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ABSTRACT

Raman spectroscopic studies on nanodiamond composite (NDC) films, comprising nano-sized diamond grains and an amorphous carbon
(a-C) matrix, deposited by coaxial arc plasma deposition are challenging because the scattering of the nano-sized diamond grains competes
with the strong signal of the a-C matrix. To unravel the nanocomposite structure of NDC films, both far- and near-field Raman spectroscopy
were employed. Based on the comparison of visible and ultraviolet far-field Raman data, component spectra based on either nanodiamond
or a-C were estimated by a peak-decomposition procedure based on band fitting. Near-field optical resolution achieved via tip-enhanced
Raman spectroscopy reveals sharper peaks of both the nanodiamond and the amorphous carbon than the far-field spectra. Consequently, the
peak-decomposition procedure is not required, which evidently indicates the effective detection of nanodiamond grains embedded in a-C
matrices and is a direct result of the high spatial resolution that limits the number of probed grains. The size of the nanocrystals could addi-
tionally be estimated from the profile and position of a diamond peak. This work demonstrates that tip-enhanced Raman spectroscopy is a
powerful nondestructive method for nanodiamond composite films, which allows direct access to parameters hitherto only available via aver-
age data.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5142198

Nanodiamond composites (NDC), ie., diamond crystallites with
diameters of less than 10 nm, are embedded in an amorphous carbon
(a-C) matrix."” Owing to this composite structure, NDC films can be
used in a wide range of electrical, optical, and mechanical applica-
tions.”" High hardness and an extremely smooth surface of NDC
films, compared with a polycrystalline diamond film, are the key to
gain more and more attention for hard coating of cemented carbide
and silicon substrates, which are the cores of cutting tools and elec-
tronic devices, respectively.” While NDC films including polycrystal-
line diamond films have mainly been prepared by chemical vapor
deposition (CVD), recently, we have grown NDC films with grains of
less than 10 nm diameter embedded in an a-C matrix by employing
coaxial arc plasma deposition (CAPD).””

In our previous study, the existence of diamond crystallites in the
NDC films has been examined by X-ray diffraction (XRD) using syn-
chrotron radiation and transmission electron microscopy (TEM) in
combination with a sample preparation based on focus ion beam
(FIB) milling.z’S However, in TEM measurements, it is difficult to
investigate NDC films without the graphitization of diamond nano-
crystallites induced by ion bombardments during FIB processing.” For
XRD analysis with synchrotron radiation, the measurements can be
performed nondestructively, but the sample must be powdered and a
distinct amount is required. Consequently, the powder has to be pro-
duced in multiple successive processes under identical conditions. A
further obstacle of TEM measurements is that obtaining quantitative
and microstructural information about the films is difficult.
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Far-field Raman spectroscopy with multiple laser-wavelengths
has already been applied to carbon-based composites."’ Nevertheless,
it is still limited to the identification of nanocarbon composites con-
taining a diamond phase due to the following obstacles:'' Owing to
the small Raman cross section of diamond in the visible range, the
Raman intensity of the characteristic diamond band is extremely weak
and is often obscured by the dominating D-band of amorphous
carbon.”” Moreover, since the D- and G-bands of amorphous carbon
matrices consist of several component peaks with different profiles
and positions related to the various carbon configurations of the com-
posite,"” it is difficult to distinguish those from grain boundaries and
imperfect diamond crystallites.

To overcome these limitations, tip-enhanced Raman spectros-
copy (TERS) was applied in the present study. TERS is a powerful
technique that enables an extremely sensitive molecular analysis down
to the nanometer scale. "> The high sensitivity is based on a large
electric field enhancement at the apex of a metalized scanning probe
tip. If such a tip is irradiated with the appropriate laser wavelength,
localized surface plasmons will be generated and the Raman signal
intensity of the molecules in close vicinity will be enhanced by several
orders of magnitude.”‘l(’ In this contribution, it is demonstrated that
the detection of diamond nanocrystallites embedded in an a-C matrix
becomes feasible. In the first part, far-field Raman spectroscopy in the
visible and the UV spectral region was employed to examine the com-
posite structure of NDC films deposited by CAPD. In the second part,
the studies were extended to the optical near-field, i.e., TERS was used
for the structural investigation of nanoparticles of NDC films.

The deposition of NDC films was performed at base pressures of
less than 107*Pa with a high purity graphite target (purity 99.99%,
Nilaco corp. Japan). A coaxial arc plasma gun was operated at a
voltage of 100 V and a repetition rate of 1 Hz. Silicon wafers (100) with
a thickness of 260 = 10 um (Achilles crop. Japan) were used as sub-
strates and were placed on a substrate holder at a distance of 15 mm
from the head of the coaxial arc plasma gun anodic cylinder. The films
were deposited at deposition temperatures of 550, 350, and 20°C
(room temperature), and the resulting film thicknesses were estimated
to be 2, 1.7, and 1.5 um, respectively. The deposition temperature
remained stable during deposition. To confirm the reproducibility of
the film preparation, several samples were prepared for each condition.
For reference measurements, nanodiamond powders containing crys-
tals with a mean size of 100, 50, and 10 nm (provided from Tomei DI
Japan) were used and standard Raman spectra were acquired.

For the far-field Raman excitation, wavelengths were 532 and
224 nm with maximum laser power limited to 0.5 mW and numerical
aperture of 0.9 and 0.4, respectively, to avoid thermal annealing effects
that induce graphitization of nanodiamond grains. The spectra were
recorded with an acquisition time of 60 s and 5 accumulations. For the
TERS experiments, the NDC film deposited at room temperature was
placed on pre-cleaned cover slips by physical adsorption. The tip-
enhanced Raman scattering setup is based on an inverted microscope
(Olympus IX-70, Japan) coupled to a Raman spectrometer (Acton
SP2750A, f = 750 mm, Princeton Instruments, USA). An atomic force
microscope (JPK Nanowizard III, Bruker, Germany) was placed on
top of the microscope to provide the precise sample and TERS-tip
positioning via closed-loop controlled piezo stages. As excitation
source a frequency doubled Nd-YAG laser (Spectra-Physics Excelsior,
USA) at 532 nm was used at a power of 0.5 mW. The incident laser
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beam was focused onto the TERS tip through cover slide and the sam-
ple by an oil-immersion objective (Olympus, Japan, 60x, N. A.: 1.45).
AFM cantilevers (Tap 190Al-G, Budget sensors, Germany) were
thermally evaporated with 25nm of silver and stored under argon
until used as TERS probes.

Figures 1(a) and 1(b) show visible and ultraviolet (UV) Raman
spectra of the bulk reference samples (standard nanodiamond powder,
a-C, graphite, P=0.5 mW, tacq=060 s, 5 acc). For the 50 nm and
100nm diamond samples, the characteristic sharp signal at
1332cm™" was detected, while this band was shifted to 1325cm™
and became broader for the 10nm diamond sample. Furthermore,
the relative band intensity decreased with decreasing diamond crystal
size. The observed 7cm™' downshift can be explained by a particle
size-dependent local heating caused by the incident laser'”'” and
the broadening could be attributed to a phonon confinement effect
and scattering in the nano-sized diamond particles.”””" The spectra
of amorphous carbon (a-C) and graphite show two broad bands at
1350 cm™" and 1580 cm™" when exciting the sample with 532 nm [see
Fig. 1(a)]. These signals can be assigned to the well-known D- and
G-bands, respectively, and can be considered as marker bands of
these carbon modifications.”” In contrast, in the UV-Raman spectra
of a-C and graphite in Fig. 1(b), only the G-band at 1587 cm™" (with
lower intensities compared to the visible Raman spectra) was
detected. It is important to note that the D-band was not observed in
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FIG. 1. Raman spectra of standard nanodiamond powder with different crystal sizes
compared to amorphous carbon powder as well as graphite measured at 0.5 mW
laser power and 60 s acquisition time with (a) 532nm and (b) 224 nm excitation
lasers. For better comparison, Raman spectra are plotted with an intensity offset.
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the UV-Raman spectra since the Raman scattering cross section of
disordered carbon bonds is known to drastically decrease in the UV
range.

To investigate the structural changes of NDC films as a function
of the deposition temperature, the samples were again investigated in
the visible and UV region. Both conditions in Fig. 2 show similar spec-
tral profiles (gray line) that contain broad bands between 1600 cm™
and 1100 cm™}, indicating contributions of the D- and G-bands, the
a-C matrices, and the diamond. This observation is in agreement with
previous Raman studies of carbon composite nanomaterials.”” ** To
analyze the spectra quantitatively and approach the differences
between visible and UV Raman spectra, the spectra were deconvoluted
into component peaks based on the obtained information in Fig. 1. In
this process, the spectra were baseline-corrected between 800 and
1900 cm ™" and deconvoluted into peaks with Voigt functions (mixed
Gaussian/Lorentzian profile) by OriginLab software.”® The red, green,
and blue lines in Fig. 2 show the band deconvolution of visible and
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Oxygen band
Fitted peak
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FIG. 2. Raman spectra and the respective non-linear band fits (1 =224 nm) of
NDC films deposited at temperatures of (a) 550 °C, (b) 350 °C, and (c) room tem-
perature. Insets show the raw and fitted Raman spectra at (4=2532nm).
Acquisition time: 60s, P = 0.5 mW. Raman spectra were baseline corrected using a
linear-baseline and were fitted with three Voigt functions, respectively.
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UV excited Raman spectra of the NDC films. In the Raman spectra
excited at 532 nm (shown in the inset), the bands can be assigned to
diamond (red) of diamond nanocrystallites and the D- (green) and the
G- (blue) band of the surrounding a-C matrices. The diamond signals
are broadened and downshifted to 1325 cm™, similar to the observa-
tion obtained from the bulk nanodiamond reference sample.
Furthermore, the broad D-band at 1350 cm ™ overlaps with the dia-
mond band. Since the D-band is undetectable in the UV-Raman spec-
tra, the spectra were fitted with two bands at 1325 cm ! and 1600 cm™
(nanodiamond and G-band). Such way, the diamond band could be
separated from the G-band in the UV Raman spectra. The relative dia-
mond band intensity increased with decreasing deposition tempera-
ture, which indicates that the growth of diamond nanocrystallites was
facilitated.

In summary, the far-field Raman experiments of NDC films in
the visible range demonstrate that the diamond crystallite band cannot
be clearly detected since it is usually obscured by the carbonaceous
D-band. On the other hand, in the UV Raman measurements, the
nanodiamond band can be extracted only by peak fitting procedures.
The G-band is omnipresent, which implies that diamond crystallites
are surrounded by a-C matrices.

For a detailed analysis of the NDC film nanostructure deposited
at room temperature, tip-enhanced Raman spectroscopy was
employed. The AFM topography of NDC nanoparticles was scanned
during the TERS experiment and is shown in Figs. 3(a) and 3(b). The
acquired TERS spectra correspond to the positions numbered in the
AFM images of Figs. 3(a) and 3(b) and are shown in Figs. 3(c) and
3(d), respectively. The selected spectra 4-9 in Fig. 3(d) were taken
from a linear point-by-point measurement on a nanoparticle in which
spectra were recorded continuously every 25nm (4 = 532nm,
P=0.5 mW, t,,q = 10 s). The distance between the measurement
points in Fig 3(b) was 20 nm. In the TER spectra in Fig. 3(c), the sharp
diamond bands are clearly visible at 1325 cm Y, which indicates that
TERS can directly identify diamond in NDC nanoparticles without the
need for a further deconvolution procedure. The detection of the dia-
mond bands is in agreement with a previous work on nanodiamond
particles where surface-enhanced Raman spectroscopy was used.””**

The TER spectra in Fig. 3(d) demonstrate the structural change
from nanodiamond to a-C when pacing along the nanoparticle. In the
spectra, the Raman signal intensity of the diamond crystallites at
1325cm ™" gradually decreases when the tip is moved from point 4 to
point 8. Since the position of the diamond band is strongly related to
the crystal size, the downshift to 1325 cm ™" points to the presence of a
nanodiamond with a size of 10 nm or below, which is in agreement
with the XRD and TEM measurements in our previous studies.”’ The
simultaneously observed D- and G-bands around 1400cm™ and
1600 cm ™, respectively, and other small bands and shoulders can be
assigned to the a-carbon matrices and grain boundary of nanodia-
mond crystallites. Veres et al. and Rosenkranz et al. reported that the
inhomogeneous intensity of D- and G-bands during sequential mea-
surements is due to the selective enhancement of each carbon configu-
ration,”””” which depends on the number of carbon layers, symmetry,
and curvature of the involved carbon species.

In summary, the evident superiority of TERS for the
structural evaluation of nanodiamond composite films was experi-
mentally demonstrated by complementary far-field Raman spec-
troscopy at 532 and 224nm. While the characteristic band of
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FIG. 3. (a) and (b) AFM topography images of NDC nanopartices produced from
a film deposited at room temperature; (c) and (d) selected tip-enhanced Raman
spectra from a line measurement on the sample as indicated in (a) and (b).
A=532nm, P =0.5 mW, t,.q =10 s. The presented raw TER spectra are plotted
with y-offset.

diamond grains cannot clearly be detected by visible far-field
Raman spectroscopy due to its overlapping with the D-band of a-
C, it is possible for tip-enhanced Raman spectroscopy to clearly
detect diamond peaks specific to diamond even if the grain size is
smaller than 10 nm. From this, TERS would be recognized as the
most powerful nondestructive method for detecting and structur-
ally evaluating nanocarbon composited materials.

See the supplementary material for data analysis of far-field
Raman spectra and more characterizations.
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