o-bond exists only
in sp’ hybridizations and is stronger than the n-bond. It is recognized that sp® hybridization controls the
mechanical properties, while sp® hybridization is mainly responsible for the electrical and optical
properties [1], [6]. The high hardness of a-C films is closely related to the sp’ content, with higher sp’
content usually correlating with better film protection [7], [8].

The most common methods for synthesizing ultrathin ¢-C films are filtered cathodic vacuum arc
(FCVA) [8], [9], pulsed laser deposition [8], [10], chemical vapor deposition [8], [11], [12], and
sputtering [13]. Depending on the deposition process and the range of controlling process parameters
(e.g., plasma power, substrate bias voltage, and ion fluence), a-C films possessing different
microstructures and mechanical properties can be deposited on various substrates [1-3], [9]. Among the
previous methods, FCVA is more advantageous because it is a cost-effective technique for depositing
ultrathin, hydrogen-free a-C films with high sp® contents, also known as tetrahedral a-C films [1].
Because a¢-C films demonstrate a hardness of ~80 GPa and an elastic modulus in the range of 710-805
GPa, they are ideal protective overcoats for mechanical wear [14], [15]. Even in high-temperature
environments, tetrahedral a-C films perform better than carbon films with lower sp® contents [16]. In fact,

a-C films synthesized by FVCA demonstrate thermal stability even under the intense localized heating



induced by a pulsed laser and, therefore, are suitable overcoats for emerging new technologies of
information storage, such as energy-assisted magnetic recording [17].

To achieve magnetic storage levels of 10 Tb/in® and beyond in next-generation HDDs, the physical
gap between the magnetic head and the hard disk must be reduced to less than 2-4 nm, implying an
overcoat thickness of less than ~2 nm. It is critical that this significant decrease in overcoat thickness does
not lead to the loss of important film properties, such as high sp® content, low surface roughness (<0.2
nm), and high hardness (>40 GPa). However, traditional deposition methods, such as sputtering, cannot
produce continuous ultrathin a-C films of such high quality. FCVA is a promising alternative method that
allows for the deposition of continuous a-C films less than 2 nm in thickness. In FCVA, the film
precursors are energetic ions which impinge onto the substrate surface resulting in implantation, recoil
implantation, and deposition, depending on the process conditions (e.g., substrate pulsed bias voltage). A
common approach for depositing ultrathin films is to decrease the ion energy and/or the deposition time,
which is equivalent to decreasing the total number of ions arriving at the surface of the growing film.
However, because the film quality depends strongly on the ion energy, decreasing the ion energy may be
detrimental to the film properties [1], [9]. Varying the incident angle of bombarding ions is more
advantageous because the effect on the film microstructure and properties is secondary compared to that
due to changes in the ion energy or ion fluence [18]. Consequently, an alternative approach for ultrathin
a-C film deposition by the FCVA method might be to vary the incident angle of the impinging ions 6
(defined as the angle between the trajectory of the C" ions and the substrate normal) while maintaining the
desired C" ion energy. This method is referred to as oblique deposition and is depicted schematically in
Fig. 1.

Oblique deposition has been used to synthesize films of specific surface structure or orientation on
patterned substrates, such as nanoimprinted solar cells [19] and fibers [20], [21]. However, fundamental
studies of the effect of oblique deposition on smooth substrates are sparse. In particular, knowledge of the
incident angle effect on the quality and thickness of ultrathin a-C films is limited. Cuome et al. [18]

studied the effect of incident angle on the quality of DLC films deposited by various methods and
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observed a sharp decrease in the sp’ content of DLC films deposited by pulsed laser vaporization for
incident angles larger than 45°; however, an incident angle effect on the sp® content of DLC films
deposited by FCVA was not reported. Liu et al. [22] used pulsed cathodic arc to deposit DLC films of
thickness in the range of 60—120 nm and discovered that ~100-nm-thick DLC films possessed lower sp’
contents and higher roughness for incident angles above 80° and below 50°, respectively. Raman
spectroscopy studies of Liu et al. [23] have shown significantly lower internal stresses in DLC films
deposited at large incident angles; however, the effect on the hardness was less significant, while the film
structure was not examined in the light of direct microanalysis results [24].

The objective of the present study was to examine the effect of the incident angle of energetic carbon
ions on the thickness, morphology (roughness), and structure of ultrathin a-C films deposited by the
FCVA method. Film depth profiles were determined from Monte Carlo simulations and cross-section
transmission electron microscopy (TEM), while the topography (roughness) and structure of the films
were examined by atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS),

respectively.

II. EXPERIMENTAL AND SIMULATION PROCEDURES

A. Film Deposition System

Fig. 1 shows a schematic of the FCVA system used in this study. Arcing generated by a mechanical
trigger between the cathode (99.99% pure graphite)) and the anode resulted in the carbon expulsion from
the cathode in the plasma state. The carbon plasma was stabilized by a cusp-configuration magnetic field
applied to the cathode [25]. An S-shaped duct configuration with electromagnetic coils was used to filter
the plasma from macroparticles and/or droplets that could be expelled from the cathode during arcing.
Under the current plasma conditions, the produced film precursors comprised only high-purity (~99.99%)
C" ions. To vary the ion incident angle and to enhance the film uniformity in the radial direction, the

substrate was tilted and rotated at 60 rpm.



During FCVA deposition, collision cascades between C ions and substrate atoms lead to sp’
hybridization, whereas thermal relaxation promotes sp>—sp” rehybridization. Although the sp® fraction
increases with the C” ion energy, thermal relaxation becomes an important factor at high ion energy
levels. Therefore, there is an optimum ion energy (typically equal to ~120 eV [1]) for producing carbon
films of highest sp® content. Because the energy of the C* ions generated by arcing is ~20 eV, a bias
voltage of —100 V was applied to the substrate during FCVA deposition (Fig. 1) to increase the energy of
impinging C* ions. Substrates (10 x 10 mm®) cut from a p-type Si(100) wafer were first cleaned with
acetone and then by Ar” ion sputter etching of 500 eV power and 60° incident angle for 2 min to remove
the native oxide film. In all depositions, the base and working pressures were less than 8 x 107 and 1 x
10~ Torr, respectively, while the deposition time was fixed at 30 s.

Cross-sections of films deposited at incident angles in the range of 0-70° were examined with the
TEM (Philips CM200/FEG). Cross-section TEM samples were prepared by mechanical grinding and
dimpling. Film samples were cleaved into two halves and glued face-to-face using M-bond 610 epoxy.
After curing at 160 °C for 1 h, Si(100) was glued to both sides of the sandwiched film samples to increase
the sample thickness to >3 mm. These samples were then sectioned in 500-pum-thick slices with a
diamond blade and saw-cut to disks of 3 mm in diameter. Finally, the disks were ground down to a
thickness of 5-8 um at the center by double-side dimpling and ion milled from the top and the bottom
with Ar" guns operated at 5 kV and 5 mA (Fischione Instruments, Export, PA) to produce a through-
thickness hole across the interface. High-resolution TEM images were obtained at 200 keV with a spatial
resolution of 1 nm.

Depth profiles of the deposited films were simulated with the TRIM-DYNAMIC (T-DYN) code
(version 4.0) [26], [27], a Monte Carlo simulator based on the classical trajectory method that accounts
for binary collision during deposition. Simulations were performed for ion energy equal to 120 eV,
similar to that used for film deposition. The binding energy and surface binding energy of Si were set

equal to 2.32 and 4.7 eV and those of carbon to 2.27 and 7.41 eV, respectively [28], [29]. The ion incident



angle was varied between 0° and 85° at 5° increments. The accuracy of the simulated depth profiles was
confirmed by comparing with TEM results.

The sp® content of the films was determined from XPS measurements obtained with a PHI 5400
system (Physical Electronics, Chanhassen, MN), using non-monochromatic Al-Ka radiation of 1486.6 eV
energy and work function of 5.7 eV, under a vacuum pressure of less than 2 x 10~ Torr. The system has a
spatial resolution of 0.5 mm and energy resolution of 0.7 eV. Sample cleaning before the XPS analysis
was not performed to preserve the surface elemental and chemical state of the sample surfaces. Multiplex
narrow-scan spectra of the Cls peak were acquired with pass energy of 37.75 eV, using a channel width
of 0.1 eV/step and acquisition time fixed at 50 ms/step. Spectra were collected after 50 sweeps in the
binding energy range of 280-292 eV.

The film topography was examined in light of 1 x 1 pm” surface area images obtained with an AFM
(Dimension 3100, Digital Instrument) operated in the tapping mode at a drive frequency of 278.244 Hz.
AFM imaging was performed with Si tips of nominal radius less than 10 nm at a scanning speed of ~3.9
um/s. All AFM samples were cleaned with acetone before scanning. For statistical analysis, three
different surface locations of two a-C films deposited under identical FCVA conditions were imaged with

the AFM, and the obtained roughness data were assumed to follow a normal distribution.

III. RESULTS AND DISCUSSION

Fig. 2 shows cross-section TEM images of ¢-C films deposited at different incident angles. The
periodic array of the substrate is illustrative of the single-crystal structure of Si(100). Fast Fourier
transform analysis showed that, in all images, the zone axis is in the [110] direction of the silicon lattice
due to sample titling. The TEM images shown in Figs. 2(a)-2(c) reveal a three-layer structure consisting
of a crystalline Si(100) substrate, an intermixing layer, and a carbon film. The structure regularity
decreases near the interface of the substrate with the intermixing layer and disappears in the film,
indicative of the amorphous structure of the carbon film. The contrast between the intermixing layer and

the bulk of the a¢-C film indicates that the intermixing layer is at a different stress state and possesses a



different chemical composition than the a-C film. From the contrast difference, the thickness of the
intermixing layer is estimated to be equal to ~3.5 nm, which is in good agreement with previous studies
[30]. A comparison of the TEM images shows a significantly smaller a-C film thickness for a relatively
large incident angle (i.e., 8 = 60° and 70°). For the largest incident angle of 70°, in particular, it is
difficult to distinguish the three-layer structure observed with smaller incident angles. The TEM image
shown in Fig. 2(d) suggests the formation of an ultrathin ¢-C film at very large incident angles (i.e., € >
70°), apparently due to excessive sputtering.

Fig. 3 shows carbon depth profiles simulated with the T-DYN code for incident angle between 0° and
75° and C" ion fluence equal to 0.9x10'%, 4.5x10'°, and 9.0x10'® ions/cm?, corresponding to 0.1, 0.5, and
1 min deposition time. Short deposition time (low ion fluence) mainly leads to carbon ion implantation
into the silicon substrate, resulting in the formation of a Si—C intermixing layer (Fig. 3(a)). However,
increasing the deposition time produces a three-layer structure consisting of a carbon film, an intermixing
layer, and a silicon substrate (Fig. 3(b)). Further increasing the deposition time increases the thickness of
the carbon film without affecting the thickness of the intermixing layer (Fig. 3(c)). The decrease of the
carbon film thickness with the ion fluence is due to the availability of less C* ions. For all deposition
times (or ion fluence) and ion kinetic energy fixed at 120 eV, the depth of the carbon profile decreased
with the increase of the incident angle, evidently due to the decrease of the C ion velocity normal to the
substrate surface, which, in turn, decreased the depth travelled by recoil carbon atoms.

Fig. 4 shows T-DYN simulation results of the total carbon thickness (0—100 at% C) and the
intermixing layer thickness (0-90 at% C) as functions of incident angle and ion fluence. The region of
90-100 at% C is presumed to represent the carbon film. For small incident angle (i.e., 8 < 30°), ion-
surface interaction was localized (i.e., limited surface diffusion of carbon) due to the low in-plane velocity
of the impinging C* ions. However, the significant increase of the in-plane ion velocity for 8 > 30°
promoted C—Si and C—C collisions. This non-local effect led to the decrease of the total carbon thickness

(Fig. 4(a)) and, in particular, the thickness of the intermixing layer (Fig. 4(b)) with the increase of the



incident angle above 30°. In addition to the incident angle, the C" ion fluence (deposition time) also
affected the thickness of total carbon and intermixing layer, although the latter effect diminished at ion
fluences above 4.5x10'° ions/cm” (deposition times >0.5 min).

Fig. 5(a) shows simulation results of the deposition yield Y (i.e., fraction of C" ions deposited and/or
implanted into the Si substrate) for different incident angles. The relative deposition yield for a given
incident angle & and C" ion energy E is defined as the ratio Y(E, )/Y(E, &= 0). The minimum deposition
yield occurs at 0,,;, = 72.8°, and the effect of the C" ion fluence is shown to be secondary. Similar to ion
sputtering [31], [32], the deposition yield is mainly controlled by two factors — the ion fluence / and the
ion penetration depth. Thus, Y decreases continuously with the increase of @ because I = I, cosd, where I
is the total C" ion fluence; however, above a critical 8 value (~75°-80°), the increased in-plane velocity of
the impinging C" ions intensified the C—Si atomic collisions, resulting in the entrapment of carbon and,

hence, the increase of Y (Fig. 5(a)). According to sputtering theory [32],

— 1 2
1-Y(E,0) —exp s1n2 6 cos0 )
1-Y(E,0=0) 2cos” 6.

where O, is the incident angle corresponding to the minimum deposition yield. The good agreement
between simulation results and Eq. (1) confirms the weak C* ion fluence effect on deposition yield. Fig.
5(b) shows a comparison between deposition yield results obtained from T-DYN simulations and TEM
measurements. The film thickness for 8 = 0° was used as a reference. Fitting the deposition yield data
determined from the TEM measurements and using 6,,;, = 72.8°, the normal incidence yield rate Y(E, 6=
0) in Eq. (1) was found equal to 0.9835, which is slightly lower than the 0.9904 value obtained from the
T-DYN analysis. Fig. 5(b) shows a good agreement between TEM and simulation results, except for large
@ values. This discrepancy may be attributed to the true dose of C" ions arriving at the sample surface at
large incident angles (6> 80°).

Further insight into the effect of the incident angle on the film quality can be obtained from the XPS

and AFM results presented next. Fig. 6 shows typical XPS Cls core level peaks of a-C films deposited at



an incident angle of 60° (Fig. 6(a)) and 0° (Fig. 6(b)) for a deposition time of 0.5 min, i.e., 4.5x10'
ions/cm” ion fluence. After performing a Shirley inelastic background subtraction, each Cls peak was
fitted with five Gaussian distributions, namely Cls-1, C1s-2, and C1s-3 corresponding to sp', sp*, and sp’
carbon-carbon hybridization, respectively, and Cls-4 and Cls-5 representing high-order C—O and C=0
bonds, respectively. The binding energy of each carbon chemical state was assigned the peak energy of
the corresponding Gaussian distribution. The sp*and sp’ fractions are defined as the area of the C1s-2 and
the Cl1s-3 distributions, respectively, divided by the sum of the areas of the C1s-2 and Cl1s-3 distributions.

Fig. 7(a) shows XPS measurements of the binding energy of sp® and sp* carbon atom hybridizations
in terms of the incident angle. A shift in the binding energy is normally associated with the presence of an
internal (intrinsic) stress, with a compressive (tensile) stress resulting in the decrease (increase) of the
binding energy [33]. For @< 45°, the binding energies of both sp® and sp® hybridizations are close to those
for @ = 0°. However, the binding energy of sp’ hybridization for & = 60° is larger than that for 8 = 0°,
indicating a lower compressive stress in the film. Experiments and Monte Carlo simulations have shown
that sp’ and sp® carbon bonds are usually under compression and tension, respectively [1], [34].
Therefore, the lower compressive stress in the a-C film deposited at €= 60° may be correlated to a lower
sp® fraction. This is confirmed by the significant decrease in sp’ fraction shown in Fig. 7(b). Because of
strong dependence of the hardness on sp’ carbon atom hybridization and the small variation of sp® content
in the range 0°<@ < 45°, it may be inferred that the a-C films deposited at these incident angles should
exhibit similar hardness and wear resistance.

In addition to the mechanical properties of the a-C films, the surface roughness is also of high
importance because it controls the probability of asperity-asperity interaction at low flying heights.
Higher friction and faster wear are normally encountered with increasing surfaces roughness. For a two-

dimensional surface profile y(x), the root-mean-square roughness R, is defined as
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where y; represents the height of the i point of the surface profile from the mean plane (y = 0), and 7 is
the number of height measurements. Fig. 8 shows the a-C film roughness as a function of incident angle.
As a reference, the R, roughness of the Si(100) after Ar' sputter cleaning was equal to ~0.143 nm. For
small incident angle (8 < 30°), the roughness increased with the incident angle due to the dominance of
ion sputter etching induced by the increase of the in-plane velocity of impinging C" ions. Increasing the
incident angle above 30° led to the decrease in film roughness to a minimum value (~0.15 nm) at 8= 45°,
attributed to a balance between deposition and sputtering processes. For 8> 45°, R, increased with 6 due
to the dominance of sputtering. Despite the prevalence of different mechanisms in the three ranges of
incident angle show in Fig. 8, the film roughness was not affected significantly by the variation of the
incident angle.

The R, roughness represents a statistical measurement of the average deviation of the surface heights
from the mean plane. Further insight into the film surface topography can be obtained by considering the

higher moments of the surface height profile, such as skewness S and kurtosis K, defined as
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Skewness is a measure of the lack of symmetry of the probability distribution of surface heights. A
positive skewness implies a small fraction of asperities with heights above the mean height, whereas a
negative skewness implies that a surface topography dominated by valleys than asperities. Considering
that the probability of asperity interaction is lower for S > 0 than for S < 0, significantly different
tribological behaviors may be encountered with surfaces possessing similar R, but different S values.
Obviously, S > 0 is preferred in ultralow-flying height HDDs. The Kurtosis is a measure of variance, i.e.,
it indicates how tightly the peaks (asperities) and valleys of the surface profile are relative to the mean
height value. For normal distribution, S = 0 and K = 3. Fig. 9 shows that, with the exception of 8= 15°,
the incident angle did not affect the variance of the surface height distribution of the a-C films. However,
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the skewness results indicate that the most desirable surface topographies were obtained for = 0° and
45°. Thus, when Figs. 8 and 9 are considered together, it may be inferred that, from a surface topography

perspective, the optimum incident angle is 45°.

IV. CONCLUSION

Ultrathin a-C films were deposited by the FCVA method at different incident angles of energetic C*
ions. Numerical results confirmed by TEM measurements showed that the a-C film thickness decreases
with the incident angle, while the deposition yield (rate) is independent of the ion fluence and obeys a
relationship derived from sputtering theory. XPS and AFM results demonstrated that the sp® fractions and
topographies of a-C films deposited at incident angles less than 45° were similar to those of films
deposited at 0° incident angle. Considering the effects of the incident angle on the thickness, structure,
and topography of the deposited a-C films, the optimum incident angle for FCVA deposition is 45°. The
results of this study indicate that, depending on the C" ion fluence, a-C films of thickness only a few

nanometers can be obtained by oblique (45° incident angle) FCVA deposition.
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Fig. 8

Schematic of filtered cathodic vacuum arc (FCVA) system. The incident angle 8 of C* ions
impinging onto the substrate is the angle between the ion trajectory and the substrate normal.
Cross-section TEM images of carbon films deposited at an incident angle equal to (a) 0°, (b) 45°,
(c) 60°, and (d) 70°. (White lines demarcate the interfaces between Si(100) substrate, intermixing
layer, a-C film, and epoxy mounting material.)

Depth profiles of carbon films simulated with the T-DYN code for different incident angles and C"
ion dose equal to (a) 0.9x10', (b) 4.5x10', and (c) 9.0x10'® ions/cm” and corresponding
deposition time of 0.1, 0.5, and 1 min.

(a) Total thicknesses of carbon and (b) thickness of intermixing layer of carbon film deposition
simulated with the T-DYN code for different incident angles and C" ion fluence in the range of
(0.9-9.0)x10"° jons/cm”.

Deposition yield versus incident angle and ion dose obtained from (a) T-DYN simulations and (b)
TEM thickness measurements. Both simulation and experimental results are in good agreement
with sputtering theory (Eq. (1)).

XPS spectra of the Cls core level peak of a-C films for an incident angle of (a) 60° and (b) 0°, ion
kinetic energy fixed at 120 eV (—100 V substrate bias), and deposition time equal to 0.5 min
(4.5%10"® ions/cm” ion fluence). The spectra were fitted with five Gaussian distributions after
Shirley background subtraction.

Variation of (a) binding energy of sp” and sp® carbon atom hybridizations and (b) sp® fraction of a-
C films with incident angle. (The experimental conditions are the same as those in Fig. 6. Error
bars indicate one standard deviation above and below the corresponding mean value.)
Root-mean-square roughness versus incident angle. (Error bars indicate one standard deviation

above and below the corresponding mean value.)
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Fig. 9 Skewness and kurtosis versus incident angle. (Error bars indicate one standard deviation above and

below the corresponding mean value.)
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