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Abstract

Bilayer deposition of amorphous carbon (a-C) films was used to reduce the thickness of the
interface layer and improve the film uniformity. Changes in the cross-sectional structure of hydrogen-free
ultrathin a-C films deposited by filtered cathodic vacuum arc were studied by transmission electron
microscopy and electron energy loss spectroscopy. It is shown that by depositing first an ultrathin (<1 nm)
buffer layer under no substrate bias conditions and then switching to substrate biasing to deposit the a-C
film, the thickness of the interface layer is decreased from 1.2 to 0.5 nm, while the thickness of the bulk
layer is increased from 1.4 to 2.1 nm, resulting in a total film thickness of 3.8 nm. While this technique
effectively reduces the a-C film thickness it does not affect the film’s nanostructure (e.g., Sp° content).
The results of this study reveal the high potential of bilayer deposition to produce ultrathin a-C films with

relatively high sp® content for high-density magnetic recording.



I. INTRODUCTION

The high hardness and excellent wear and corrosion resistance of amorphous carbon (a-C) films
[1-3] make them prime overcoat materials for hard-disk drives (HDDs). The origin of the good
tribomechanical properties of a-C films is the relatively high content of tetrahedral (sp*) atomic carbon
hybridization, which controls the density, elasticity, and hardness. The sp’® content shows a strong
dependence on the process conditions and deposition method. Energetic film deposition methods, such as
filtered cathodic vacuum arc (FCVA) [4], which use ions as film-forming precursors, are particularly
effective in producing ultrathin a-C films with high sp® contents. This is because the C* ion kinetic energy
can be tuned by biasing the substrate holder with an optimum pulsed voltage to control direct and recoil
ion implantation, sputtering of weakly bonded surface atoms (densification), and deposition. However,
partial backscattering of the C" ions and reduced ion bombardment on the surface of the growing film
during the final stage of film deposition yield a multilayered film structure consisting of interface and
surface layers of relatively low and varying sp’ contents and intermediate (bulk) layer rich in sp’
hybridization [5-10].

Current trends in magnetic recording necessitate the decrease of the physical spacing between the
magnetic media and read/write transducer embedded into the flying head to ~5 nm [11,12]. To achieve
such a small physical spacing, the overcoat thickness must be reduced to ~2—3 nm. However, decreasing
the film thickness to such extremely low levels raises a concern about its uniformity, density, and overall
protective capacity because it will enhance the dominance of the ~1-2-nm-thick interface and surface
layers, which are rich in sp® hybridization. Indeed, it has been reported that the tribomechanical properties
(e.g., elastic modulus and wear rate) and sp’ content show a dependence on film thickness when the films
are <4 nm thick [13—17]. Moreover, the important effect of sp’> content on the thermal stability of a-C
films used in heat-assisted magnetic recording (HAMR) has been elucidated by molecular dynamic

simulation results [18]. Thus, it is necessary to develop a film deposition method, which can produce



ultrathin a-C films with structures and properties predominantly controlled by the sp*-rich bulk layer and
interface and surface layers of minimal thickness.

Previous studies dealing with the adhesion of a-C films to different substrate materials examined
relatively thick films. The increase of the substrate bias voltage promotes intermixing of carbon with the
substrate atoms, which is conducive to the development of a strong film/substrate interface [19-22].
However, this will also increase the thickness of the interface layer, which may negatively impact he
magnetics of the media [4,13] and degrade the quality of the ultrathin film as a result of the intense C" ion
bombardment [13,23].

The main objective of this study is to introduce a multi-step FCVA deposition process which can
overcome the aforementioned problems. The main concept is to synthesize bilayer ultrathin a-C films
with structure and properties dominated by the sp’-rich bulk layer. An initial low ion energy deposition
step (no substrate biasing) and a final process step of Ar" ion sputter etching are used before and after a-C
film deposition under optimum FCVA conditions of substrate biasing, respectively. The initial deposition
step leads to the formation of an extremely thin buffer layer that acts as a buffer layer in the subsequent
process step of bulk layer deposition under energetic C* ion bombardment (substrate biasing). Therefore,
another principal objective is to examine the through-thickness structure and composition of bilayer
ultrathin (~2-3 nm) a-C films deposited by this method using high-resolution transmission electron
microscopy (HRTEM) and electron energy loss spectroscopy (EELS). To illustrate the capability of the
present multi-step FCVA process to synthesize ultrathin a-C films mainly consisting of sp’-rich bulk
layer, representative HRTEM and EELS results of bilayer a-C films are contrasted with those of single-

layer a-C films deposited under the same FCV A conditions as the bulk layer of the bilayer films.



II. EXPERIMENTAL PROCEDURES
A. Film Synthesis

Substrates (1 x 1 cm®) cut from a 2.5-in.-diameter disk coated with a ~100-nm-thick NiTa layer
were loaded onto a custom-made FCVA system [24,25] and etched for 6 min in vacuum (~2 x 10~ Torr)
with a 500-eV Ar' ion beam of 60° incidence angle (measured from the normal to the substrate surface)
generated by a 64-mm Kaufman ion source (Commonwealth Scientific, Alexandria, VA). After allowing
the substrate to cool for 5 min and the chamber vacuum to reach a low base pressure (<5 x 10~ Torr),
plasma arcing was initiated at the cathode (99.99% pure graphite) surface with a mechanical striker. The
plasma was stabilized by applying to the cathode a cusp-configuration magnetic field [24]. The potential
and current between the graphite cathode and the anode were set at ~24 V and ~89 A, respectively. The
magnetic field generated by electromagnetic coils having an out-of-plane S configuration was used to
filter out any macroparticles and/or droplets ejected from the cathode surface and ensure that only high-
purity (~99.99%) C" ions exit from the filter. The current of the auxiliary, upstream, and downstream
coils was set at 30.5, 30.9, 29.6 A, respectively. For uniform sputter etching and film growth in the radical
direction, the substrate was rotated at 60 rpm during both Ar’ ion bombardment and film deposition
processes.

To control the C* ion energy during the first deposition step and minimize the thickness of the
buffer layer, the substrate stage was oriented at an angle of 20° with respect to incoming C" ions without
applying a bias voltage. To produce a buffer layer of thickness <1 nm, the deposition time was fixed at 6
s. During the second step of deposition, which also lasted for 6 s, an optimal pulsed bias voltage of —100
V and 75% duty cycle was applied to the substrate stage which was placed perpendicular to the incoming
C" ions to favor ion subplantation into the buffer layer and promote sp® hybridization in the bulk layer
[26]. In the third deposition step, 500-eV Ar" ion sputter etching was performed for 6 min to reduce the

film thickness to 2-3 nm, as demonstrated in a previous study [27]. The process conditions of each
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deposition step are summarized in Table 1. For comparison, a single-layer a-C film was deposited in 12 s
under optimal FCVA conditions (i.e., substrate bias voltage = —100 V, duty cycle = 75%, ion incidence

angle = 90°) and etched to a similar thickness as the bilayer films by a 4-min Ar" ion sputter etching.

B. Microanalysis Methods

Cross-sectional HRTEM samples were prepared by mechanical grinding, two-side dimpling, and
surface finishing by ion milling. Before sample bonding, a thin (5—-10 nm) Au capping layer was sputtered
onto the surface to facilitate the distinction of the epoxy glue from the a-C film in HRTEM and to
separate the carbon film EELS signal from the carbon-based epoxy glue. More details about the HRTEM
sample preparation method used in this study can be found elsewhere [26,28,29].

A FEI Tecnai (F20 UT) microscope operated at 200 kV, equipped with a CCD camera (2048 X
2048 pixels) positioned 42 mm behind the Gatan imaging filter, was used to obtained the HRTEM images
and EELS spectra. The EELS collection semi-angle was set at 16.3 mrad. A 150-um C2 aperture and a
9.4-mrad C2 semi-angle were used in this study. The spatial resolution of the scanning TEM (STEM)
(without a monochromator) is equal to 0.14 nm. Using the full-width at half-maximum of the zero-loss
peak, the energy resolution of the EELS was found to be <0.58 eV, which considering the band gap

difference (0.8-0.9 eV) between sp” and sp’, is sufficient for distinguishing sp® and sp® hybridizations.

II1. RESULTS AND DISCUSSION

Cross-sectional HRTEM specimens were used to determine the a-C film thickness after each
process step. Fig. 1 shows cross-sectional HRTEM images of a-C films obtained after each step. (The
different layers within the cross-sectional structure are labeled in Fig. 1(c)). All images reveal a multi-
layer structure consisting of (1) NiTa layer, (2) a-C film, (3) Au capping layer, and (4) epoxy glue. The
average film thickness corresponding to the first, second, and third process step is equal to 0.96, 5.89, and

2.50 nm, respectively (Table 1).



The cross-sectional elemental structure of the a-C films was examined by the analytical EELS,
which uses the energy loss of electrons passing through the specimen due to inelastic collisions of
incoming incident electrons with electrons in the specimen atoms [30,31]. The high-energy-loss range
(>50 eV) of the EELS spectrum provides insight into beam electron interaction with inner (core-shell)
electrons of the specimen material. The characteristic K-edge spectrum of carbon is in the range of 280—
305 eV, and can be used to determine the sp” and sp’ contents of the a-C film. The pre-edge peak at 285
eV is attributed to electron excitation from the ground-state 1s core level to the vacant m*-like anti-
bonding states, whereas the edge starting from 290 eV is due to electron excitation from 1s core level to
the * states [32]. The elemental composition can be obtained from an analysis of the K-edge spectra.
The ¢* peak is integrated within the energy window from 290 to 305 eV, to minimize plural scattering
effects, while the 7* peak is fitted with a Gaussian distribution. The area ratio of these two peaks is
proportional to the relative number of ¢* and * orbitals, which is 3/1 for 100% sp” and 4/0 for 100%

sp’. Therefore, the content x of sp*~-bonded carbon atoms in the film is given by [32]
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where the standard (std) sample consists of 100% sp” evaporated carbon film. More details about curve
fitting and calculation of the sp’ fraction are given elsewhere [5,26].

Fig. 2 shows the cross-sectional structure of a-C films after each process step. The normalized
carbon intensity is obtained by integrating the EELS spectrum from 280 to 305 eV and then dividing the
result with the peak intensity obtained across the depth profile. The sp’ fraction is calculated from C K-
edge spectra using Eq. (1). The carbon concentration and sp® fraction depth profiles reveal the existence
of five distinct layers with the following characteristics: (i) substrate (the carbon signal intensity is almost
zero because the signal corresponds to the NiTa layer); (ii) interface (buffer) layer (the carbon

concentration and Sp’ content increases sharply); (iii) bulk layer (the carbon concentration stabilizes at



~100% while the sp’ fraction remains almost constant); (iv) surface layer (both the carbon concentration
and the sp’ fraction decrease sharply); and (v) capping layer (the weak carbon signal intensity is
attributed to physisorption of adventitious carbon to the surface of the Au layer surface). The dashed lines
shown in Fig. 2 denote the boundaries of neighboring layers. A comparison of the results shown in Fig. 2
indicates that the bilayer film structure exhibits a sharp increase in sp’ content in the buffer (interface)
layer and that Ar™ ion sputter etching effectively reduced the thickness of the surface layer, consistent
with previous findings [27].

Fig. 3 shows a comparison of cross-sectional HRTEM images for a single-layer and bilayer a-C
films of similar thickness. The corresponding depth profiles of the normalized carbon intensity and sp’
content, obtained from cross-sectional scanning of the EELS spectra, are contrasted in Fig. 4. It can be
seen that the thickness of interface layer is significantly reduced and the change (slope) of the sp® content
in the interface layer is much larger in the bilayer a-C film.

The thickness of the interface (buffer), bulk, and surface layers and the average sp’ content of the
bulk layer of single-layer and bilayer a-C films are given in Table 2. The sum of the thicknesses of all
layers is termed total thickness. The HRTEM and EELS results of the total thickness are in good
agreement. The difference of the total thickness measured from the HRTEM and EELS results indicates
some intermixing of carbon with the NiTa layer, which is not captured in the HRTEM images. Therefore,
the carbon signal detected by EELS provides a more accurate measurement of the total thickness. Table 2
shows that the surface and total thickness of the single-layer and bilayer a-C films are similar; however,
the interface layer in the bilayer films has a much smaller thickness. The similar thickness of the surface
layer is expected because both single-lay and bilayer a-C films were subjected to the same Ar' ion sputter
etching post-deposition treatment. Thus, the interface layer thickness decreases from 31.6% (single-layer
film) to 13.1% (bilayer film) of the total film thickness, while the bulk layer thickness increases from

36.8% (single-layer film) to 55.3% (bilayer film) of the total film thickness. In addition, the slope of the



sp’ depth profile in the interface layer changes from 31.4%/nm (single-lay film) to 60%/nm (bilayer film)
and the sp® content of the bulk layer increases from 51.9% (Single-layer film) to 53% (bilayer film).

These results demonstrate the high potential of bilayer a-C film deposition by FCVA.

IV. CONCLUSIONS

The thickness, structure, and composition of single- and bilayer a-C films synthesized by FCVA
were characterized by cross-sectional HRTEM and EELS. Depositing first an ultrathin (~1 nm) buffer
layer under zero substrate bias voltage, the thickness of the interface (intermixing) layer was reduced by
58%, which is critical to preserving the properties of magnetic media. In addition, the sp® fraction in the
bulk layer of the bilayer a-C films was slightly increased. The obtained HRTEM and EELS results
indicate that the bilayer film deposition technique developed in this study can effectively reduce the
overcoat thickness in magnetic recording, while preserving the overcoat quality and enhancing cross-

sectional film uniformity.
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Table 1. Deposition conditions of bilayer a-C films.

Process conditions

Process i
step Film
Duty cycle | Substrate bias |Ar ion incidence| Time Characteristics thl(Ckn;SS
(%) voltage (V) angle (°) (s) .
1 - 0 20 6 thin buffer layer 0.96
2 75 -100 90 6 | high sp’ bulk layer 5.89
3 Ar" ion etch: 500 eV, 6 min, 30°, 2 x 10~ Torr etched to ~2 nm 2.50
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Table 2. Total thickness, surface, bulk, and interface (buffer) layer thickness, and average sp® content of

bulk layer of single-layer and bilayer a-C films synthesized by FCVA.

Properties bilayer single-layer
Total thickness from TEM (nm) 2.5 23
Total thickness from EELS (nm) 3.7 3.7
Surface layer thickness from EELS (nm) 1.2 1.2
Bulk layer thickness from EELS (nm) 2.1 1.2
Bulk layer-to-total thickness percentage ratio (%) 56.8 324
Interface layer thickness from EELS (nm) 0.4 1.3
Interface layer-to-total thickness percentage ratio (%) 10.8 35.1
Change in slope of sp® profile in the interface layer (%/nm) 60.0 314
Average sp’ content of bulk layer (at%) 53.0 = 3.6 519+ 14
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Fig. 4

Cross-sectional HRTEM images of a-C films deposited by FCVA after the deposition of (a) a
buffer (interface) layer and (b) a bulk layer and (c) after 6-min of Ar" ion etching post-deposition
treatment. Contrast and structure differences reveal (1) NiTa layer, (2) a-C film, (3) Au capping

layer, and (4) epoxy mounting material.

Depth profiles of normalized carbon intensity of C-K edge and sp’ content calculated from the C
K-edge spectra of a-C films deposited by FCVA after deposition of a buffer (interface) layer and
a bulk layer, and after 6-min of Ar" ion etching post-deposition treatment. The dashed lines

indicate the boundaries between neighboring regions.

Cross-sectional HRTEM images of (a) single-layer and (b) bilayer a-C films deposited by FCVA

obtained after 6-min of Ar" ion etching post-deposition treatment.

Depth profiles of normalized carbon intensity of C-K edge and sp’ content calculated from the C
K-edge spectra of a-C films deposited by FCVA. The depth profiles reveal significant
differences between single-layer and bilayer a-C films after 6-min of Ar’ ion etching post-

deposition treatment. The dashed lines indicate the boundaries between neighboring regions.
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Fig. 1. Cross-sectional HRTEM images of a-C films deposited by FCVA after the deposition of (a) a
buffer (interface) layer and (b) a bulk layer and (c) after 6-min of Ar" ion etching post-deposition
treatment. Contrast and structure differences reveal (1) NiTa layer, (2) a-C film, (3) Au capping

layer, and (4) epoxy mounting material.
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Fig. 2. Depth profiles of normalized carbon intensity of C-K edge and sp’ content calculated from the C
K-edge spectra of a-C films deposited by FCVA after deposition of a buffer (interface) layer and
a bulk layer, and after 6-min of Ar" ion etching post-deposition treatment. The dashed lines

indicate the boundaries between neighboring regions.
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AL EL L T e

(1)

Fig. 3.  Cross-sectional HRTEM images of (a) single-layer and (b) bilayer a-C films deposited by

FCVA obtained after 6-min of Ar” ion etching post-deposition treatment.
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Fig. 4. Depth profiles of normalized carbon intensity of C-K edge and sp’ content calculated from the C
K-edge spectra of a-C films deposited by FCVA. The depth profiles reveal significant
differences between single-layer and bilayer a-C films after 6-min of Ar" ion etching post-

deposition treatment. The dashed lines indicate the boundaries between neighboring regions.
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