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ARTICLE INFO ABSTRACT

Keywords: As an important carbon material, a nano-crystalline diamond (NCD) film is very promising in the field of science
TERS and technology. However, there are little knowledge about surface physics and chemistry of nanoscale in NCD
Nanodiamond

Trans-polyacetylene

films. Here, we perform nanoscale imaging of NCD films grown by hot filament chemical vapor deposition, using
tip-enhanced Raman spectroscopy. With ~20 nm spatial resolution, we resolve nanoscale spatial correlations of

trans-polyacetylene segments on the surface with characterized Raman modes at 1150 cm ™! and 1480 cm ™! that
originate from the motion of conjugate polymer skeletons with a substantial contribution from the in-plane
bending of carbon-hydrogen bonds and stretching vibrations of the double carbon-carbon bonds. Our work is
helpful to understand the role of TPA in NCD synthesis reaction in nanoscale and improve the device application

based on this material.

1. Introduction

The development of carbon material science has been throughout
human history. A typical example is a diamond film, which is always
fascinating due to its unique combination of outstanding properties
(including the highest hardness, high thermal conductivity, large band
gap, excellent chemical stability and biocompatibility) [1-4]. Since
beginning in the late 1990s the synthesis of polycrystalline diamond
films with small grains known as nano-crystalline diamond (NCD) has
made great achievements, which leads to the utilization of outstanding
diamond properties and development of a wide range of applications in
various fields of engineering [5-7], such as Micro Electro Mechanical
System (MEMS) devices, optical coatings, lateral field emission diodes,
biosensors, surface acoustic wave (SAW) filters, etc. [8,9].

Conventional polycrystalline semiconductors such as silicon are
composed of a large number of grains and grain boundaries. And grain
boundaries contain those atoms that have been perturbed from their
original lattice sites, dislocations, and impurities. However, the atom
structure of grain boundaries in NCD is greatly different from them and
more complicated, because the part of excess energy of the grain
boundaries is relaxed by changing the hybridization of carbon atoms to
form more ordered sp2-bonded carbon structures, which allow for

existence of various nanostructures and chemical phases [8,10,11].
Moreover, other inclusions such as amorphous graphite and C-Hy chains
could be formed on the surface of a NCD film because of the non-
equilibrium growth conditions, even though it has a smooth surface.
For example, observations by transmission electron microscopy have
showed that nano-diamond particles are polyhedra consisting of a dia-
mond core built up of sp® carbon, which may be partially coated by a
graphitic shell or amorphous carbon with dangling bonds terminated by
functional groups [8,12]. Raman measurements have demonstrated that
trans-polyacetylene (TPA) segments become formed at grain boundaries
and the surface of NCD films, as evidenced by the characteristic Raman
bands of v3 (C-H in plane bending) at 1150 cm land V1 (C=C stretch) at
1480 cm™! [13-16]. In fact, few attentions were paid on the effect of
TPA segments on the synthesis reaction or the physical properties of
NCD films in the previous studies, although it was recognized as the first
conducting polymer in 1976, leading to the development of the field of
organic conducting polymers [17,18].

Therefore, more work is needed to study the surface physics and
chemistry of diamond films in nanoscale, which is going to provide a
deeper understanding of the diamond growth of non-equilibrium ther-
modynamics. In this regard, tip-enhanced Raman spectroscopy (TERS)
Raman spectroscopy has proven to be a powerful tool to accomplish this
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NCD film

Fig. 1. Schematic for tip enhanced Raman scattering from NCD films. The
excitation light at 532 nm was focused on the tip through an objective (Mitu-
toyo, M Plan Apo 100x, NA = 0.7) mounted at 45 degree. The TERs tip is a
silver-covered silicon cone with a radius of curvature about 100 nm. The inset is
a SEM image of the TERS tip with a scale bar of 500 nm.

goal, which brings Raman spectroscopy into nanoscale resolution im-
aging [19-21]. TERS is a super-resolution chemical technique, which is
performed in an integrated system combined of Raman spectrometer
and Scanning Probe microscope (SPM), for example atomic force mi-
croscope (AFM) or scanning tunneling microscope. A TERS system is
based on a metallic tip employed to concentrate the incident light field
at the apex, greatly improving the Raman sensitivity and reducing the
probed volume to the nanoscale region immediately below the tip [22].
While TERS has already been used to study various carbon materials
such graphene [23,24], carbon tubes [25,26], amorphous carbon films
and carbon onions [27]. In particular, this technology shows great ad-
vantages in practical application research such as commercial hard disk
drives, tribology and lubricant detection et al. [28,29] But to our best
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knowledge, it is rarely used to nanoscale image chemical components in
diamond films. Here, we perform resonant TERS imaging of NCD films.
We demonstrate the advantage of TERS for nanoscale imaging of the
surface of NCD films and identification of locally spatial distribution of
TPA segments on surface.

2. Experimental section
2.1. Synthesis of diamond films

In our study, the diamond films were grown on 4-in. n-doped Si (100)
wafers by the hot filament chemical vapor deposition (HFCVD) [30].
Before the deposition process, the substrate was pretreated with a
diamond-enhanced nucleation solution which is 20% diamond
nanoparticles-stock solution in methanol, so that the diamond particles
were immersed into the substrate surface by ultrasound. The pretreat-
ment step was followed by cleaning the substrate with methanol, iso-
propanol and acetone in sequence. And then, the substrate was placed in
a HFCVD vacuum chamber. During growth, the temperature of a Ta
filament was 2200 °C and it was kept at a distance of 15 mm from the
substrate with 750 °C. The flow ratio of hydrogen (Hy) and methane
(CH4) was 150:10.5 sccm under a low working pressure of 3 KPa, which
resulted in a growth rate of ~625 nm/h. The average thickness of the
diamond film is about 5 pm.

2.2. Characterization

The high-power transfer target polycrystalline X-ray diffractometer
(Mac Science M18XHF) was used to analyze the crystal structure of the
sample with Cuy, as the X-ray source. The continuous scanning was
performed using a 26/0 coupled scanning method with a step width of
0.02° and the tube voltage is 40 KV. The morphology and cross section of
the diamond film was observed by scanning electron microscope (FEI
Helios 600I). Raman spectroscopy (Horiba HR Evolution) and X-ray
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Fig. 2. (a) The macroscopic photograph of the diamond film on a 4-inch silicon substrate. (b) The XRD curve of the diamond film. (c) A schematic diagram of the
crystal structure of the diamond film. (d and e) SEM images of the synthesized diamond film. (f) The cross-sectional view of the diamond film with the thickness of

5 pm.
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Fig. 3. (a) The Raman spectrum of the NCD films fitted by Lorenz multiple
peaks at 1150 cm ™!, 1332 ecm ™!, 1350 cm ™, 1480 cm ™! and 1580 cm ™. (b)
The XPS C 1s spectrum is fitted with Gaussian function and is deconvoluted to
two components with binding energy of 284.6 eV (for carbon sp? bonding) and
285.0 eV (for carbon sp3 bonding).

photoelectron spectroscopy (XPS, ThermoFisher Scientific ESCALAB
250x) measurements were performed to characterize the surface
structure and chemical composition of the NCD film. These analyzes
were carried out at atmospheric pressure, with the Mg Ka line (hv =
1253.6 eV) and with the analyzer pass energy set to 10 eV. Spectra
fitting used Shirley’s method to subtract the inelastic background of the
Cls electron core-level. It also used no constraints with multiple Voigt
profiles. Binding energies corrections used the hydrocarbon component
of adventitious carbon fixed at 285.0 eV. The width at half maximum
(FWHM) varied between 1.0 and 1.8 eV and the estimated accuracy of
the peak positions was +0.1 eV. The subtracted background was of
“Shirley” type.

2.3. TERS measurement

It was performed on an AFM-based tip-enhanced Raman system
(Horiba) as shown in Fig. 1. The excitation light at 532 nm was focused
on the tip through an objective (Mitutoyo, M Plan Apo 100x, NA = 0.7)
mounted at 45 degree. The TERS tip is a silver-covered silicon corn. The
laser power at the focal volume was ~1 mW. The tip, controlled by the
AFM cantilever, was operated in tapping mode to avoid damaging the
sample. The scanning rate was set to 0.5 Hz to attenuate the shear force
on the sample during scanning. An optical grating of 1800 g mm ' was
used for TERS measurements, and the integration time for spectrum
acquisition was 1 s.
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3. Results and discussion

Fig. 2a presents the macroscopic photograph of the as-grown dia-
mond film on a 4-in. silicon substrate. The obtained X-ray diffraction
pattern is presented in Fig. 2b. Three main peaks at 20 = 43.93°, 75.30°
and 91.48° of the pattern are attributed to the diamond crystal structure
D (111), D (220) and D (311) (the corresponding lattice planes are
marked by the colors of green, blue and yellow, respectively, in Fig. 2c),
while the peak at 20 = 26.55° identified by the graphite structure G
(200) illustrates the existence of a graphite phase in the diamond film
[31]. The morphology and cross section of the diamond film was
observed by scanning electron microscope (FEI Helios 600I). It can be
seen from Figs. 2d and 1e that the diamond film clearly shows a uniform
NCD structure with a grain size of less than ~50 nm. Fig. 2f is a cross-
sectional view of the NCD film with a thickness of 5 pm. It should be
noted that the grain size of NCD in our experiments does not increase
with the increase in film thickness, because the secondary nucleation
rate of NCD is much greater than the growth rate of existing grains. This
growth behavior is different from that of conventional microcrystalline
diamond, in that the secondary nucleation rate is slow, and the grain size
and roughness change rapidly with the increase of film thickness [32].

Fig. 3a presents a typical Raman spectrum from the NCD film, which
is fitted by the Lorentzian function. It exhibits the typical characteristics
of NCD structure with a weak sp> diamond Raman band ~1332 cm™?
embedded with strong sp? graphite D and G bands at ~1350 cm ™! and
1580 cm ™}, respectively. This result is consistent with previous results
that the effects from the sp>-bonded carbon dominate all spectra,
because the cross-section of the sp® phase is much higher than that of the
sp° phase in visible Raman spectra [33-35]. Thus, even the spectra of
diamond films mainly composed of sp>-bonded carbon show no direct
evidence for the sp® configuration but are dominated by the sp? features.
This assumption was also confirmed by our result of the XPS. Fig. 3b
shows the XPS spectrum of C 1s which is deconvoluted by Gaussian
multiple peaks fitting in a weak component with binding energy 284.6
eV (for carbon sp? bonding) and a strong one with binding energy 285.0
eV (for carbon sp3 bonding) [36,37]. This result indicates that the main
chemical composition of the NCD film in our experiments is a crystalline
diamond structure. In addition, it should be noticed that there are two
Raman bands at 1150 cm™! and 1480 cm™' defined as vs and v,
respectively, in Fig. 3b. Kuzmany et al. have provided clear evidence
that v; and v modes originate from trans-polyacetylene (TPA) in dia-
mond films through the result of H—D isotope substitution [14]. And
both v; and vs bands are characteristic of the motion of conjugate
polymer skeletons with a substantial contribution from the stretching
vibrations of the double carbon-carbon bonds.

Next, we present Raman analysis of the NCD film with a spatial
resolution of nanoscale. The measurements were performed on an AFM-
based tip-enhanced Raman system (Horiba) which is schematic in Fig. 1.
The TERs tip is a silver-covered silicon cone with a radius of curvature
about 100 nm (the inset of Fig. 1).

Fig. 4a shows the AFM surface morphology of the NCD film, which
indicates that the NCD film is formed by the coalescence of circle dia-
mond crystal clusters composed of smaller grains. The size of clusters is
in the range of about 100-260 nm. For TERS measurements, we chose
the sample area within the red square shown in Fig. 4a, where are two
diamond clusters. Fig. 4b and c¢ show a magnified AFM image and a
corresponding TERS image constructed with the Raman intensity area.
As seen in the figures, completely different patterns are observed for
both images in terms of their nanoscale characteristics. We observed a
higher TERS signal intensity in the area around the two clusters (red
dash circles) compared to that inside clusters in Fig. 4c. Fig. 4d shows a
set of TERS spectra across the range between two clusters (positions are
marked by red dots in Fig. 4b). Through comparing these Raman
spectra, it can be found that all resonant Raman modes from the area
between two clusters (positions 2 and 3) systematically became stron-
ger. In addition, the v3 band at 1150 cm ™! inside the clusters (positions 1
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Fig. 4. AFM and TERS images of the diamond film. (a) The AFM image of the NCD film. (b) The magnified AFM image of the local area marked by the red square in
(a). (c) The corresponding TERS image of (b). (d) TERS spectra from different position as marked by number in (c). (e) The TERS signal profile along the white line

in (c).
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Fig. 5. (a) The size distribution histogram of clusters in the diamond film. (b) The size distribution histogram of TPA area.

and 4) is disappeared and the v5 band at 1480 cm ™! shows a tiny change.
The similar experimental result has been observed in the earlier study
for demonstrating the formation of TPA components at grain boundaries
and the surface of NCD films. So this result implies that the increase in
the TERS signal intensity mainly result from the contribution of TPA
component on the surface of the NCD film. And v; and v3 modes can be
used as a fingerprint identification of the locally spatial distribution of
TPA segments in nanoscale. In addition, according to the line profile of
the white dashed line in Fig. 4e, we measured the area of TPA segments
to be about 45 nm wide. Fig. 5a and b are the size distribution histo-
grams of clusters and TPA areas in the NCD film, which were obtained by
analyzing the AFM and TERS signals, respectively, from Fifty different
ranges on the surface. The histograms show the size peaks of about 173
nm and 44 nm for clusters and TPA areas, respectively.

At last, it is worth to talk more about the possible role of TPA in the
diamond synthesis reaction. In fact, our observation of the disappear-
ance of v3 vibration band of TPA in the diamond clusters is very similar
to the Raman spectra of microcrystalline diamond films composed of
micro-sized grains [38]. According to Frenklach’s mechanism and the

selection rule of vibrations [39,40], Sun et al. have proposed that the
grown diamond (111) facet consists of (111) faces and {110} face steps,
and the out-plane C—H stretch vibration characterizes the kernel for-
mation while the in-plane C—H bending vibration does the propagation
stages. So the disappearance of v vibration band of TPA in our mea-
surements may be attributed to that the kernel formation along (111)
faces is dominant over propagation growth along {110} face steps inside
diamond clusters, due to the small grain size or a high secondary
nucleation rate. On the other hand, because the chemical bond in TPA
strongly differs from the bond in usual covalent carbon species, there
would be a difference between the reactivity of TPA when opposed to
diamond surfaces and usual carbon containing compounds. In that
sense, the additional theoretical and experimental efforts, therefore, will
need to be carried out in order to understand the role of TPA in the
diamond synthesis reaction in nanoscale.

Many previous experiments were aimed to understand the Raman
spectra of TPA of classically synthesized carbon materials. For example,
it has been demonstrated that the deposited TPA is composed of chains
exhibiting short conjugation lengths by using surface enhanced Raman
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spectroscopy (SERS) [41]. With the help of TERS, however, one can
obtain the spatial distribution of TPA segments with a high resolution in
nanoscale. While the spatial resolution of TERS in our experiments is
about 20 nm, it could not the limit of this technique. With functionalized
or sharper tips, it is able to become better, which will allow for more
accurately characterizing the surface of NCD films in nanoscale.

4. Conclusions

In summary, we performed resonant TERS imaging of NCD films
grown by HFCVD with a high spatial resolution. It was found that the
NCD films in our experiments are consisted with crystalline clusters with
a mean diameter of ~173 nm and TPA area with a mean width of ~44
nm. We demonstrated the advantage of TERS for nanoscale imaging of
TPA segments of NCD films and identification of its chemical composi-
tion. Our work provides fundamental information for further studies of
TPA segments to understand its role in the growth dynamics or physical
properties of NCD films in future.
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