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Diamond materials offer great potential for electronic and
biomedical application. Properties like very high stiffness,
thermal conductivity, optical transparency range, chemical
stability and erosion resistance for the diamond based
materials extend their applicability for several aspects of
science and technology. Nanostructures of diamond mate-
rials have extraordinary multifunctional properties such as
high thermal conductivity and a Youngs modulus value
close to the one for single crystal diamond. Controlled
nucleation and growth of nanocrystalline diamond along
with their applicability for MEMS and NEMS structures are
useful of future generation sensor platforms. Researchers
around the world have been putting their efforts to achieve
high precision in the direction of fabricating the devices
based on diamond materials. Nanomanufacturing of such
devices requires the controlled design of nanoscale diamond
structures.

This issue covers various topics related to carbon-based
nanomaterials. The first article by Hanada et al. reports
deposition process of ultrananocrystalline diamond films.
Authors have demonstrated application of pulse laser depo-
sition for diamond growth. The second article (by Ohmagari
et al.) in this issue is about atomic bonding configuration of
ultrananocrystalline diamond (UNCD)/hydrogenated amor-
phous carbon (a-C: H) films, where authors have used
near-edge X-ray absorption fine structure spectroscopy. The
third article (by Teng et al.) is about structural trans-
formation upon nitrogen doping of ultrananocrystalline
diamond films. Tanaka et al. report high-resolution magnetic
force microscopy using carbon nanotube probes in the
fourth article of this issue. In the fifth article, Tung et al.
report fabrication of carbon nanotubes STM tips by liq-
uid catalyst-assisted microwave plasma-enhanced chemical

vapor deposition. In a similar type of study, Sakamoto
et al. (the sixth article) report fabrication of Pd-filled
carbon nanotubes for SPM applications. In the seventh
article (by Katzenmeyer et al.), the authors report Poly
(hydridocarbyne) as highly processable insulating polymer
precursor to micro/nanostructures and graphite conductors.
In the concluding article, I. Chasiotis and K. N. Jonnala-
gadda report strength and fracture resistance of amorphous
diamond-like carbon films for MEMS applications.
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Optical emission spectroscopy was used to study pulsed laser ablation of graphite in a hydrogen atmosphere wherein
ultrananocrystalline diamond (UNCD)/hydrogenated amorphous carbon (a-C:H) composite films were grown on heated
substrates. Time-resolved photographs of a plume that expanded from a laser-irradiation spot toward a substrate were taken
using a high-speed ICCD camera equipped with narrow-bandpass filters. While the emissions from C atoms and C2 dimers lasted
above the laser-irradiation spot on the target, the emission from C+ ions lasted above the substrate surface for approximately 7
microseconds, although the emission lifetime of species is generally approximately 10 nanoseconds. This implies that C+ ions
actively collided with each other above the substrate surface for such a long time. We believe that the keys to UNCD growth in
PLD are the supply of highly energetic carbon species at a high density to the substrate and existence of atomic hydrogen during
the growth.

Copyright © 2009 Kenji Hanada et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. Introduction

Ultrananocrystalline diamond (UNCD) films are new candi-
dates for hard coatings, semiconducting devices, and micro-
electromechanical systems (MEMSs). UNCD is obviously
distinguished from nanocrystalline diamond (NCD). The
grain sizes of NCD and UNCD have been quoted as less
than 100 nm and 2–15 nm, respectively [1]. UNCD films
are structurally characterized by the existence of grain
boundaries with volume fractions more than 10% for the
total and coexistence of a great proportion of amorphous
carbon in the films [1], which induces an extremely large
optical absorption [2]. In addition, it is possible for a highly
nitrogenated film to possess a high n-type conductivity [3, 4].

The UNCD films have mostly been fabricated by chem-
ical vapor deposition (CVD) [5]. It is well known that C2

dimers have an important role in the growth of UNCD films
by CVD [6]. Recently, we have succeeded in growing UNCD
films, wherein 5-nm diamond crystallites are embedded in

a hydrogenated amorphous carbon (a-C:H) matrix, in a
hydrogen atmosphere by pulsed laser deposition (PLD) with
a graphite target [7, 8]. They can be grown at low substrate
temperatures and high deposition rates. In addition, while
CVD necessitates the pretreatment of substrates on the
surface of which diamond crystallites are seeded using
diamond powders [6, 9], pulsed laser deposition (PLD) does
not. In other words, PLD enables not only the growth of
UNCD films but also the nucleation of diamond. Since the
deposition conditions in PLD are completely different from
those in CVD, there must be a difference in the UNCD
growth mechanism.

In this paper, we discuss the UNCD growth mechanism
in PLD on the basis of previous reports and the experimental
results of this study. In this study, we deposited UNCD
films, and by using a high-speed intensified charge-coupled
(ICCD) camera, we observed the ablation process of graphite
under the deposition conditions of these films. Further, we
evaluated the structure of the deposited films.
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Figure 1: Optical emission spectrum of the entire plume.

100 ns 200 ns 300 ns

400 ns 500 ns 600 ns

1μs 1.5μs 2μs

5 mm

Figure 2: Time-resolved photographs taken without using a filter.

2. Experimental Section

Optical emission spectroscopy was used to study the
laser ablation process. Observations were made under
the optimum deposition condition of the UNCD/a-C:H
films. The film preparation conditions have been detailed

in our previous papers [2, 10]. Optical emission spec-
tra of a plume were measured in the wavelength region
of 200 to 800 nm by using a multichannel spectrometer
(Ocean Photonics, USB4000). Time-resolved plume images
were recorded using an ICCD camera system (C7972-11)
capable of recording 12-bit images and equipped with
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Figure 3: Time-resolved photographs captured using (a) 394-nm (C+ ion), (b) 505-nm (C atom), and (c) 515-nm (C2 dimer) bandpass
filters.

an 18-mm diameter image intensifier and a 1024 × 1024
pixel CCD array. In order to observe the behavior of
C+ ions, C atoms, and C2 dimers separately, narrow-
bandpass filters transparent to the wavelengths of 394, 505,
and 515 nm were placed between the vacuum chamber
and the lens. The wavelengths of 394, 505, and 515 nm
correspond to those of the representative emission lines
of C+ ions, C atoms, and C2 dimers, respectively. The
images were taken from laser-irradiation until the plume
disappeared, at an interval of 100 nm and an exposure time
of 20 ns.

3. Results and Discussion

A typical optical emission spectrum of the plume is shown
in Figure 1. The spectrum is continuous at wavelengths
between 300 and 700 nm, and the intense peaks that
originate from C2 Swan bands, C atoms, and C+ ions
were broadened. This is evidently due to Bremsstrahlung
radiation. High-density plasma that is similar to previously
reported ablation plumes was formed [11]. The emission
intensity was markedly large in the area surrounding the

laser irradiation spot on the target. The spectrum shown in
Figure 1 predominantly comprises the emissions from that
area.

Figure 2 shows the time-resolved plume images captured
using the high-speed ICCD camera without a bandpass filter.
The plume gradually expanded with time. It is well known
that a plume expands behind a traveling shock wave in
this pressure range [11]. Although the emission lifetimes
of species are approximately 10 nanoseconds in general
[11], the emission lasted up to 20 μs. This indicates that
the plume has a sufficiently high density for the species
to collide with each other. The plume front area located
behind the shock wave markedly emitted since the species
ejected from the target caught up with the shock wave and
gathered inside this area [12]. The front edge of the plume
reached the substrate, which was 15 mm away from the
target, at delay times between 1.0 and 1.5 μs. After that, the
emission above the substrate surface further lasted for several
microseconds. This evidently implies that high densities of
species are present above the substrate surface for such a long
time. This situation must have a significant role in UNCD
growth.
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Figure 5: AFM image of the UNCD/a-C:H film deposited on Si.

In order to observe the behavior of C+ ions, C atoms, and
C2 dimers in the plume separately, time-resolved images were
taken using narrow-bandpass filters. Typical time-resolved
images for C+ ions, C atoms, and C2 dimers are shown in
Figures 3(a), 3(b), and 3(c), respectively. While the emissions

from C atoms and C2 dimers lasted around the target, the
emission from C+ ions was observed for 7 μs above the
substrate surface. The emission observed above the substrate
surface in the images captured without using the filters is
evidently attributable to C+ ions. It was evidently shown that
high-energy C+ ions are present in high density above the
substrate surface.

In Figure 4, the plume’s front-edge position from the
target surface is plotted as a function of time. The front-
edge positions were carefully determined from the images
that were digitally analyzed using image processing software.
The plume expansion was fitted with the drag model [12],
and the expansion velocity at the substrate was estimated
to be 14 km/s for C+ ions. For the other species, the
expansion velocities were impossible to be estimated since
their emissions disappeared from the front edge of the
plume.

On the basis of previous reports and the experimental
results of this study, the UNCD growth mechanism can
be considered to be as follows. (i) The root-mean-square
roughness of the film surface was estimated to be 0.6 nm
by using atomic force microscopy (AFM), as shown in
Figure 5. This value is extremely small as compared to
that of the UNCD films prepared by CVD [13]. This
implies that UNCD crystallites are formed at a subsurface
rather than the film surface. It has been reported that
diamond nucleation occurs when highly energetic C+ ions
are implanted into amorphous carbon [14]. This does not
contradict the fact that the pretreatment of substrates is
not required for PLD, while it is indispensable for CVD.
We believe that the supply of highly energetic C+ ions
at a high density to the substrate has an important role
in UNCD growth in PLD. Here we must emphasize that
this does not have the predominant role on the UNCD
growth because the UNCD crystallites do not grow in
vacuum wherein the velocities of species must be greater
than those in 53.3 Pa hydrogen atmospheres. Although a
53.3 Pa hydrogen atmosphere reduces the mean-free-paths
and velocities of species, it is indispensable for UNCD
growth in PLD. (ii) It has been theoretically predicted that
carbon clusters whose dangling bonds are terminated by
atomic hydrogen and whose sizes are smaller than 3 nm
will energetically prefer a tetrahedral structure (diamond)
to a hexagonal one (graphite) [15]. The UNCD crystallites
grown by PLD have an average size of 5 nm. This size
is close to the predicted value of 3 nm. Since UNCD
growth by PLD requires a hydrogen atmosphere, the exis-
tence of atomic hydrogen during UNCD film deposition
might contribute to UNCD growth in the mechanism
mentioned above. (iii) It has been reported that diamond
nucleation is induced under supersaturated conditions [16].
In other words, UNCD crystallites can be formed under
supersaturated conditions without pretreating the substrates.
Supersaturated conditions might be realized by the presence
of high-density C+ ions on the substrate surface. The
probable mechanisms mentioned above are summarized
in Figure 6. We believe that these mechanisms (i), (ii),
and (iii) interactively contribute to UNCD growth in
PLD.
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Figure 6: Schematic diagram of probable growth mechanisms of UNCD crystallites in the film, based on previous reports and our
experimental results.

4. Conclusions

Optical emission spectroscopy was used to study pulsed
laser ablation of graphite in a hydrogen atmosphere wherein
UNCD films were grown. Time-resolved photographs were
taken using a high-speed ICCD camera equipped with 394-
, 505-, and 515-nm filters. Emissions from C atoms and C2

dimers lasted around the laser-irradiation spot on the target.
On the other hand, emission from C+ ions lasted above the
target surface for approximately 7 microseconds, although
the emission lifetime is approximately 10 nanoseconds. This
implies that C+ ions actively collide with each other above
the substrate surface for such a long time. We believe that
the keys to UNCD growth in PLD are the supply of energetic
carbon species at a high density to the substrate and existence
of atomic hydrogen during the growth.
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The atomic bonding configuration of ultrananocrystalline diamond (UNCD)/hydrogenated amorphous carbon (a-C:H) films
prepared by pulsed laser ablation of graphite in a hydrogen atmosphere was examined by near-edge X-ray absorption fine structure
spectroscopy. The measured spectra were decomposed with simple component spectra, and they were analyzed in detail. As
compared to the a-C:H films deposited at room substrate-temperature, the UNCD/a-C:H and nonhydrogenated amorphous
carbon (a-C) films deposited at a substrate-temperature of 550◦C exhibited enhanced π∗ and σ∗C≡C peaks. At the elevated
substrate-temperature, the π∗ and σ∗C≡C bonds formation is enhanced while the σ∗C–H and σ∗C–C bonds formation is
suppressed. The UNCD/a-C:H film showed a larger σ∗C–C peak than the a-C film deposited at the same elevated substrate-
temperature in vacuum. We believe that the intense σ∗C–C peak is evidently responsible for UNCD crystallites existence in the
film.

Copyright © 2009 Shinya Ohmagari et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

1. Introduction

Ultrananocrystalline diamond (UNCD) films comprising
diamond crystallites with diameters less than 10 nm and an
amorphous carbon matrix [1, 2] have attracted considerable
attention from the physical and technological viewpoints
because of the following features: (i) some properties resem-
bling those of diamond and sp3-rich amorphous carbon,
so-called diamond-like carbon (DLC); (ii) smooth surface
[3], which is contrastive to that of polycrystalline diamond;
(iii) higher temperature stability as compared to that of
DLC; (iv) unique optical and electrical properties owing to
a large number of grain boundaries in the film [4]. Here,
the grain boundaries exactly mean the interfaces between
UNCDs and between an amorphous carbon matrix and
UNCDs. It has been theoretically predicted that a large
number of grain boundaries generate additional energy

states between the bottom of the conduction band and the
top of the valence band of diamond [5]. Experimentally,
a large absorption coefficient caused by the direct optical
bandgap with a value of 2.2 eV that might be due to grain
boundaries has been reported [6]. As for the electrical
properties, the n-type conduction of nitrogen-doped UNCD
films is realized by the grain boundary conductions [7]. The
effects of the grain boundaries on the film properties are
hot topics specific to the UNCD films. The local atomic
structure in the UNCD films significantly influences their
physical properties. However, thus far, there have been a few
researches on the local atomic structure [8, 9].

Raman spectroscopy has ever been widely utilized for
the characterization of carbon-based materials [10, 11].
However, this technique has the following shortcomings for
the structural measurement of mixed sp2- and sp3- bonded
carbon materials. (i) There is the large difference in the
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Raman cross-section between sp2 and sp3 bonds. The Raman
cross-section for graphitic features can be up to 50 times
compared to that of diamond [12]. This results in the
extremely large sensitivity to the sp2 bonds as compared
to the sp3 bonds [13]. (ii) Long range ordering factors
in the materials indirectly contribute to the spectrum in
Raman spectroscopy. Since the wavelength of an incident
probe beam is on the order of micrometers, the sensitivity is
strongly dependent on the wavelength of the incident beam
and the crystallite size in materials. The detectable crystallite
size has a critical value that depends on the wavelength of
the incident beam. An ultraviolet incident beam is required
for the detection of nanocrystalline diamond. From these
shortcomings, for amorphous or nanocrystalline carbon
wherein sp2 and sp3 bonds coexist, the qualification of the
sp2 and sp3 bond fractions in their mixed materials is difficult
to be reliably performed.

On the other hand, Near-edge X-ray absorption fine
structure (NEXAFS) spectroscopy can overcome these prob-
lems. This spectroscopy probes the final-state wave function
near the excited atom wherein transitions from the C 1s
core level to the unoccupied states area are caused by X-ray
photon absorption. The dominant interaction terms could
be approximated to those between the localized bonds. Thus
the NEXAFS spectrum can roughly be decomposed with the
simple component spectra [14, 15].

NEXAFS spectroscopy has been successfully utilized
for investigating the local bonding configurations within
amorphous and nanocrystalline carbon. For amorphous
carbon films, the spectrum has been decomposed into the
components spectra originating from π∗ and σ∗ bonds,
and the bonding configuration structure has been studied
in detail [16, 17]. The sp2 fraction estimation method that
has been established in electron energy loss spectroscopy
(EELS) is applicable to the NEXAFS measurement [18, 19].
For hydrogenated amorphous carbon [15, 20] and nitrogen-
doped amorphous carbon films [21, 22], the bonding
configurations of hydrogen and nitrogen atoms with carbon
atoms have been investigated. For UNCD films, on the other
hand, there have been a few researches thus far [9, 23].

As above-mentioned, the UNCD films have the compli-
cated structure including the grain boundaries, which must
have a significant role on the unique physical properties of
the UNCD films. In this paper, we discuss on the atomic
bonding configuration of UNCD/hydrogenated amorphous
carbon (a-C:H) composite films by analyzing the NEXAFS
spectra. Here we call our films “UNCD/a-C:H” films since
UNCD crystallites are exactly surrounded by an a-C:H
matrix. The peak decomposition of the measured spectrum
revealed the specific bonding configuration to the UNCD/a-
C:H films.

2. Experimental

UNCD/a-C:H films were deposited on Si substrates at
a substrate-temperature (Ts) of 550◦C and an ambient
hydrogen pressure (PH2) of 53.3 Pa by pulsed laser deposition
(PLD) using a graphite target. The detailed conditions have
been indicated in our previous paper [6]. For comparison,
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Figure 1: NEXAFS spectra, which are decomposed with an error-
function step and Gaussians, of (a) UNCD/a-C:H film deposited
at Ts = 550◦C and PH2 = 53.3 Pa, (b) a-C film deposited at Ts =
550◦C in vacuum, and (c) a-C:H film deposited at Ts = RT and
PH2 = 53.3 Pa.

hydrogenated amorphous carbon (a-C:H) and nonhydro-
genated amorphous carbon (a-C) films were prepared at
Ts = room temperature (RT) in 53.3 Pa hydrogen and
Ts = 550◦C in vacuum, respectively. The UNCDs formation
was confirmed by transmission electron microscopy (TEM).
NEXAFS was performed on the UNCD/a-C:H, a-C:H, and a-
C films with the same thickness of 100 nm. NEXAFS spectra
were taken in a total electron yield mode by measuring
the current from the sample to ground using synchrotron
radiation at the beam line 12 of SAGA Light Source. Highly
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Table 1: Comparison of the peak positions and FWHMs of the decomposed component spectra of the UNCD/a-C:H films deposited at
Ts = 550◦C and PH2 = 53.3 Pa, a-C films deposited at Ts = 550◦C in vacuum, a-C:H films deposited at Ts = RT and PH2 = 53.3 Pa in this
study, and carbon films in previous reports.

π1
∗C=C (eV) π2

∗C=C (eV) σ∗C–H (eV) π∗ C≡C (eV) σ∗C–C (eV) σ∗C=C (eV) σ∗ C≡C (eV)

UNCD/a-C:H

position 284.87 286.22 287.27 288.42 292.87 303.81

FWHM 1.48 1.50 1.30 1.30

a-C

position 284.65 285.70 287.27 288.42 292.87 303.81

FWHM 1.76 1.70 1.64 1.35

a-C:H

position 284.73 286.30 287.22 288.25 292.65 303.81

FWHM 1.48 1.10 1.00 1.55

<Previous reports>

285(a) [26] 286(b) [15] 287.5(a) [26] 289.3(c) [24] 292.7(d) [22]

position 284(b) [27] 287(b) [27]

284.6(b) [15]
(a)

UNCD/a-C:H, (b)a-C, (c)nanocrystalline diamond (NCD), and (d)amorphous nitrogenated carbon.

oriented pyrolytic graphite (HOPG) was used as a sample
reference for the energy calibration.

3. Results and Discussion

The NEXAFS spectra of the UNCD/a-C:H film deposited
at Ts = 550◦C and PH2 = 53.3 Pa, a-C film deposited at
Ts = 550◦C in vacuum, and a-C:H film deposited at Ts =
RT and PH2 = 53.3 Pa are shown in Figures 1(a), 1(b), and
1(c), respectively. These spectra were normalized in intensity
at 330 eV. The spectra consist of two major peaks. One peak
centered at 285 eV is due to the π∗ bonding structure. The
other peak positioned between 290 and 295 eV originates
from the σ∗ bonding structure. In the photon energy range
between 285 and 290 eV, there is the obvious difference in the
spectrum between the films. This implies that several peaks
are superpositioned in this range.

The sp2 fraction was estimated using the following
equation:

fsp2 = Iπ∗sam Iref(ΔE)
Iπ∗ref Isam(ΔE)

, (1)

where Iπ∗sam and Iπ∗ref are the area of the π∗ peak of the
samples and reference HOPG, respectively, and Isam(ΔE) and
Iref(ΔE) are the areas calculated under the remainder of each
spectrum from 288.6 eV to 315 eV [24]. The sp2 fractions
were estimated to be 58%, 67%, and 40% for the UNCD/a-
C:H, a-C, and a-C:H films, respectively. The a-C:H film
deposited at Ts = RT shows the less sp2 fraction as compared
to the others deposited at Ts = 550◦C. The sp2 fraction
of the UNCD/a-C:H film is smaller than that of a-C film,
which might be mainly because of the existence of UNCD
crystallites in the UNCD/a-C:H film.

In order to analyze the atomic bonding configuration in
detail, the NEXAFS spectra were decomposed into compo-
nent peaks. The decomposition was carried out based on the

following assumptions. (a) The peak profile is predominantly
responsible for the wave function; it cannot be dramatically
changed between the similar kind of materials. (b) The peak
profiles of the fitting component spectra were supposed to
be approximately uniform between the samples. (c) The peak
position was also almostly fixed because the bond length does
not dramatically differ from those of similar materials.

The decomposed spectra of the UNCD/a-C:H, a-C,
and a-C:H films are shown in Figures 1(a), 1(b), and
1(c), respectively. The integral spectrum resulting from the
decomposed component spectra is shown in red solid line.
The jump of the C K-edge at the ionization potential
was fitted with an error-function step, and the subtracted
spectra are decomposed into Gaussian peaks [14, 25]. The
spectra were decomposed with the component spectra due to
π∗C=C, σ∗C–H, π∗C≡C∗, σ∗C–C, σ∗C=C, and σ∗C≡C.
Here, the a-C film showed the obviously wide π∗C=C peak
as compared to the other films. The π∗C=C peak of the a-C
film was decomposed into two. This implies that the bonds
with different bond lengths coexist in the a-C film. Table 1
shows the peak position and full width at half maximum
(FWHM) of the decomposed component spectrum.

There are two obvious differences between the UNCD/a-
C:H and a-C films. One is that the σ∗C≡C weakens and
the σ∗C–H peak appears for the UNCD/a-C:H film. The
σ∗C≡C bonds are partially replaced with the σ∗C–H bonds
by hydrogenation. The other is that the UNCD/a-C:H shows
the greater σ∗C–C peak than that of the a-C film. In the
spectrum of the UNCD/a-C:H film, the σ∗C–C peak is
relatively intense as compared to the σ∗C–H and π∗C≡C
peaks. This is different from the other spectra. And the
UNCD crystallites were confirmed by TEM only in the
UNCD/a-C:H film. We believe that the relatively intense
σ∗C–C peak is responsible for the existence of UNCDs.

In comparison with the a-C:H film, there are the
following differences. (i) The UNCD/a-C:H film including
the a-C film deposited at Ts = 550◦C showed stronger π∗
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and σ∗ C≡C peaks than the a-C:H film deposited at Ts = RT.
The C≡C bonds formation is enhanced at the elevated Ts.
(ii) The a-C:H film showed intense σ∗C–H and σ∗C–C peaks
instead of the π∗ and σ∗ C≡C peaks being weakened. Since
the a-C:H film was deposited at Ts = RT, the intense σ∗C–
H peak might result from a large amount of hydrogen in the
film as compared to the UNCD/a-C:H film. At Ts = RT, the
σ∗C–C bonds, instead of the C≡C bonds, were preferentially
formed in the amorphous film.

4. Conclusion

The chemical bonding structure of the ultrananocrystalline
diamond/hydrogenated amorphous carbon composite films
prepared by pulsed laser deposition was investigated by near-
edge X-ray absorption fine structure spectroscopy. The ultra-
nanocrystalline diamond/hydrogenated amorphous carbon
and amorphous carbon films deposited at the substrate-
temperature of 550◦C in 53.3 Pa hydrogen atmosphere
and vacuum showed larger π∗ and σ∗C≡C peaks than
that of hydrogenated amorphous carbon film deposited
at room substrate-temperature in 53.3 Pa hydrogen atmo-
sphere. The ultrananocrystalline diamond/hydrogenated
amorphous carbon composite films showed a greater
σ∗C−C peak as compared to the amorphous carbon film.
This is evidently responsible for the existance of ultra-
nanocrystalline diamond crystallites in the film.
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1. Introduction

Ultrananocrystalline diamond (UNCD) films have become
very attractive materials for microelectronics applications
since UNCD films with and without nitrogen doping
have recently been shown to have mild n- and p-type
semiconductor characteristics [1–8]. UNCD films are usually
prepared by 1%CH4/Ar microwave plasma CVD (MPCVD)
[9]. Typically, UNCD films compose of 3∼8 nm polycrys-
talline nanodiamond grains, containing the mixtures of
sp2/sp3-bonded carbon (trans-polyacetylene (t-PA) like, and
graphite-like sp2-bonded CH groups and sp3-bonded CH2

groups), with boundaries of ∼0.5 nm in width [3, 10–12].
Both theoretical calculations and experimental data

showed that the preferential incorporation of nitrogen into
the grain boundaries of N-doped UNCD films would form
the larger clustering and disordering of graphite-like sp2-
bonded carbons [5, 6, 11]. Recently, diamond nanowires
consisting of diamond core sheathed with sp2-bonded
carbon about 1 nm in thickness are observed in N-doped
UNCD films with addition of 10% N2 [11, 12].

Raman spectroscopy has been used to characterize
molecular properties of UNCD films. On the other hand,

IR spectroscopy is known as a complementary technique
to Raman scattering for the studies of structural vibrations,
such as C–H bonds stretching (2750 ∼ 3300 cm−1) in sp2/sp3

carbon-based materials [2, 13]. In particular, attenuated
total reflection Fourier transform infrared (ATR/FT-IR)
spectroscopy is an effective technique for UNCD mirror-
flat thin films samples due to the increasing optical path
length by the multiple-reflected radiation in the total internal
reflection element [14]. In this paper, we investigate and
compare the spatial uniformity of molecular properties and
surface morphology of MPCVD UNCD films processed with
and without the addition of 20% nitrogen by using Raman
and ATR/FT-IR spectroscopy as well as AFM for morphology
images and XPS for chemical environment identifications.
The correlations of spectroscopic results and the reported
electrical conductivity and structural modifications are also
discussed.

2. Experimental

2.1. UNCD Films by MPCVD. The UNCD films grown on Si
with and without N2 addition samples were prepared using 6
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in CYRRANUS Innovative Plasma System (MPECVD, IPLAS
GmbH) and provided by Dr. Gruen’s group at Argonne
National Lab, USA. The details of deposition parameters
were the same as described in [12].

The UNCD films were deposited on a large 4 in Si wafer.
The size, distribution, and uniformity of microwave plasma
and substrate temperature can effectively affect the quality,
property, and morphology of UNCD films. In particular, the
UNCD film grown at the center of the Si wafer may be quite
different from that at the edge. In this work, the UNCD film
on Si wafer was divided into ten (10) intervals along the
radius from the edge to the center, and labeled as #1 → #10.

2.2. Characterization Methods. Renishaw Raman Scattering
Noodles System 2000, equipped with a Leica microscope
and a HeNe red laser (632.8 nm) as an excitation source,
was used to examine the molecular properties of UNCD
films. X-ray photoelectron spectroscopy (Mg-Kα radiation
of 1253.6 eV with a surface analysis depth of ∼2 nm)
was used to prove the binding states of carbon 1s core
level in UNCD films without Ar+ sputtering pretreatment.
ATR/FT-IR spectrometer (PIKE, MIRacle Single Reflection
Horizontal ATR Accessory equipped with 1.8 mm round
ZnSe crystal IRE plate) was used to diagnose the molecular
vibrations of UNCD films in mid-IR (650∼4000 cm−1) range
recorded with 500 scans and 1 cm−1 resolution. Atomic force
microscopy (AFM, Quesant Q-scope 350) measurements
were scanned for the surface morphology of UNCD films.

3. Results and Discussions

3.1. Raman Spectra of UNCD Films. The spectroscopic
measurement was monitored at each interval position.
Figure 1 shows Raman spectra of undoped and N-doped
UNCD films. The top two (green and pink) and the bottom
two (brown and blue) are recorded at the edge and at
the center of substrate, respectively. The assignment and
interpretation of Raman spectra of undoped and N-doped
UNCD films deposited from 1%CH4/N2/Ar MPCVD have
been extensively discussed recently [4, 6, 11, 12]. The
following spectral features are typically observed: (1) a broad
band at 1332 cm−1 from nanodiamond crystallites, (2) the
sp2-bonded carbon features around 1340∼1600 cm−1 (in
particular at ∼1350 cm−1 and ∼1580 cm−1 for graphite D-
& G-bands), and (3) The C–H vibration characteristics of
short-chain conjugated t-PA in the grain boundaries at 1120
∼1190 cm−1 together with a weak peak at 1460 cm−1 and the
overtone features at 2245∼2810 cm−1 [3, 9, 10]. Moreover,
the sp3/sp2 ratio in N-doped UNCD films normally decreases
as compared to the undoped UNCD films [4].

In the bottom two spectra of Figure 1, the differences in
the Raman spectra between undoped and N-doped UNCD
films taken at the center position are similar to those
observed by Polyakov et al. [7]. However, Polyakov et al.
did not report the Raman spectra measured at the edge
position for UNCD films. When the top two spectra (edge)
and bottom two spectra (center) in Figure 1 are compared,
the following observations are noted: (1) a large increase (or

0
10000
20000
30000
40000
50000
60000
70000
80000
90000

100000

In
te

n
si

ty
(c

ps
)

100 600 1100 1600 2100 2600

Wavenumber (cm−1)

Undoped UNCD-edge
Undoped UNCD-center

N-doped UNCD-edge
N-doped UNCD-center

#10

#1

Si, 520 cm−1

1350 cm−1

1180 cm−1

1540 cm−1

1332 cm−1

1580 cm−1

1590 cm−1

2700 cm−1

1131 cm−1

2270 cm−1

2600 cm−1

Figure 1: Raman spectra of UNCD films taken along the radius
from the edge to the center position, labeled as #1 → #10.

almost inverse) in the I(G)/I(D) ratio, (2) the t-PA peak has
transformed from a weak shoulder band at 1130 cm−1 to a
well-defined peak at 1180 cm−1 and a large enhancement in
overtone feature around 2270∼2600 cm−1, and (3) a stronger
Raman intensity in 1100∼1650 cm−1 for N-doped UNCD
films is observed at the edge. These observed results strongly
suggest that (1) the undoped UNCD films grown at the
edge seem to contain a larger percentage of sp2-bonded
carbons due to the smaller nanodiamond crystallite clusters
(see Figure 4 of AFM images) as compared to that at the
center, and (2) the N-doped UNCD films show an increase
in clustering and disordering of aromatic sp2 (π)-bonded
carbons in the grain boundaries [5, 6, 11]. However, one
should also note that a large increase in Raman intensity of
the top two spectra, such as the peak at 1540 cm−1, may in
part due to the higher scattering cross-section of sp2 sites for
visible Raman transitions.

The nanodiamond crystallinity for both undoped and N-
doped UNCD films has shown to enhance as going from
the edge to the center of substrate. This is evidenced by the
observation of an increase in Raman intensity ratio (sp3/sp2)
of diamond peak (shift from 1350 cm−1 to 1332 cm−1)
relative to graphite G-peak (shift from 1540 cm−1 to 1560∼
1590 cm−1). On the other hand, the spectral peaks of t-PA
seem to disappear gradually from the edge to the center
substrate position, while only a small shoulder around
1130 cm−1 and a broad band around 2600∼2700 cm−1 are
observed, suggesting an improvement of sp2-bonded carbons
phases in the grain boundaries of UNCD films. Meanwhile,
the broad spectral background is also greatly reduced.

The spatial variation in compositional changes of the
UNCD films with and without N-doping as shown in
Figure 1 is possibly resulted from the varying alpha param-
eter (appearing of crystal facets) due to the inhomogeneous
of plasma density distribution from the perimeter of the
plasma ball to the center of substrate that leads to different
gas phase composition, varying substrate temperature and
surface chemistry for diamond film growth [15, 16].

Figure 2 shows the intensity variation of spatially
resolved Si Raman peak at 520 cm−1 taken along the radial
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Figure 2: Intensity variation of spatially resolved Si Raman peak
at 520 cm−1 of UNCD film from the edge to the center position of
substrates.

position of substrate from the edge to the center, for both
UNCD films with (solid) and without (dash) N2 doping.
For comparison, the Si peak of undoped UNCD film is
normalized by referring to that of N-doped UNCD film
at the edge position, labeled #1. The Si peak is observed
because the thicknesses of UNCD films are thin enough
for being penetrated through by the excitation laser beam.
The penetration depth of the visible light at an excitation
wavelength of 632.8 nm is about 1∼2 μm [11]. Therefore,
the change of Si peak intensity should inversely reflect the
thickness uniformity of UNCD films over the Si substrate
from the edge to the center. From the results illustrated in
Figure 2, the films are thicker and smoother at the center
(∼1 μm) than those at the edge. The oscillation of Si peak
intensity for N-doped UNCD film indicates its thickness
fluctuation as going from the edge to the center positions,
which is much larger than that of undoped UNCD film.
The actual thickness profile of the films along the substrate
position can be obtained by the calibration of Si Raman peak
intensity.

3.2. ATR/FT-IR Spectra of UNCD Films. Figure 3(a) shows
ATR/FT-IR absorption spectra of undoped (Blue) and N-
doped (Red) UNCD films at the center position of substrate
in the mid-IR range of 675∼4000 cm−1. The absorption of
water (3500∼3900 cm−1 and 1400∼1800 cm−1) and carbon
dioxide (2350 cm−1) is noticed in the spectra [17]. The C–
C and C–H rocking characteristics of undoped UNCD films
are observed between 800∼1200 cm−1 and 600∼900 cm−1,
respectively, in the spectrum (Blue) [13].

For this study, the focus is on the transformation of
sp3 to sp2 CH vibrations upon nitrogen doping that are
located in the spectral ranges of 2600 cm2 to 3200 cm2 as
shown in Figures 3(b), 3(c). Both N-doped Figure 3(b) and
undoped Figure 3(c) spectra are weak, broad, and featureless,
so a detailed deconvolution technique of Gaussian fitting
and baseline correction of ATR/FT-IR spectra is required to
analyze the UNCD films at center of substrate. The tentative
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Figure 3: (a) ATR/FT-IR spectra of undoped (blue) and N-doped
(red) UNCD films by MWCVD at the center position (labeled #10).
(b), (c) Deconvolution (green) of ATR/FTIR spectra of N-doped
(top) and undoped (bottom) UNCD films at the center position in
CH vibrational region of 2600∼3200 cm−1 after baseline correction
and by Gaussian fitting (red).
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Table 1: Spectral band assignment of CHx stretching vibration
modes of UNCD films at the center position, where minor peaks
are shown in parenthesis.

Assignment in [13,
14, 16, 17]/(cm−1)

Assignment in experiments

N-doped
UNCD films

Undoped
UNCD films

sp2-CH2(sym.)/2980 3004 (2988)

sp2-CH2(asym.)/3080 3078 (3088)

sp2-CH/3025 3039 (3033)

sp3-CH/2900∼2920 (2902) 2895

sp3-CH2(sym.)/2850 — 2861

sp3-CH2(asym.)/2920 — 2923
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Binding energy (eV)
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N-doped UNCD

sp2 ∼ 284 eV
σ ∼ 1.97 eV sp3 ∼ 285.9 eV

σ ∼ 3.06 eV

sp3 ∼ 285.6 eV
σ ∼ 2.64 eV

sp2 ∼ 284.2 eV
σ ∼ 1.83 eV

Figure 4: XPS C 1s spectra of undoped (bottom) and N-doped
(top) UNCD films with Gauss fits of sp2 & sp3 peaks.

peak assignments are summarized in Table 1. The distinctive
differences between N-doped and undoped UNCD films at
center are in the spectral range of 2800∼3100 cm−1. The
sp2-CH2 asymmetric and sp2-CH stretching vibrations at
3078 cm−1 and 3039 cm−1 are observed in N-doped UNCD
films [14, 18, 19]. The sp3-CH and sp3-CH2 asymmetric
stretching vibrations at 2895 cm−1 and 2923 cm−1 are shown
for undoped UNCD films [13, 14, 18, 19]. We have also
analyzed the ATR/FT-IR absorption spectra in the same
spectral ranges as in Figure 3(b) for undoped and N-doped
UNCD films at the edge position of substrate, and the results
are quite similar to those at the center. The only difference is
that the CH vibrational features of UNCD films are stronger
and better defined at the center than those at the edge
position. These results are in agreement with the Raman
spectroscopic observations above that the incorporation of
nitrogen into UNCD films would lead to the formation of
sp2-bonded carbons.

3.3. X-Ray Photoelectron Spectroscopy. In Figure 4, the XPS
C 1s spectra of undoped and N-doped UNCD films at
the center position (labeled #10) of the substrate are
deconvoluted by Gaussian multiple peaks fitting into two
main components with the binding energies (BEs) of 284.0∼

284.2 eV (for carbon sp2 bonding) and 285.6∼285.9 eV (for
carbon sp3 bonding). In N-doped UNCD films, the following
XPS spectral features are observed: (1) sp2 peak shifts to
lower BE by 0.2 eV, (2) sp3 peak shifts to higher BE by 0.3 eV,
and (3) both sp2 and sp3 peaks are broadened as compared to
the undoped UNCD films. The observed spectral broadening
and shifts of C 1s BE have been suggested due to the
interactions of C with N [20, 21]. The broadened C 1s
peaks in XPS imply the increasing in the formation and
disorderness of sp2-bonded carbon phase as resulted from
the incorporation of nitrogen into UNCD films that have also
been illustrated in Raman and ATR/FT-IR spectra above.

3.4. AFM Morphology of UNCD Films. The AFM surface
morphology of UNCD films was monitored for the spatial
scanning areas with different film thickness. Figure 5 shows
AFM surface morphology of undoped UNCD films (top
four) and N-doped UNCD films (bottom four), both
scanned at the edge (upper two labeled as (e)) and center
(lower two labeled as (c)) positions of substrates.

In Figure 5 (top), the undoped UNCD films were formed
by coalescence of coin-like diamond crystal clusters. In a
smaller scanning area (or high resolution with a scale bar
100 nm) of Figure 5 (top, upper-right), the sizes of diamond
crystal clusters at the edge are 433 nm and 391 nm as marked
by red and blue arrows. In a larger scanning area (or low
resolution with a scale bar 1 μm) of Figure 5 (top, lower-
left), the sizes of diamond crystal clusters at the center are
817 nm, 701 nm, and 695 nm as marked by red, green, and
blue arrows. In a smaller scanning area (or high resolution
with a scale bar 100 nm) of Figure 5 (top, lower-right), the
radius and central spacing of diamond crystal clusters at the
center are about 471 nm and 527 nm as marked by green and
blue arrows. Therefore, the sizes of diamond crystal clusters
increase from 400∼500 nm (top, upper-left, edge) to 700∼
800 nm (top, lower-left, center) along the radial position of
substrate.

However in Figure 5 (bottom), the N-doped UNCD films
were formed by coalescence of erythrocyte-like. In a larger
scanning area (or low resolution with a scale bar 1 μm) of
Figure 5 (bottom, left), the sizes of diamond crystal clusters
at the edge are 794 nm, 915 nm, and 895 nm as marked by
red, green, and blue arrows. The sizes of diamond crystal
clusters at the center are 792 nm, 724 nm, and 781 nm as
marked by red, green, and blue arrows. In a smaller scanning
area (or high resolution with a scale bar 100 nm) of Figure 5
(bottom, upper), the widths of the thicker circumferential
part of the erythrocyte-like diamond crystal cluster at the
edge are about 348 nm and 189 nm as marked by green
and blue arrows. Therefore, the diamond crystal clusters of
800∼1000 nm in size over the substrate, both at the edge
and center positions, are more uniform than that of undoped
UNCD films over the entire substrate areas.

It is worthy of mentioning that the morphology of
N-doped UNCD film seems to show a small opening in
each diamond crystal cluster at the center as compared to
that at the edge as shown in Figure 5 (bottom, lower-left).
However, the similar morphology without those openings
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Figure 5: AFM surface morphology of undoped (top four) and
N-doped (bottom four) UNCD films, scanned at edge (upper two
labeled as (e)) and center (lower two labeled as (c)) in different
areas.

was observed in the AFM image scanned by using a new
probe as shown in Figure 6(b), where Figure 6(a) is the same
AFM image as Figure 5 (bottom, lower-left). Therefore, those
openings are the artifacts coming from the convolution of the
tip and sample surface.

In a smaller scanning area (or a higher resolution with
a scale bar 100 nm) of Figure 5 (top, right two), the surface
morphology of each diamond crystal cluster of undoped
UNCD films was revoluted from the periodically well-

(a) (b)

1 μm 1 μm

Figure 6: AFM surface morphology of N-doped UNCD films
scanned at center by different probes (a) and (b).
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Figure 7: AFM mean surface roughness (Ra), with standard
deviation error bar, of undoped and N-doped UNCD films scanned
at different film areas.

aligned ridges of 70∼80 nm in spacing (two ridges of 155 nm
as indicated by green arrows) at the edge (top, upper-right)
into a ballic surface profile at the center (top, lower-right).
On the other hand, in Figure 5 (bottom, right two), the
surface morphology of each diamond crystal cluster of N-
doped UNCD films was revoluted from a flat surface at the
edge (bottom, upper-right) into a bump-like profile at the
center (bottom, lower-right).

The observed AFM morphologies may suggest that
when undoped UNCD films grow thicker at the center of
substrate, the diamond crystal clusters as building blocks
have transformed into a 3-dimensional growth, the larger
diamond clusters have been grown from a plate-like at the
edge into a ball-like at the center of substrate. However, as
N-doped UNCD films become thicker, the diamond crystal
clusters start with a similar size and then proceed to a
preferentially growth in the direction perpendicular to the
substrate surface.

Figure 7 shows the mean surface roughness (Ra) of the
UNCD films for a larger scanning area, 10 μm× 10 μm (pink:
undoped UNCD and light green: N-doped UNCD, hollow
markers) and a smaller scanning area, 1 μm × 1 μm (red:
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undoped UNCD and blue: N-doped UNCD, solid markers),
from the edge (#1) to the center (#10) position as labeled
in X-axis. The standard deviation error bars are indicated
together with the mean Ra markers.

In pink markers, the Ra of the undoped UNCD film
gradually decreases from 11 nm (edge, #1) to around 6 nm
(center, #10), with the overall mean value of 7 nm (STED
1.4 nm). In red markers, on the other hand, the Ra of the
undoped UNCD film displays a slight fluctuation with the
overall mean Ra 2.5 nm (STED 0.9 nm).

This observation seems to associate with the numbers
and size of diamond crystal clusters within the AFM scanning
area. For example, in a (1 μm × 1 μm) viewing area, the
Ra (2.5 nm) is quite uniform within the area down to 1∼4
diamond crystal clusters. For a larger viewing of undoped
UNCD film, for example, 10 μm× 10 μm area covering about
100∼400 diamond crystal clusters, the Ra increases up to
7 nm. The corresponding standard deviation of the mean Ra
also increases in 10 μm × 10 μm area as compared to 1 μm ×
1 μm area. The Ra is 6 nm at the center (#10) with a cluster
size of 800 nm and the Ra = 11 nm in the edge (#1), while the
cluster size is 500 nm, as shown in Figure 5 (top).

Similarly, in light green and blue markers, the overall
mean Ra of the N-doped UNCD films, both in 10 μm ×
10 μm and 1 μm × 1 μm scanning areas, is 8 nm (STED
1.8 nm) and 3 nm (STED 1.1 nm), respectively. But the Ra of
N-doped UNCD films seems to fluctuate larger than that of
undoped UNCD films, suggesting the formation of a larger
diamond crystal cluster size for the N-doped UNCD films.

3.5. Effect of N-Doping on UNCD Films. Normally, UNCD
films grown by MPCVD using CH4 and Ar gas mixtures
without the addition of N2 gas should follow the C2-
based growth mechanism [7], where the grown UNCD
films should compose of nanocrystalline diamond grains
and a structurally disordered mixture of sp3/sp2-bonded
carbons in the grain boundaries. Upon introducing nitrogen
into UNCD films, the most energetically favorable sites
should be at the grain boundaries, where the lone pair
electrons in nitrogen can facilitate the transformation of
tetrahedral coordinated sites of sp3-like carbon configuration
into a three-fold-coordinated site of sp2-like carbon arrange-
ment with a perturbed N-doped characteristic at the grain
boundaries [6]. Thus, the incorporation of nitrogen into
UNCD films could lead to an increase in amorphous sp2-
bonded (π-) carbon phase by the formation of conjugated
networking of the chain-like sp2 and sp1 hybridized with N-
doped structures together with aromatic carbon clusters in
the grain boundaries as evidenced by the results of Raman,
ATR/FT-IR, and XPS spectral investigations.

The sp3 nanodiamond grains of undoped UNCD films
are electrically inactive based on the theoretical tight-
bonding calculations [8]. For N-doped UNCD film, the
structural transformation has shown to lead to an increase
of sp2-carbon phase at the grain boundaries as illustrated
in the spectroscopic investigation above that can give the
n-type electrical conductivity as resulted from the increase
in the electron delocalization of π-π∗ transition states. This

structural assessment is in agreement with the observed high
conductivity (up to 150Ω−1cm−1) for the nitrogen contain-
ing UNCD films, via the enhanced sp2-carbon phase about
∼10% at the dense and connected grain boundaries [1, 21].

AFM surface morphology pictures of N-doped UNCD
films in Figure 5 show larger nanocrystalline diamond
clusters and more wrinkled surface than those of undoped
UNCD films. The increase of the overall grain boundary
volume and grain size in N-doped UNCD films measured at
the center, and the edge positions of substrate could offer a
possible film growth mechanism that the N-doped molecular
species may reduce secondary nucleation rate by blocking
potential sites for C2 addition through the absorption of
these N-doped molecules and thus enhance the growth of
diamond crystals [4, 6].

4. Conclusions

The incorporation of nitrogen into UNCD films prepared by
MPCVD using CH4/N2/Ar gas mixtures has shown to lead
to lower sp3/sp2-bonded carbon characteristic as evidenced
in the spectral features of sp2-bonded carbon phases in
the grain boundaries of N-doped UNCD films. Higher
amorphous and sp2 carbon feature in thin UNCD film
deposited at the edge position of substrate was observed. The
increase in size of nanocrystalline diamond clusters leading
to a larger fluctuation of surface roughness was also revealed
by AFM surface morphology of N-doped UNCD films.
The assessment of structural transformation of UNCD films
upon nitrogen doping is in agreement with the previously
proposed high electron transport via grain boundaries for N-
doped UNCD films.
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Carbon nanotubes (CNTs) have been successfully grown on the tip apex of an atomic force microscopy (AFM) cantilever by
microwave plasma-enhanced chemical vapor deposition (MPECVD). Both scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) observations reveal that the diameter of the CNTs is ∼30 nm and the magnetic particles with diameter
of ∼20 nm, which was used as catalyst for the CNT growth, exist on the top. This CNT probe has been applied to magnetic force
microscopy (MFM) on the ultrahigh-density magnetic recording media with 1200 kilo flux change per inch (kfci).
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1. Introduction

Magnetic force microscopy (MFM) is a powerful tool to
study the magnetic domain structure at a microscopic level,
and is widely used in the research and development of
magnetic nanodevices. Images with 50 nm resolution are
routinely obtained when using commercial microscope and
magnetic probes. However, higher resolution becomes more
desired with increased recording density in future magnetic
recording media. It is well known that the MFM resolution
is limited by the tip geometry and height above the sample
surface [1]. In particular, decrease in tip diameter is the most
significant factor to improve the resolution.

Thus to achieve reedy tips, methods using focused ion
beam (FIB) [2, 3] and the utilization of carbon nanotube
(CNT) [4–9] have been proposed. There have been two
methods for the fabrication of CNT-based MFM probes:
a mechanical attachment of metal-filled CNTs or catalyst-
attached CNTs under scanning electron microscopic (SEM)
observation [7–9], and a coating of magnetic metal over
a preattached CNT probe [4–6]. In the latter technique,
Kuramochi et al. reported that the magnetic recording media
up to 1100 kilo flux changes per inch (kfci) has been
clearly observed with a resolution of approximately 10 nm

[4]. However, the methods described above require time-
consuming mechanical attachment or multiple processes,
and seem inadequate for the large-scale production.

In a previous work, we successfully fabricated CNT
probes for scanning tunneling microscopy (STM) by
microwave plasma-enhanced chemical vapor deposition
(MPECVD) [10]. This direct growth is quite suitable for the
mass-scaled fabrication. It should be noted that the transmis-
sion electron microscopy (TEM) observation revealed the
existence of magnetic particle as a catalyst on the top of each
CNT. This feature can be applicable to MFM probes. Here,
we have performed a growth of CNTs on the AFM cantilever
made of Si, and have evaluated the resolution in the MFM
measurement of longitudinal magnetic recording media with
1200 kfci.

2. Experimental

The growth of CNTs on the Si cantilever was performed
by using an MPECVD system (CVD-CN-100, Ulvac Japan,
Ltd., Kanagawa, Japan). A Co thin film 20 nm thick, as the
catalyst, was coated on the Si cantilever (k = 2.8 N/m) by
vacuum deposition. It was then set into the metal holder with
seat mesh on the small hole in order to avoid the electric
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Figure 1: SEM image of CNTs on the tip apex of Si cantilever.
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Figure 2: (a) TEM images of cocatalyzed CNT that scraped away from Si substrate. (b) and (c) are enlarged images of (a).

discharge and ion etching from the plasma [10], and was
placed on the electrode in the MPECVD system. The mixed
gas of CH4 and H2 was used for the CVD growth. The
flow rate of H2 and CH4 was 80 and 20 sccm, respectively.
Total gas pressure was set at 226 Pa. The microwave used
was 2.45 GHz, 500 W and the growth time was 7 minutes.
During the growth process, a voltage of 200 V was applied
between the electrodes. Prior to the CNT growth, the
cantilever was exposed to hydrogen plasma for cleaning as
well as for activation of catalysts. During CVD process, no
heater was used, but the substrate temperature was raised
to approximately 600◦C as measured by thermocouple. The
morphology of tip apex after growth was observed by a field
emission scanning electron microscope (FE-SEM, Hitachi,
S4700). A high-resolution transmission electron microscope
(TEM, JEOL, JEM2000EX) was used to determine the
atomic structure of the CNT. In order to examine MFM
performance, the surface of longitudinal magnetic recording
media with densities of 600, 800, 1000, and 1200 kfci was

observed by Nanoscpoe III (Digital Instruments, NY, USA)
in air.

3. Results and Discussion

Figure 1 shows an SEM image of CNTs grown on the tip
apex of the Si cantilever. The CNTs ∼30 nm in diameter
are clearly observed at the tip apex. Figure 2 shows a TEM
image of a typical CNT similarly grown on an Si wafer.
The catalyst particle exists on the top of CNT. This suggests
that CNTs grew via the so-called tip growth mechanism
[11]. The CNT shows tubular structure with graphene layers
(lattice spacing of 0.34 nm) as resolved in the enlarged
TEM image (Figure 2(b)). The magnified image of catalyst
particle is shown in Figure 2(c), where the lattice of 0.19 nm
is thoroughly observed. The lattice spacing corresponds
to Co3C(103), suggesting that the CNT is grown with a
nanoparticle of single crystalline Co3C at its top [12].
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Figure 3: MFM images of ultrahigh-density recording media of 1000 and 1200 kfci using conventional and CNT probes. (a), (c) show
MFM image obtained by conventional probe. (b), (d) show MFM image obtained by CNT probe. The recording densities were (a) and (b)
1000 kfci, (c) and (d) 1200 kfci.
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Figure 4: Power spectra corresponding to Figures 3(b) and 3(d). We have averaged twenty power spectra after performing a Fourier
transform on a single-line profile obtained from MFM image.

Using this fabricated CNT probe and a conventional
probe, MFM observation is performed for the ultrahigh-
density recording media of 1000 and 1200 kfci, as shown in
Figure 3. In the case of conventional probe, a stripe pattern
of magnetic domain structure is observed up to 1000 kfci
(Figure 3(a)), though the periodicity is not so clear. Irregular
pattern appears appreciably comparable to the periodicity. In
the case of 1200 kfci, no stripe magnetic domain structure
is observed, as shown in Figure 3(c). In contrast, the
recording period is clearly resolved up to 1000 kfci using the
present CNT probe (Figure 3(b)), and even for 1200 kfci,
the periodicity is visible on the background of the irregular
pattern due to the limitation in the resolution and/or sample
preparation.

Figure 4 shows the power spectra corresponding to Fig-
ures 3(b) and 3(d). These spectra were obtained by averaging
twenty spectra after performing a Fourier transform of a

single-line profile of the cross-section in MFM image. As
shown in Figure 4, peaks at 55.1 and 45.2 nm are recognized
(which is double the recoding bit size). These values are
larger than the calculated values of 50.8 and 43.2 nm for
1000 and 1200 kfci. This may be due to inaccuracies in
the recording process [2]. In these power spectra, strong
background is observed on the low-frequency side. The
inverse Fourier analysis indicates that this is caused by
an irregular period due to disorder of the longitudinal
recording. The writing of 1200 kfci is known to be difficult
in the case of the longitudinal recording.

In order to estimate attainable resolution, we follow
analysis procedure reported by Kuramochi et al. [4].
Figure 5(a) shows normalized intensity of power spectrum
as a function of recording density. It is observed that the
intensity decreases with increase in recording density. The
intensity decreases with the increase of recording density.
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Figure 5: Plot of normalized intensity of power spectrum at the
various recording bit length. The solid line was obtained by linear
fitting for experimental plot. The sloping dashed line was obtained
by extrapolating of solid line. The noise level was obtained from
DC-erased area in (b) MFM image.

The attainable resolution in the observation of recording
media is obtained from intersecting point of extrapolation of
solid line and noise level line in Figure 5 [4]. The noise level
was obtained from DC-erased area in MFM image as shown
in Figure 5(b). The intersecting point corresponding to
attainable resolution is around 7.6 nm, which is comparable
to the value reported in [4]. It should be noted that in spite
of the CNT-MFM probe by the present simple fabrication
process without coating of magnetic materials, the resolution
has been improved compared with conventional probe. The
mass-scale fabrication of high-resolution CNT-MFM probes
is also expected by this direct growth method.

4. Conclusion

In conclusion, we have successfully fabricated the CNT
probes for MFM by direct growth using MPECVD. The CNTs
of ∼30 nm in diameter have been grown on the tip apex of
Si cantilever, and the magnetic particle (∼20 nm) is located
at the end. The MFM observation using the fabricated CNT
probe for magnetic recording media is demonstrated. The
CNT probe resolves a stripe magnetic domain structure
of ultrahigh-density recording media of 1000 and 1200 kfci
much clearer than the conventional probe.
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Direct and facile method to make carbon nanotube (CNT) tips for scanning tunneling microscopy (STM) is presented. Cobalt
(Co) particles, as catalysts, are electrochemically deposited on the apex of tungsten (W) STM tip for CNT growth. It is found that
the quantity of Co particles is well controlled by applied DC voltage, concentration of catalyst solution, and deposition time. Using
optimum growth condition, CNTs are successfully synthesized on the tip apex by catalyst-assisted microwave-enhanced chemical
vapor deposition (CA-MPECVD). A HOPG surface is clearly observed at an atomic scale using the present CNT-STM tip.
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1. Introduction

Carbon nanotube (CNT) [1] has attracted considerable
attention because of their unique and outstanding prop-
erties, such as chemical inertness, small tip radius, high-
aspect ratio, mechanical robustness, and high electrical
conductivity. It is demonstrated that the CNTs are suitable as
tips of atomic force microscopy (AFM) [2–4] and scanning
tunneling microscopy (STM) [5, 6]. Numerous methods to
make CNTs tips have been reported: manual attachment of
CNTs to the tip apex using an acrylic adhesive [2], electron
beam-induced deposition (EBID) of amorphous carbon
under SEM [7], and direct growth by a chemical vapor
deposition (CVD) technique [8–12]. The CVD technique
is most preferred in terms of mass production in the
commercial use. Although a single CNT growth is ideally
suitable for CNT tip in scanning probe microscopy (SPM),
plenty of CNTs are grown over the whole tip by CVD because
of the difficulty in positioning catalyst only at the tip apex
[12].

In the present study, we have developed fast- and
high-reproducible fabrication method of CNT-STM tips.
Liquid catalyst-assisted microwave plasma-enhanced CVD
(MPECVD) has been used to fabricate highly aligned CNTs
onto the STM tip apex. Catalytic particles are deposited only

at the STM tip apex by this electrochemical method. It is
shown that the quantity of deposited catalyst particles is
well controlled by tip immersion time, applied DC voltage,
and solution concentration. Using an optimized growth
condition, a single CNT is successfully grown onto the
STM tip. The performance of the present CNT-STM tip is
demonstrated by the observation of HOPG surface.

2. Experimental

A tungsten (W) tip (0.25 mm in diameter) for STM
was prepared by electrochemical etching in KOH solution
(2.5 N). The catalytic solution was prepared from pure
water, liquid ammonia, 2-ethylhexanoicacid, and cobalt
chloride with different concentrations as 10−1 M, 10−2 M,
and 10−3 M. After a standstill for a couple of hours, the
mixture separated into two gravity-stabilized layers, and the
topmost transparent layer was used as catalytic solution.
The prepared W tip was immersed in the solution by a
micrometer-adjustable apparatus. The different DC voltages
(2 V, 4 V, and 8 V) were applied on W tips to control the
number of catalytic particles attached on the tip apex and
to investigate aggregation of catalytic particles on W tips.
The, thus, prepared catalyst covered W tip was placed into a
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Figure 1: SEM pictures of catalyst-deposited tungsten tips with different electrochemical conditions. (a) voltage (4 V), concentration
(0.05 M), and time (1 second); (b) 4 V, 0.05 M, and 5 seconds; (c) 8 V, 0.05 M, and 5 seconds; (d) 2 V, 0.001 M, and 5 seconds; (e) 2 V,
0.01 M, and 5 seconds; (d) 2 V, 0.1 M, and 5 seconds.

custom-made tip holder in a commercial MPECVD system
(CVD-CN-100, Ulvac Japan, Kanagawa, Japan). The tip
holder is designed so that the damage by plasma can be
minimized during CNTs growth. Prior to CNTs growth, the
tips were exposed to hydrogen plasma for the formation of
catalyst particles as well as catalyst activation. Subsequently,
methane and hydrogen gases were introduced for the CNTs
growth. The mass flow ratio of CH4:H2 was kept at 1:4.
The growth pressure was kept in the range of 1–5 torr. The
microwave generator provides 2.45 GHz, 500 W microwave.
The growth time was 5–10 minutes, and a DC voltage of
−200 V was applied to the tip. The temperature of sample
holder during CNTs growth process measured by a K-type
thermocouple was about 700◦C. Field emission scanning
electron microscopy (FESEM, Hitachi S-4700) was used to
characterize the attached quantity of catalyst particles and
the CNTs structures. The crystallization of CNTs was studied
by using a Raman spectroscopy (Jobin Yvon HR-800) with
a 633 (1.96 eV) wavelength laser and the analysis power of
25 mW. STM measurement of a highly oriented pyrolytic
graphite (HOPG) surface was performed in air to examine
the capability of the CNTs tip prepared in this study.

3. Results and Discussion

The aggregation of catalyst particles on W tip apex was
investigated with different deposition parameters. The effect
of deposition time on catalytic aggregation was shown in
Figure 1(a), and Figure 1(b) shows SEM images after depo-
sition for 1 second (a) and 5 seconds (b), with immersing
depth of 0.01 mm, solution concentration of 0.05 M, and
applied voltage of 4 V. In Figure 1(a), no catalyst particles can
be observed, while apparent catalyst particles are observed
in Figure 1(b). This result suggests that the quantity of
catalyst particles on the W tip increases with deposition time.
Figures 1(b) and 1(c) show the effect of applied voltage
on the aggregation of catalytic particles. Other deposition
parameters are kept constant: immersing depth (0.01 mm),
catalytic concentration (0.05 M), and deposited time (5
seconds). The effect of solution concentration on catalytic
aggregation was shown in Figures 1(d)–1(f), where other
deposition parameters are kept constant: immersing depth
(0.1 mm), applied voltage (2 V), and deposited time (5
seconds). The higher solution concentration gives the larger
size of deposited materials.
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Figure 2: CNT-STM tips fabricated at the apex of tungsten tip. (a) CNTs from the deposited tip of Figure 1(d). (b) SEM and ((c), (d)) TEM
images grown at the apex with optimum condition (2 V, 0.001 M, and ∼ 0.5 seconds).

Co cationic particles in solvent are accelerated by elec-
tronic force forward to cathode W tip apex. The amount
of deposited aggregation particles has been shown to be
positively correlated with Co cationic particles flux, then,
the relationship between relative parameters and cationic
particles can be supposed as follows:

N ∝ A∗S∗F,

F ∝M∗V ,
(1)

where N denotes amount of deposited aggregation particles,
F denotes flux of ionic particles in unit time, A denotes
deposition area perpendicular to flux, S denotes deposition
time, M denotes concentration of ion solvent, and V denotes
applied bias voltage.

Our experimental results can easily prove this postulate.
Higher applied voltage enhances the more ionic particles
passing through the unit area in a constant time, that is,
the ion flux is increasing, further increases the deposited
aggregation particles. In the same concentration and applied
voltage, the ion flux in one unit area is in constant, then,
the longer deposition time allows more ion particles to pass
through the unit area, resulting in the increased deposition

of particles. Finally, the higher concentration also increases
the ion flux in unit area in a constant time and enhances
the particles deposition. Those results allow us to assume
that catalyst particles aggregation on W tip increases with
the increasing of the ionic flux. Thus, the amount of
deposited ionic particles can be controlled by the ion flux
and depositing time. Besides, in this comparison, the over-
deposition cases were employed in order to emphasize the
relationship between different applied parameters and the
catalyst particles aggregations on the W tip. Figure 2(a)
shows CNTs grown on the catalyst-coated tungsten tip
as shown in Figure 1(d) (2 V, 0.001 M, and 5 seconds).
Numerous CNTs are grown on the tip surface, indicating the
presence of catalytic Co particles using the present deposition
technique.

Figure 2(b) shows low-magnification SEM image of the
W tip apex which was deposited by applied bias 2 V, catalytic
concentration (0.001 M), and deposited time (∼ 0.5 second)
after CNT growth. Figures 2(c) and 2(d) show TEM images
of the same tip. The diameter and length are ∼ 40 nm and
∼ 900 nm, respectively. The number of graphen layers is 20–
30. The CNT growth mechanism is clearly confirmed as tip
growth [13], since the Co particle can be observed at the end
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Figure 3: The baseline-treated Raman spectrum of CNT tip. In
addition to graphite structure (G band) and disordered carbon
structure (D band), amorphous hydrogenated carbon structure
(a:H-C) is also observed.
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Figure 4: STM image of HOPG surface obtained at a bias voltage
of 6.2 mV. Honeycomb structure is clearly resolved.

of the CNTs. As previously shown, the CNTs of 50 nm to
80 nm in diameter and ∼ 800 nm to 1000 nm in length can
be controlled by growth time [12].

Raman spectra are taken to spectroscopically character-
ize CNTs grown. The baseline-corrected Raman spectrum
from CNT tip is shown in Figure 3. After using three
Lorentzian peaks fitting, the center positions were specified
at 1354 cm−1,1584 cm−1, and 1619 cm−1. The intensity rate
and area rate were 5.47:5.84:1 and 12.51:11.03:1, respectively.
The peak at 1354 cm−1 as defined as D band [14] and
high D band shows the amorphous carbon structure similar
with active coal. The peak at 1584 cm−1 is defined as G
band, and it shows the graphite structure of CNTs similar
with polycrystalline graphite powder [14]. The high intensity
ID/IG ratio shows the structure defects of CNTs which
were synthesized by catalyst pyrolytic method [15]. Peak
at 1619 cm−1 comes from amorphous hydrogenated carbon
(a:H-C) [16], which is regarded as one kind of defective
graphite structure.

In order to demonstrate the capability of the CNT
tip fabricated, highly-ordered pyrolytic graphite (HOPG)

surface was observed as a test sample. Figure 4 shows the
STM image taken in air. A honeycomb structure of graphite
was obviously resolved at a bias voltage of 6.2 mV, although
the image is somewhat distorted due to thermal drift. The
corrugation measured is about 0.2 nm, comparable to the
value obtained by conventional STM tips. However, we
believe the present CNT tip becomes more powerful in the
characterization of deep trench-like structures because of its
high aspect ratio.

4. Conclusion

We have succeeded in fabricating the CNT-STM tip by liquid
catalyst-assisted MPECVD. Highly aligned CNT with 30–
50 nm in diameter was grown on STM tip apex, as revealed by
FE-SEM and TEM. We have demonstrated the performance
of those STM tips by obtaining atomic images of the HOPG
surface. This method allows us to place and deposit catalytic
particles in a controlled way on the tip apex much easier
than conventional methods. It should be noted that even a
single CNT-STM tip can be fabricated by our CA-MPECVD
method.
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We have synthesized Pd-filled carbon nanotubes (CNTs) oriented perpendicular to Si substrates using a microwave plasma-
enhanced chemical vapor deposition (MPECVD) for the application of scanning probe microscopy (SPM) tip. Prior to the CVD
growth, Al thin film (10 nm) was coated on the substrate as a buffer layer followed by depositing a 5 ∼ 40 nm-thick Pd film as a
catalyst. The diameter and areal density of CNTs grown depend largely on the initial Pd thickness. Scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) images clearly show that Pd is successfully encapsulated into the CNTs,
probably leading to higher conductivity. Using optimum growth conditions, Pd-filled CNTs are successfully grown on the apex of
the conventional SPM cantilever.

Copyright © 2009 Tomokazu Sakamoto et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

1. Introduction

Since their discovery by Iijima in 1991 [1], CNTs have suc-
cessfully been synthesized via various techniques such as arc-
discharged method [2], laser vaporization [3], and chemical
vapor deposition (CVD) [4]. The advantage of CVD lies in
the controlled fabrication at a designated position on the
substrate using patterned catalysts. In particular, plasma-
enhanced CVD (PECVD) technique can control the growth
direction of individual CNTs by electric field [5–7].

Recently, growth of metal-filled CNTs (MF-CNTs) using
Pd as the catalyst has been demonstrated and their struc-
ture and growth mechanism were investigated [8–10]. The
anomalous feature of the Pd-filled CNTs was that they
contained a Pd nanowire of the length of micrometer
size and diameter of nanometer size. Since Pd has been
shown to be particularly useful for achieving reliable
ohmic contacts to single walled CNTs (SWCNTs) [11], the
Pd-filled CNTs are expected to have higher conductivity
from conventional hollow nanotubes. This property has
potential application for the conductive tip in scanning
probe microscopy (SPM). In addition, Pd, in nanosize and

low dimension, is known to change its magnetism from
paramagnetic to ferromagnetic [12, 13]. The feature extends
the application to the tip of magnetic force microscopy
(MFM).

Here, we demonstrate controlled synthesis of Pd-filled
CNTs on the Si substrate as well as on the tip apex of
SPM probes using the microwave plasma-enhanced chemical
vapor deposition (MPECVD). The diameter and density of
CNTs are well controlled by changing Pd thickness. The
structure is investigated by field emission scanning electron
microscopy (FE-SEM) and high-resolution transmission
electron microscopy (TEM). Raman spectroscopy is also
conducted to investigate the quality of the Pd-filled CNTs.

2. Experimental

Pd-filled CNTs were synthesized by using a MPECVD system
(CVD-CN-100, Ulvac, Japan). A 10 nm-thick Al film was
deposited as a buffer layer on a Si wafer or cantilever. This
layer is known to prevent the formation of silicide as well as
to support catalyst as nanoparticle [14, 15]. Then Pd of 5–
40 nm was deposited as catalyst by sputtering. The mixture
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Figure 1: Low magnification SEM images of CNTs grown on (a) Pd (10 nm)/Al (10 nm)/Si, (b) Pd (20 nm)/Al (10 nm)/Si, (c) Pd (40 nm)/Al
(10 nm)/Si. (d) High magnification SEM image of the CNTs in Figure 1(c). TEM image of the CNTs in Figure 1(a).

of H2 and CH4 gases was used for the CVD growth. The
flow ratio of H2 : CH4 was kept constant at 80 : 20. Total
gas pressure was set at 1.7 torr. We used a microwave of
2.45 GHz and 500 W, and the growth time was 10 minutes.
During the growth process, a voltage of 200 V was applied
between electrodes. Prior to the CNTs growth, the substrate
was exposed to hydrogen plasma for 3 minutes to clean
the substrate as well as to activate the catalyst. Hydrogen
plasma has a significant annealing effect on Pd particles
and alters their morphology [16]. The CNTs grown were
characterized by field emission scanning electron microscopy

(FE-SEM, Hitachi S4700), and high-resolution transmission
electron microscopy (TEM, JEOL, JEM2000EX) and Raman
spectroscopy (Jovin Yvon, LabRAM HR800) were carried out
to determine the structure of the Pd-filled CNTs.

3. Results and Discussion

Figures 1(a)–1(c) show SEM images of CNTs grown with
different Pd thickness. The CNTs grown on Pd (10 nm)/Al
(10 nm)/Si, as shown in Figure 1(a), were sparsely distributed
on the substrate. The CNTs on Pd (20 nm)/Al (10 nm)/Si
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Figure 2: Pd thickness dependence of CNTs diameter. Hydrogen
cleaning time is 3 minutes. Growth time is 10 minutes.
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Figure 3: Pd thickness dependency of CNTs density. Hydrogen
cleaning time is 3 minutes. Growth time is 10 minutes.

in Figure 1(b) and those on Pd (40 nm)/Al (10 nm)/Si in
Figure 1(c) are well aligned and homogeneously distributed
by the plasma sheath effect in MPECVD [16]. The diameter
of the tip of CNTs is approximately 100 nm, and Pd-
related materials are visible as bright contrast inside the
CNTs as shown in Figure 1(d). TEM image in Figure 1(e)
reveals that Pd is encapsulated inside the hollow of CNTs.
In previous reports, metals were considered to be encap-
sulated in the hollows of CNTs by the capillary force
[8, 9, 17–20].

Figure 2 shows the diameter of CNTs as a function of Pd
thickness. The diameter of CNTs decreases with decreasing
Pd thickness. It means that the diameter of CNTs depends
on the size of catalyst particles. Thus the diameter can be
reduced to approximately 30 nm at a Pd thickness of 7.5 nm.
Figure 3 shows the density of CNTs as a function of Pd
thickness. The curve was like mountain and it has a peak
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Figure 4: Raman spectra of CNTs grown on (a) Pd (1 nm)/Al
(10 nm)/Si, (b) Pd (10 nm)/Al (10 nm)/Si, (c) Pd (30 nm)/Al
(10 nm)/Si.

at a Pd thickness of 30 nm. CNTs were hardly grown on the
substrates with Pd less than 5 nm because Pd was removed
from the substrate by plasma etching in MPECVD.

Figure 4 shows Raman spectra of the CNTs grown in
different conditions: (a) Pd (1 nm)/Al (10 nm)/Si, remote
plasma, (b) Pd (10 nm)/Al (10 nm)/Si, MPECVD, (c) Pd
(30 nm)/Al (10 nm)/Si, MPECVD. Remote plasma growth
was done for comparison, where Pd was not encapsulated
into the whole CNTs. Two strong peaks are observed in
all the spectra at around 1350 cm−1 (D band) and around
1580–1600 cm−1 (G band). G peaks in Figures 4(b) and
4(c) are accompanied by an additional D∗ peak at around
1610–1620 cm−1. The origin of D and D∗ bands have
been attributed to disorder induced features such as defects
generated in the graphitic planes of CNTs, due to curvature
[21] and presence of amorphous carbon. On the other hand,
G band is a characteristic of graphitic phase corresponding to
in-plane vibration of C atoms, which indicates the presence
of crystalline graphitic carbon in CNTs [22]. The appearance
of D∗ band in Figures 4(b) and 4(c) agrees with the previous
report, indicating the presence of Pd inside the whole CNTs
[8, 23]. The intensity ratio of these two bands (ID/IG) [24]
is considered as a parameter to characterize the quality of
disorders in CNTs. The intensity ratios of ID/IG in all the
spectra are larger than unity, indicating that the Pd-filled
CNTs in the present study are multiwall CNTs (MWCNTs)
with defective structure.

Since the growth condition is now optimized, growth of
Pd-filled CNTs onto the SPM tip apex is performed. The Si
cantilever was used as a specimen, and the same preparation,
Al (10 nm) and Pd (10 nm) deposition, was conducted. The
conditions are optimized to decrease the density of CNT
and reduce the number or to produce only one CNT on the
apex of tip. Figure 5(a) shows a low-magnified SEM image
of CNTs grown on the cantilever surface. It is found that
the pyramidal structure keeps its original shape after the
growth. This is because the damage was minimized using a
metal mesh for shielding from the direct impact of plasma
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Figure 5: (a) Low magnification SEM image of CNTs grown on Al (10 nm)/Si cantilever. High magnification SEM images of CNTs at the tip
apex (b) and of substrate Si (c).

ions [25]. The CNTs are well aligned and homogeneously
distributed on the tip surface (Figure 5(b)) as well as on
the cantilever surface (Figure 5(c)). The diameter of CNTs
on the apex of tip is estimated to be approximately 50 nm.
Figure 5(c) clearly reveals that Pd is encapsulated into the
whole CNTs, as is on the Si wafer.

4. Conclusion

Pd-filled CNTs have been synthesized perpendicularly on
Pd/Al (10 nm)/Si substrates by MPECVD. The diameter of
CNTs has been controlled from 30 nm to 140 nm depending
on the Pd thickness. Both SEM and TEM images clearly
show that Pd is encapsulated into the whole CNTs. Raman
revealed that Pd-filled CNTs were composed of poorly
ordered graphene layers. Using optimum growth parameters,
we have successfully fabricated Pd-filled CNTs on the apex of
SPM probes.
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Carbon-based electronic materials have received much attention since the discovery and elucidation of the properties of the
nanotube, fullerene allotropes, and conducting polymers. Amorphous carbon, graphite, graphene, and diamond have also been
the topics of intensive research. In accordance with this interest, we herein provide the details of a novel and facile method for
synthesis of poly(hydridocarbyne) (PHC), a preceramic carbon polymer reported to undergo a conversion to diamond-like carbon
(DLC) upon pyrolysis and also provide electrical characterization after low-temperature processing and pyrolysis of this material.
The results indicate that the strongly insulating polymer becomes notably conductive in bulk form upon heating and contains
interspersed micro- and nanostructures, which are the subject of ongoing research.

Copyright © 2009 Aaron M. Katzenmeyer et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

1. Introduction

Poly(hydridocarbyne) (PHC) is an sp3 hybridized random
network carbon polymer, comprised of amonomeric unit
containing one carbon-hydrogen and three carbon-carbon
single bonds not unlike hydrogenated tetrahedral amor-
phous carbon (ta-C:H). Much interest was generated by the
synthesis of this easily processable polymer and the report of
its conversion to diamond and DLC by means of pyrolysis
[1]. Diamond has been reported to have interesting electrical
properties [2, 3] and applications in MEMS [4] and biology
[5]. And ta-C:H has also been shown to be relevant to
the electrical and biological communities in the form of
protectivecoatings in magnetic disk memories [6] and a
haemocompatible material [7], respectively.

2. Experimental

We developed a new method for the synthesis of PHC
[8] which enables faster, easier production and makes

this interesting material more accessible for research. The
method of synthesis involves the electropolymerization of
chloroform (CHCl3) which proceeds as shown in Figure 1.
UV/visible data collected during the polymerization are
consistent with the production of a polycarbyne, namely
PHC [1, 9, 10]. Transmission infrared spectroscopy shows
no evidence of carbon-carbon double bonds, only carbon-
carbon single bond and carbon-hydrogen stretches.

It was found that the polymer could be annealed at
100◦C for processing as a liquid, in addition to the known
method of suspending it in tetrahydrofuran (THF) or
toluene, without the loss of its electrically insulating nature
after cooling; an ∼|8nA| current was measured via probe
station at room temperature for |5V| bias. Semiconductor-
like behavior was observed in the I(V) as the sample was
heated.

Pyrolysis of the PHC polymer was performed under
constant Ar flow at 1000◦C for 24 hours in a Thermolyne
tube furnace. A blackened bulk material was produced
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Figure 1: Electrolysis of chloroform (CHCl3) in acetonitrile in the
presence of tetrafluoroborate results in the production of PHC.
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Figure 2: The I(V) plot for the pyrolyzed bulk shows a significant
conductivity increase with respect to the annealed polymer.

which we electrically analyzed and characterized via Raman
spectroscopy. This bulk material was probed (Figure 2)
and found to be much more conductive than the annealed
polymer despite exhibiting a nonlinear I(V) for |V| > 0.25.
This increase in conductivity is rationalized by the formation
of sp2 hybridized carbon constituents during pyrolysis (see
the following).

3. Raman Analysis

A vast body of work has been published on Raman spec-
troscopy of carbon-based materials and the techniques used
to fit Raman spectra using their individual constituent peaks,
and this remains an active area of research as certain peak
contributions are still debated or are of unknown origin.
Nonetheless, a literature review revealed well-developed
theory, which enabled us to curve fit our sample to good
approximation.

Figure 3 shows the spectrum of our material plotted
against that ofknown diamond, the intended product of the
pyrolysis. The two broadened features seen in our spectrum
occur in the vicinity of the well-known D (disordered)
and G (graphite) peaks that occur around 1360 cm−1 and

17001200700200

Raman shift (cm−1)

100

1000

10000

100000

In
te

n
si

ty
(a

.u
.)

Diamond
Sample

Figure 3: Raman spectra obtained for our pyrolyzed bulk sample
and known diamond.
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Figure 4: The Raman spectrum was fit using a Lorentzian function
for the D peak. The other feature resulting from the combination of
the G and D’ peaks can be represented by a BWF function.

1560 cm−1, respectively, [11] in graphitic carbon materi-
als and are particularly characteristic of microcrystalline
graphite [12].

To elucidate this, we followed the convention of curve
fitting the spectrum using a Lorentzian function for the
D peak and a Breit-Wigner-Fano (BWF) function for the
contribution near the G peak (Figure 4). The motivation for
the use of the BWF function lies in its ability to represent
the merging of the G and D’ peaks, a phenomenon which
occurs when the crystalline domains of a graphitic material
are sufficiently small [13, 14]. Due to the close fitting of
our spectra using this methodology, we find the majority
of the pyrolysis product is small-crystalline graphite, which
explains the notable increase in conductivity after burning
the PHC.

SEM did however reveal micro and nanostructures that
were clearly morphologically distinct from the majority
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Figure 5: SEM micrographs of pyrolyzed PHC reveal micro and nanostructures interspersed in the bulk material.

19001700150013001100900

Raman shift (cm−1)

0

500

1000

1500

2000

2500

3000

In
te

n
si

ty
(a

.u
.)

Sample
D peak
Fit

BWF
1500

Figure 6: An improvement to the curve fit shown in Figure 4 can
be made by adding another Lorentzian function at 1513 cm−1.

product (Figure 5). We attempted to account for this material
by adding an additional Lorentzian to the curve-fitting
procedure (Figure 6). The added Lorentzian is relatively
small in magnitude is centered at 1513 cm−1, and improves
the curve fitting of the sample’s spectrum. Interestingly,
an ∼1500 cm−1 peak in the spectrum of a related polymer
precursor, poly(phenylcarbyne) (C6H5C)n, was observed
after laser irradiation [15]. It has been suggested that such a
peak could arise due to either impurity-carbon amorphous
networks or amorphous networks of sp2 and sp3 carbon

[16]. However, only the latter suggestion is applicable to our
method of pyrolysis. Therefore, the micro and nanostruc-
tures interspersed throughout the bulk may be comprised
of such three- and four-fold coordinated amorphous carbon
networks.

4. Conclusion

We have developed a novel and facile method for the
synthesis of PHC, an easily processed, insulating polymer.
Upon pyrolysis in inert atmosphere, we note a significant
increase in conductivity of the product with respect to the
precursor for the sample we investigated. The majority of
the product analyzed was shown to be consistent with small-
crystalline graphite by way of curve fitting the sample’s
Raman spectrum. An improved curve fitting was found
through incorporation of an additional minority constituent
contributing to the spectrum at ∼1500 cm−1. This contribu-
tion may be the result of micro and nanostructures within
the bulk observed by SEM.
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The mechanical strength and mixed mode I/II fracture toughness of hydrogen-free tetrahedral amorphous diamond-like carbon
(ta-C) films, grown by pulsed laser deposition, are discussed in connection to material flaws and its microstructure. The failure
properties of ta-C were obtained from films with thicknesses 0.5–3 μm and specimen widths 10–20 μm. The smallest test samples
with 10 μm gage section averaged a strength of 7.3 ± 1.2 GPa, while the strength of 20-μm specimens with thicknesses 0.5–
3 μm varied between 2.2–5.7 GPa. The scaling of the mechanical strength with specimen thickness and dimensions was owed
to deposition-induced surface flaws, and, only in the smallest specimens, RIE patterning generated specimen sidewall flaws. The
mode I fracture toughness of ta-C films is KIc = 4.4 ± 0.4 MPa

√
m, while the results from mixed mode I/II fracture experiments

with cracks arbitrarily oriented in the plane of the film compared very well with theoretical predictions.

Copyright © 2009 K. N. Jonnalagadda and I. Chasiotis. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

1. Introduction

The application of novel structural materials, such as nano-
crystalline diamond [1] and amorphous diamond like car-
bon [2], in micro/nano-electromechanical systems (MEMS/
NEMS) has increased in the recent years due to their
advantageous mechanical and tribological properties. In
order to expedite the insertion of these thin film materials
in MEMS applications, thorough understanding of their
mechanical behavior is required. In this regard, several
experimental methods have been developed to measure the
elastic and failure properties of materials for use in MEMS
devices. A thorough literature review is provided in [3].

In this paper, previously reported and new results from
toughness and mechanical strength experiments are pre-
sented in order to obtain further understanding of the reli-
ability of hydrogen-free tetrahedral amorphous diamond-
like carbon (ta-C) manufactured at the Sandia National
Laboratories. Results from mixed mode stress intensity
factors, KI and KII , are presented and discussed in terms of
material fabrication, specimen size effects, and residual stress
gradients.

2. Experiments

2.1. Specimen Preparation. The ta-C specimens were man-
ufactured at the Sandia National Laboratories [4] from
a graphite target by pulsed laser deposition (PLD). They
were composed of 70–80% sp3 and 20–30% sp2 carbon.
Their composition depended on the laser fluence, which
was >25 J. The as-deposited ta-C consisted of uniformly
distributed sp2 and sp3 phases [5] but it has been reported
that small clusters of sp2 phase form after thermal annealing,
which are of the order of 1–3 nm [6]. During room-
temperature deposition, subplantation of accelerated carbon
atoms towards the substrate caused residual stresses of 6–
12 GPa in as-deposited films [7]. These stresses were relieved
by annealing the samples at 600◦C for a few minutes in
Ar, which reduced the stresses to less than 1 GPa. The
high compressive stresses during deposition can cause film
delamination from its substrate and, therefore, a maximum
single layer thickness of about 200 nm is permitted. Thicker
films can be deposited in the form of multiple layers with
annealing performed after each deposition of each layer. In
order to fabricate MEMS devices from ta-C, the films are
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Figure 1: SEM micrograph of a ta-C microscale tension dog-bone
specimen. The specimen pedal is used to grip the specimen and to
apply a tensile load to the gauge section.

patterned by using aluminum mask and oxygen plasma [4].
Figure 1 shows the top view of a ta-C specimen anchored to a
substrate by tethers which are connected to the square pads.
The specimens for fracture mechanics studies were 100 μm
wide, 1 μm thick, and 1000 μm long. The specimens used
for fracture strength experiments were 20 μm wide, 500, or
1000 μm in length and 0.5-3.0 μm in thickness. Four different
thicknesses were used to establish the effect of processing
parameters on the mechanical failure of ta-C films.

The elastic properties of these films were presented in
previous publications. The average elastic modulus for all
thicknesses, as measured by uniaxial tension specimens and
the AFM/DIC method [8], was 843 ± 54 GPa and their
Poisson’s ratio was 0.17± 0.03 [9, 10].

2.2. Preparation of Mixed Mode I/II Fracture Specimens. The
procedure for creating oblique precracks for the mixed-mode
fracture experiments is similar to the one employed for
the mode-I fracture toughness work by the authors before
[11]. Pre-cracks were introduced in the fracture specimens
by microindentation as previously reported by the authors
[10, 12] and first discussed by Keller [13] and Ballarini
et al. [14]. A microindent was made next to the edge of
unreleased specimens while they were attached on a silicon
dioxide sacrificial layer. The radial median crack generated
from the indent created a pre-crack in the specimen, as
shown in Figure 2. The indenter was suitably rotated to form
pre-cracks at various angles with different crack lengths.
Specimens with pre-cracks that were straight along their
entire length were used in the fracture experiments. The
oblique pre-cracks allowed for uniaxial loading in the gauge
section and various combinations of tensile and shear stresses
at the crack tip.

To reduce the uncertainty in measuring the pre-crack
geometry, and consequently the computed stress intensity
factors (SIFs), scanning electron microscopy (SEM) micro-
graphs provided the overall orientation of the crack with
respect to the edge of the specimen, whereas, AFM images
showed the local details of the crack tip. An accuracy of 10
nm in measuring the pre-crack length and of 1◦ or better
in the measured pre-crack angle can be achieved by using
an AFM. The crack lengths were in the range of 12–29 μm
and the crack angles varied from 7◦–38◦. Film thickness

measurements were performed by a surface profilometer and
an SEM.

After the geometry measurements, the specimens were
released from their substrate by wet etching the SiO2

sacrificial layer in 49 wt.% HF and by performing CO2

critical point drying (CPD). The same etching procedure was
followed to obtain the freestanding tension the specimens
for fracture strength measurements. SEM micrographs after
specimen release showed no further pre-crack extension,
while the pre-cracks “closed,” asserting the fact that the pre-
cracks were indeed sharp with singular crack tips.

2.3. Calculation of Strength and Mixed Mode I/II Fracture
Toughness from Experiments. The freestanding specimens
were tested in fixed-fixed configuration [12]. An important
aspect of these fracture experiments was to ensure that
loading was uniform and that no bending moment was
applied in the in-plane direction. Loading was accomplished
with a PZT actuator (Polytec PI) with a 1 nm displacement
resolution and ∼0.5% linearity. The force applied to the
specimens was measured with a load cell (quasistatic) with
a resolution of 0.1 mN and 1% linearity (with respect to its
full-scale). Ta-C is brittle, linearly elastic, and because of its
insignificant (calculated) process zone, see reference [10], the
use of the plane strain assumption at the crack tip is valid in
computing the stress intensity factors. The measured stress
just before specimen failure is used in the calculations of the
fracture strength and the stress intensity factor (SIF).

The majority of the fracture strength measurements
were conducted with 20-μm wide specimens that had four
different thicknesses, 0.5 μm, 1 μm, 2.2 μm, and 3 μm, and
two different lengths, 500 μm and 1000 μm. The independent
variation of the specimen outer surface area and volume,
allowed quantifying the specimen size dependence of the
measured mechanical strength. The load drop at failure and
the cross-sectional area were used to compute the fracture
strength. For each specimen thickness and length several
experiments were conducted and their average values are
reported here plus/minus one standard deviation.

The mixed-mode I/II stress intensity factors, KI and KII ,
for an oblique edge crack in a 2D plate under uniaxial
tension, see Figure 3, are [15]

KI = YIσ∞
√
πacos2(θ),

KII = YIIσ∞
√
πa sin(θ) cos(θ),

(1)

where YI and YII are the mode-I and mode-II shape factors,
associated with finite width specimen, which depend on the
dimensions of the specimen, the crack length, a, and the pre-
crack angle, θ.

Due to the nonstandard specimen geometry and load
application in our mixed mode fracture experiments, there
are no closed form solutions available to calculate KI and
KII directly from boundary (stress) measurements. Instead,
a finite element (FE) analysis was conducted to deduce the
fracture parameters from our experimental data. Figure 3
shows the boundary conditions used in the FE analysis to
extract KI and KII . The specimen length in the model was
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Figure 2: (Left) Indent next to a specimen edge and SEM micrograph of a microindent used to generate oblique edge pre-crack in a ta-C
specimen. (Right): AFM image of a pre-crack and its tip.
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Figure 3: Specimen model showing the boundary conditions and
the finite element mesh in the vicinity of the crack tip used in
numerical calculations of the stress intensity factors.

L = 5w. It was verified that the model geometry and
its relative dimensions did not bias the computed KI and
KII . The deformation fields and the stress intensity factors
were calculated by FRANC2DL [16, 17]. This interactive FE
analysis program allows for 2D modeling of cracks in solids
and for calculating stress intensity factors via displacement
correlation, modified crack closure integral, and J-integral
based formulations. The J-integral method gave the most
consistent results in our mixed mode stress intensity factor
calculations.

The J-integral is a non-linear, elastic path independent,
integral defined as [18]

J = lim
Γ→ 0

∫
Γ

[
Wn1 − σi j ∂ui

∂x1
nj

]
dΓ, (2)

where W is the strain energy density, σ is the stress tensor,
n is the unit vector normal to the contour Γ, and u is
the displacement vector, as shown in Figure 4(a). For a
homogeneous linearly elastic material, J is equal to G, the
energy release rate.

Γ

x1

x2 n

(a)

Γ2

Γ3 A

Γ1

x1

x2

(b)

Figure 4: (a) Crack tip coordinate system in an infinite body for
J-integral evaluation and (b) equivalent area domain for J-integral
evaluation [19].

For this mixed mode plane strain fracture problem, J or
G is equal to

J = G =
(
K2
I + K2

II

)(
1− ν2

)
E

, (3)

where E is the elastic modulus and ν is the Poisson’s ratio.
This domain integral was later modified by Li et al. [20] into
an area integral suitable for finite element calculations, as
shown in Figure 4(b). The area form of the integral is [18]

J =
∫
A

[
σi j

∂ui
∂x1

−Wδ1 j

]
∂q1

∂xi
dA, (4)

where δ is the Kronecker delta and q is the weight function
defined over the domain of integration. The value of q should
be such that it is equal to zero at the crack tip and equal to
one on the boundary [18]. It is seen that J or G in (3) are a
combination of the stress intensity factors, KI and KII , which
are separated into different fracture modes via a technique
introduced by Ishikawa [19] and Bui [21]. The crack tip
displacements were decomposed into their symmetric u˜I and
antisymmetric u˜II components with respect to the crack.
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Similarly, a decomposition of the stress field was obtained
and the mode separated J-integral values and the plane strain
SIFs are computed as

J I = J I

(
u
˜ I

, σ
˜ I

)
J II = J II

(
u
˜ II
σ
˜ II

)
,

KI =
√

EJI
(1− ν2)

KII =
√

EJII
(1− ν2)

.

(5)

Finally, the values of KI and KII were extracted from the
mixed mode fracture experimental data and the J-integral
technique was implemented in FRANC2DL.

In terms of meshing, 6-node quarter point triangular
elements (T6) were employed to capture the crack tip
singularity. The mesh was refined around the crack tip until
convergence was achieved. The rest of the model was meshed
with 8-node bilinear quad elements. Figure 3 shows the
mesh generated for a finite width specimen with an edge
crack. For each sample tested a new mesh was generated to
accommodate the new crack length and angle. The boundary
conditions were set to satisfy the fixed-fixed loading con-
figuration shown in Figure 3. Benchmark fracture problems
were solved first and the computed SIFs were compared with
those obtained by other methods to ensure the convergence
and accuracy of the numerical solution with respect to the
mesh density and element size. For instance, the case of a
single edge crack in a very large plate was solved and the SIF
was compared with the analytical solution [17], and the SIF
values computed by Kim and Paulino [22] who used the M-
integral in conjunction with the boundary element method
(BEM).

3. Results and Discussion

3.1. Mechanical Strength Experiments. Table 1 lists the aver-
age tensile strength and its standard deviation as a function
of specimen thickness and length [23]. In general, the tensile
strength scaled adversely with the film thickness, Figure 5(a),
when the specimen length was maintained the same. The
thinnest films, 0.5 μm, did not demonstrate a change in
their mechanical strength with the specimen length, which
implies that, for small film thicknesses, there is a statistically
representative (shown by the decrease in the standard
deviation of strength values) surface flaw population in both
small and large samples, which could be a combination of
top and side wall film surface flaws of small size. Hence,
for this film thickness the flaw population in a 20 ×
500μm2 film area was representative of the flaw distribution
in the entire film deposited on the die and, therefore,
the value for the mechanical strength of 5.4 ± 1.2 GPa is
representative for the 0.5 μm thick ta-C films provided that
they are comparable or larger in surface area than the
tested specimens. SEM images actually showed randomly
distributed small flaws which were of the order of a few
nanometers and, potentially, the source of failure where the
side-wall specimen ridges. However, the mechanical strength
of brittle materials is considered a stochastic property and
when stringent reliability requirements are in place then very
conservative material proofing approaches are needed [24].

Table 1: Tensile strength of ta-C as a function of specimen
dimensions.

Thickness (μm) Length (μm) Tensile Strength (GPa)

0.5
500 5.4± 1.2

1000 5.7± 0.3

1.0
500 5.5± 0.9

1000 3.9± 0.7

2.2
500 4.3± 1.4

1000 3.4± 0.9

3.0
500 2.2± 0.5

1000 2.3± 0.5

The same arguments are true for the thicker films,
3.0 μm, for which, the mechanical strength was independent
of the specimen size. SEM images actually showed that the
thickest films contained large surface flaws that initiated
failure. Again, at this extreme of film thickness, the flaw
population in 20 × 500μm2 film area was representative of
the flaw distribution in the entire film and, therefore, one
may use this value, 2.2± 0.5 GPa, as a representative strength
for the 3.0 μm films. In the thickest films, SEM images
showed distributed large and deep flaws, some of which were
submicron in size. One can then identify two different flaw
populations, both distributed at the film surface/volume,
whose size correlates with the film thickness, resulting in an
apparent correlation between the specimen volume and its
strength, as shown in Figure 5(b). However, this correlation
is strongly biased by the strength data for the 3.0-μm films,
and it does not have general applicability.

On the other hand, the strength of the two medium
film thicknesses did vary with the specimen length. In these
film thicknesses there was a distribution of small (similar to
those in 0.5-μm films) and large flaws (similar to those in
3.0-μm films). Larger specimens contained larger number
of large flaws that reduced the film strength significantly.
Therefore, the detrimental flaws were not clearly volumetric
(i.e., they still were surface flaws), since it was noticed
that no flaws were entirely included inside a specimen;
rather, all flaws discernible by an SEM were terminated
at the specimen surface. Also, there were no flaws that
started at the bottom surface of the films. Therefore, the
failure-inducing flaws were attributed to carbon droplets that
formed during deposition. As discussed in previous works
for other brittle materials for MEMS, the existence of two or
more competing flaw populations requires a thorough stress
analysis of MEMS components fabricated by these films,
since it is the local stress distribution that dictates the active
(catastrophic) flaw population [25].

Tests conducted on ta-C fixed-fixed beams by Espinosa et
al. [26] made of 0.5 μm and 1 μm films resulted in strengths
between 4.7–5.2 GPa, which agree with our experimental
results for the same film thicknesses. Espinosa et al. [26]
identified the sidewall roughness as the key factor in failure.
The data presented here [25] probed the flaw populations
in specimens with different dimensions of top and sidewall
surfaces pointing out that the flaws are rather volume related
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Figure 5: Tensile strength of ta-C as a function of specimen (a) thickness, (b) volume. The error bars correspond to one standard deviation
[25].

(i.e., deep top surface flaws that span significant volume
inside the specimens.) An appropriate scaling of the failure
problem would involve the top surface of the films and would
be conducted separately for each film thickness. The side-
wall flaws are usually small and have been shown to be the
source of failure in very small components. In a previous
work by this group [9] 10-μm wide and 400-μm long ta-C
specimens with 1.5 μm average thickness provided a tensile
strength of 7.3 ± 1.2 GPa, while having the same, or larger,
sidewall surface as more than half of the samples listed in
Table 1. In the same publication [9] the authors showed
that when the effect of top surface flaws was minimized
by focusing the stresses to small volumes of very acute
notches (K = 27) with a radius of curvature of 8 μm,
the local mechanical strength was very consistent averaging
11.4 ± 0.8 GPa. In those cases, failure was indeed the result
of the sidewall ridges in the specimen. The last point was
supported by a study with microscale polycrystalline silicon
specimens [27], which showed that sidewall flaw populations
are responsible for failure at locations with high stress
concentration factors or small radii of curvature. It should be
noted, that the choice of mechanical tests and the geometry
and dimensions of brittle specimens can seriously bias the
outcome of material strength measurements. The results
from such experiments should be analyzed and applied with
caution.

3.2. Mixed Mode I/II Fracture Toughness Experiments. The
mixed mode I/II fracture experiments were conducted on
1-μm thick specimens from two dies, originating in two
different fabrication runs. The choice of film thickness
was made according to the residual stress gradient in the
unreleased films. Prior work showed that 1-μm films are the
most appropriate to use because they are subject to a minimal
effect of residual stress gradients [10]. The experiments
conducted by taking this consideration into account resulted

F

50μmta-C 1μmMM 2.0 kV 11.7 mm ×900 SE(L)

Figure 6: SEM micrograph of a fractured ta-C specimen showing
the pre-crack (bottom) and the direction of crack propagation
pointed by the vertical arrow.

in the expected mode of crack propagation. Figure 6 shows
an SEM micrograph of a fractured ta-C specimen with a
30◦ pre-crack angle. The fracture path followed a straight
line which was normal to the loading direction, indicating
properly conducted experiments, as an oblique pre-crack
propagates in mode I after an initiation angle and a short
smooth transition from the original pre-crack angle.

The normalized stress intensity factors computed by
using FRANC2DL, KI/KIC , and KII /KIC , where KIC is the
mode-I fracture toughness of ta-C, are plotted in Figure 7.
The experimental uncertainty was less than 3% and 4% for
KI and KII , respectively. The number next to each datum
point is the pre-crack angle. The critical conditions for crack
initiation in mixed mode I/II fracture and the direction of
crack propagation depend on the local stress field around
the crack tip. The two common theoretical criteria [17] for
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versus KII /KIC for ta-C specimens. The experimental data are
compared to predictions by the MERR (dashed line) and the MTS
(solid line) criteria. The numbers next to the data points are the
pre-crack angles.

critical crack initiation are based on the maximum tensile (or
hoop) stress (MTS) [27] and the maximum energy release
rate (MERR) [28]. Using these mixed-mode I/II failure
criteria the locus of KI/KIC versus KII /KIC is plotted in
Figure 7 with solid and dashed lines, respectively. These two
fracture criteria provide an appropriate base for comparison
with theory since ta-C is amorphous and can be treated as
homogeneous and isotropic at almost all length scales.

The critical stress intensity factor, KIC , used to normalize
the mixed mode SIFs, was obtained from mode I experiments
on specimens from the same die. This way we accounted (to
some extent) for the material and gradient stress variations
between the two dies. The mode I critical stress intensity
factors for the two dies were 3.1 MPa

√
m and 3.9 MPa

√
m

for die number 1 and die number 2, respectively. For each
die KI and KII followed a rather monotonic trend. Without
the datum point for the 7◦ pre-crack in die number 1,
and the data points for 13◦ and 14◦ pre-cracks in die
number 2, the experimental data fit the theoretical criteria
very well. Actually, when compared to mixed mode I/II
fracture parameters from amorphous brittle materials at the
macroscale, such as PMMA [29], a similar distribution of
values is seen, often with a broader distribution of values.
The deviation from the MTS and MERR criteria is potentially
due the stress gradient in the films before their release from
their substrate, which results in a (slight) curvature in the test
samples. Upon loading, this curvature is removed resulting
in a bending moment at the crack tip. So the difference in
KIc values between the two dies is owed to the originally
different residual stress gradients in the deposited ta-C and
consequently, it does not represent the intrinsic KIc value
of the material. For a measurement of the intrinsic KIc of
ta-C the reader is referred to reference [10] where it was

1μmta-C 1μmMM 2.0 kV 11.7 mm ×50.0 k SE(U)

θ∗ ≈ 54◦

β ≈ 30◦

Figure 8: SEM micrograph showing the pre-crack, 30◦, and the
crack initiation, 54◦, angles.

found that KIc = 4.4 ± 0.4 MPa
√
m, which was consistent

for ta-C specimens from different dies, which were subject to
negligible residual stress gradients before their release.

Finally, Figure 8 is a close up view of the pre-crack tip
after fracture. At the onset of fracture, the crack propagated
in the direction of the crack initiation angle and finally
became normal to the loading direction. For the pre-crack
angle β = 30◦ the crack initiation angle was measured to be
54◦. The crack initiation angle is related to the mixed mode
stress intensity factors by [17]:

KII
KI

= tan(θ) = − sin
(
β
)

3 cos
(
β
)− 1

, (6)

where β is the critical crack initiation angle for a given θ. For
instance, in this example the predicted initiation angle was
59◦, which was close to the experimentally measured value.

4. Conclusions

Nanostructured materials applied to MEMS/NEMS can
guarantee uniformity in their properties, that is, their
effective mechanical behavior is not a function of their
dimensions. On the other hand, the failure properties still
depend on the size of the MEMS components. Small ta-C
material volumes demonstrated high strength; the strength
of acute notches with radii of curvature of 8 μm was 11.4 ±
0.8 GPa, as opposed to the strength of uniform tension ta-
C specimens which was quite lower and with greater scatter
in values. Thus, the high mechanical strength is an intrinsic
asset of ta-C but its failure is controlled by submicron flaws
that are independent of the material nanostructure and orig-
inate in the film deposition and patterning processes. The
mechanical strength of the ta-C specimens tested here did
not scale with the specimen volume because of the existence
of two flaw populations whose density and severity varied
with the film thickness; the thinnest films contained only the
smallest flaws while the thickest films had significantly larger
flaws. On the other hand, the intermediate film thicknesses
shared both flaw types. Therefore, one may apply a Weibull
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analysis to make failure probability predictions only with
strength data from films of the same thickness.

As a consequence, the mechanical strength of ta-C,
although intrinsically very high, is limited by fabrication
hurdles. Hence, it is not an appropriate metric to compare
brittle thin film materials in order to make material selections
for MEMS devices, since the failure-inducing defects are not
intrinsic and very often can be reduced in numbers and size
or even be eliminated. In this regard, the fracture toughness
is a better measure of the material durability and intrinsic
failure consistency since it can probe the average material
bond strength (for a brittle material) and its uniformity
throughout a thin film. The high fracture toughness of ta-
C, when compared to that of other films for MEMS such as
polysilicon [12], places ta-C among the most failure resistant
brittle materials. In this paper it was further shown that
because of the amorphous nature of ta-C, more complex,
and also more realistic cases of fracture, that is, mixed mode
I/II fracture can be predicted very well with the aid of brittle
fracture criteria derived from continuum mechanics.
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