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Abstract  Fabrication processes of thin boron-doped
nanocrystalline diamond (B-NCD) films on silicon-based
micro- and nano-electromechanical structures have been
investigated. B-NCD films were deposited using micro-
wave plasma assisted chemical vapour deposition method.
The variation in B-NCD morphology, structure and optical
parameters was particularly investigated. The use of trun-
cated cone-shaped substrate holder enabled to grow thin
fully encapsulated nanocrystalline diamond film with a
thickness of approx. 60 nm and RMS roughness of 17 nm.
Raman spectra present the typical boron-doped nanocrys-
talline diamond line recorded at 1148 cm™!. Moreover, the
change in mechanical parameters of silicon cantilevers
over-coated with boron-doped diamond films was investi-
gated with laser vibrometer. The increase of resonance to
frequency of over-coated cantilever is attributed to the
change in spring constant caused by B-NCD coating.
Topography and electrical parameters of boron-doped
diamond films were investigated by tapping mode AFM
and electrical mode of AFM-Kelvin probe force
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microscopy (KPFM). The crystallite-grain size was
recorded at 153 and 238 nm for boron-doped film and
undoped, respectively. Based on the contact potential dif-
ference data from the KPFM measurements, the work
function of diamond layers was estimated. For the undoped
diamond films, average CPD of 650 mV and for boron-
doped layer 155 mV were achieved. Based on CPD values,
the values of work functions were calculated as 4.65 and
5.15 eV for doped and undoped diamond film, respec-
tively. Boron doping increases the carrier density and the
conductivity of the material and, consequently, the Fermi
level.

1 Introduction

Micro-electromechanical systems (MEMS) and nano-
electromechanical systems (NEMS) provide ample sensing
opportunities [1]. Due to the small dimension, low stiffness
and high operating frequencies, excellent attributes and
resolutions of mass change and force investigations can be
achieved. For characterization of surface properties at the
nanoscale, atomic force microscope (AFM) has been
widely used [2-5]. Since the AFM and its applications are
based on the interaction between an extremely sharp probe
and the sample, the probe surface is one of the crucial
concerns. Moreover, characterization at the nanoscale
based on the electrical conductivity and the absence of an
electronic surface barrier is beneficial. Scanning tunnelling
microscopy (STM) and conductive atomic force micro-
scopy (C-AFM) with locally performed C-AFM current—
voltage measurements and Kelvin probe force microscopy
(KPFM) are the most effective surface analysis methods
[6-8] with atomic- or nanometre-scale spatial resolution
requiring high conductivity probes.
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Apart from those techniques, scanning electrochemical
microscopy (SECM) provides localized information on
interfacial and biological processes on challenging subjects
such as cellular signalling at molecular level [9].

Several over-coated nanodevices have been proposed to
mitigate conductive tip coating, including platinum silicide
tips [10], silicon dioxide tip encapsulation [11], silicon
carbide tips [12] and diamond or diamond-like carbon tips
[13, 14]. However, noble metal-coated conductive tips
exhibit disadvantages, narrow potential window or elec-
trode fouling when applied in electrochemical nanodevices
[15]. Moreover, hardness, high Young’s modulus, electri-
cal conductivity through doping, chemical inertness and
high thermal conductivity of the material are crucial.

Diamond-based nanomaterials meet most of the above
requirements. Moreover, diamond-coated tips are attractive
for nanosensing application because they have remarkable
electrochemical features which consist of chemical stabil-
ity [16], a wide electrochemical window [17] and high
anodic stability [18]. B-NCD achieves semi-metallic con-
ductivity using in situ boron doping in chemical vapour
deposition (CVD) process [19, 20]. Boron-doped diamond
films are commonly used as an electrode material for uti-
lization with hazardous organic compounds or sensing
applications [18, 19, 21]. Moreover, due to its biocom-
patibility, it is a great material for sensing various kinds of
proteins or DNA [22, 23].

These properties make diamond particularly attractive,
also for optoelectronic devices at micro- and nanoscales
that are suited for critical applications in extreme condi-
tions [9]. Rapid technical advances now allow resolutions
of 0.02 nm in depth, 50 nN in load and 50 nm in spherical
diamond tip radius [24]. Niedermann et al. [25] developed
chemical vapour-deposited (CVD) diamond STM and
AFM probes demonstrating outstanding robustness and
longevity. An emerging field is CVD diamond micro-
electromechanical systems (MEMS) that outperform sili-
con, the current material of choice in a number of critical
aspects. Recently, Drew et al. [26] fabricated non-con-
ductive hydrogen-terminated NCD-coated silicon AFM
tips for photochemical force spectroscopy showing
enhanced fluorescence when subjected to carboxylic acid-
selective labelling conditions.

Smirnov et al. [9] developed a focused ion beam (FIB)-
fabricated CVD diamond nanoprobes with a resonance
frequency of 15 kHz and a nominal force constant of
0.5 N m~'. The dimensions of the coated cantilever were
450, 50 and 2 pm in length, width and height, respectively.
The inductively coupled plasma reactive ion etching (ICP-
RIE) diamond probes were reported by Uetsuka et al. [27].
The height of their tips was in the range of 10 pm and the
apex diameter as small as 50 nm, which is required for
microscopic applications. Proposed fabrication processes
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are non-scalable and show low repeatability of fabricated
structures [28]. Moreover, techniques like FIB or RIE
defect diamond surface and provide co-doping by other
species like gallium or fluorine influencing electrical and
electrochemical properties [29].

Therefore, the authors propose here a one-step fabrica-
tion process of boron-doped nanocrystalline diamond-
coated probes based on a growth of diamond on a truncated
cone-shaped molybdenum stage. Such an approach chan-
ges the microwave plasma energy distribution influencing
the diamond surface properties and its molecular structure
[30]. To the author’s best knowledge, the growth of such
B:NCD films on an AFM cantilever and its effect on the
change in mechanical, electrical and physical properties of
these micro- and nanodevices has not been reported yet.

The B-NCD thin films have been subject to a great deal
of attention due to their outstanding properties, remarkable
hardness, optical transparency in a broad wavelength [31,
32], high thermal conductivity [33] as well as biocompat-
ibility [34, 35]. Unlike the rough polycrystalline films with
grain sizes above 500 nm, NCD films with typical grain
sizes and surface roughness of less than 100 nm are rela-
tively smooth showing properties close to single crystal
diamond [36].

Boron-doped nanocrystalline diamond films were
deposited onto silicon micro-devices using microwave
plasma assisted chemical vapour deposition (MW PA
CVD) method. The variation in B-NCD morphology,
structure and optical parameters was particularly investi-
gated. The evolution of the morphology was studied using
a scanning electron microscope (SEM). The chemical
composition of NCD film has been examined with micro-
Raman spectroscopy [37]. Furthermore, the electrical
parameters of boron-doped diamond films were investi-
gated by electrical mode of AFM-Kelvin probe force
microscopy (KPFM) [38].

2 Experimental details
2.1 Dip-coating nanodiamond seeding

The B-NCD films were deposited onto cantilever made of
p-type (100) monocrystalline silicon. Prior to the deposi-
tion process, cantilevers were pre-treated by dip-coating in
a nanodiamond slurry to initiate the seeding of diamond on
a silicon surface. The seeding process consisted of
immersion by an automatic mechanism for dip coating (see
Fig. 1).

The silicon cantilever pre-treatment by dip-coating in
dispersion consisting detonation nanodiamond (DND) in
dimethyl sulphoxide (DMSO) with 0.5 % polyvinyl alco-
hol (PVA) was applied. The cantilever was immersed twice
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Fig. 1 Scheme of the automatic mechanism for nanodiamond
seeding by dip-coating method

for 1 min in the nanodiamond suspension. The suspension
was prepared in two steps. First, 1 g of solid PVA (average
molar mass—18,000 g mol ") was suspended in 99 g of
DMSO at temperature of 80 °C, forming 1 % w/w solution.
Then, after cooling to room temperature, the 100 ml of
detonation nanodiamond suspension (DMSO—0.5 % w/w)
was added dropwise. Thus, the DMSO-PVA and DMSO-
DND were diluted 1:1 w/w resulting in final nanodiamond
concentration of 0.25 % w/w in DMSO/PVA.

2.2 Nanocrystalline diamond growth

The B-NCD films were synthesized using MW PE CVD
system (SEKI Technotron AX5400S, Japan). The seeded
cantilevers were placed in CVD chamber on a truncated
cone-shaped molybdenum stage. The improvement of the
diamond films by cone-shaped holder has been already
reported by our team [30] and by other teams using other
shaped holders [39, 40]. This technique enabled to grow
the thin diamond films in range of 100 nm in thickness,
which were fully encapsulating the substrate and exhibited
high sp® content. To achieve high-quality, high sp® content
films, the high microwave power densities are necessary,
while the use of truncated cone-shaped substrate holder
focuses strongly microwave plasma energy (see Fig. 2).

The boron level expressed as the [B]/[C] ratio in the gas
phase was 0 and 5000 ppm for undoped and in situ boron-
doped diamond films, respectively. Diborane (B,H) dilu-
ted in H, was used as a dopant precursor and admixture to
H,/CH, gas phase.

The base pressure in the chamber was 10~ Torr. Then,
the chamber was filled with a mixture of hydrogen,
methane and additionally diborane for boron-doped film.
Pressure in the chamber was kept at 50 Torr during the
process with the total flow rate of gases reaching 156 sccm
at methane molar ratio of 4 %.

The highly excited plasma was generated with micro-
wave radiation (2.45 GHz) and optimized for diamond

high density
plasma

Mo cone A
shaped shim

graphite stage

Fig. 2 Scheme of the cantilever samples positioning at the truncated
cone-shaped substrate holder in microwave plasma

synthesis at power of 1000 W [41-43]. The deposition time
was kept at 60 min. During the process, the molybdenum
stage was heated up to 500 °C by induction heater and
controlled by thermocouple.

After the growth process, the substrate temperature was
slowly reduced (2 °C min~') down to room temperature.
The temperature was adjusted by simultaneous lowering of
the microwave power and current of induction heater. The
growth time was kept at 60 min for both samples, pro-
ducing nanocrystalline films of a thickness below 100 nm
as reported elsewhere [30]. The deposition parameters for
each sample are listed in Table 1.

The resistivity of samples was measured by a four-point
probe system. The source meter (Keithley 2400, UK) was
used as a current source applied to the external probes.
Voltage on the internal probes was measured by VA
multimeter (Appa 207, Taiwan). Each sample was mea-
sured at four surface points. The surface resistivity of
30 m Q cm was achieved for the boron-doped diamond
sample, while ~10%m Q cm (value over the range of
measurement system) was recorded for undoped one.

2.3 Analytical methods
2.3.1 SEM

The morphology studies were performed with a field
emission gun scanning electron microscope (SEM, Helios
NanoLab™ 600i, FEI Co., USA). Variable pressure SEM
mode (VP-SEM) was used, which allows for measuring the
sample morphology regardless on its electrical conductiv-
ity. Secondary electron mode was applied with 20 kV
accelerating voltage. Additionally, the SEM-based grain
size at diamond surface was analysed via graphical pro-
filing tool of the computer software for data visualization
and analysis (Gwyddion, 2.40, Czech Republic) [44].

2.3.2 Raman spectroscopy

The Raman spectra were recorded at room temperature
using a micro-Raman system (InVia, Renishaw, UK) and a
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Table 1 The set of the fibre samples together with applied deposition parameters

Sample H, (sccm) CH,4 (sccm) B,Hg (sccm) [BY/[C] (ppm) T. (°C) Time (min)
Cantileverl—undoped diamond 150 0 0 500 60
Cantilever2—boron-doped diamond 135 15 5000 500 60

514 nm argon ion laser as the excitation. Spectra were
recorded in the range of 120-3300 cm™" with an integra-
tion time of 5 s (10 averages) in combination with a 50x
objective magnification (NA = 0.5) and 50 um confocal
aperture. The relative sp*/sp> comparison of intensity of a
band assigned to diamond (approx. 1332 cm™') and a wide
“G” band assigned to distorted sp> phase (between 1520
and 1600 cm ™) has been discussed.

2.3.3 AFM, KPFM

In our experiments, a commercial atomic force micro-
scopes—Veeco Mulimode and Veeco Nanoman systems
with a NanoScope 5 controller—were used. Tapping mode
AFM measurements were performed using MPP-11100
probes from Bruker (force constant 40 N m~!, resonant
frequency 300 kHz). During KPFM measurements, PPP-
EFM probes from nanosensors were applied (Ptlr coating,
force constant 2.8 N m™', resonant frequency 75 kHz).
KPFM images were measured using two pass procedures,
where the first pass determines the topography with tapping
mode AFM and the second pass is performed with the
probe lifted a set distance from the sample surface. During
the second trace, the cantilever was not driven mechani-
cally; instead, AC voltage of amplitude 1 V at resonance
frequency was applied to the probe, and lift height was set
to 25 nm. The diamond layers work function was deter-
mined taking into account the known value of the Ptlr work
function (5.3 £ 0.1 eV), previously calibrated on the
HOPG surface and the measured contact potential differ-
ence (CPD) value.

2.3.4 Laser vibrometer

The mechanical parameters of coated cantilevers as a res-
onance frequency and spring constant were obtained by
comprehensive system for calibration and investigation of
cantilever device based on laser vibrometer (SP-S 120,
SIOS GmbH, Germany). It enables measurements in the
frequency range from O to 2.5 MHz. To determine can-
tilevers’ effective spring constant, the system analyses an
optically measured thermo-mechanical noise.

@ Springer

3 Results and discussion

3.1 Evolution of surface morphology and molecular
structure of diamond-coated nanodevices

Figure 3 shows SEM micrographs of diamond morphology
at different magnification. The diamond coating at both
cantilevers was continuous and fully encapsulated the
substrate. At the centre of cantilevers (Fig. 3c, d), the
homogeneous film for both samples was achieved.

The images were qualitatively analysed by using a sta-
tistical procedure in Gwyddion software, which produces
the crystallite size and root mean square roughness Rrus.
The image of undoped film at cantileverl, shown in
Fig. 3c, exhibited a typical polycrystalline structure with
the uniformly distributed sharp-edged crystallites [45]. As
revealed by SEM imaging, the difference in width (edge-
to-edge) of these crystallites reached up to ca. 250
nanometres, while the Rrys value for the entire image area
was approx. 170 nm.

In contrary, the boron-doped diamond at cantilever2
(see Fig. 3d) was considerably smoother and characterized
by ovoid shape than the one coated by undoped NCD. The
cantilever2 resulted in smaller crystallite size of ca.
150 nm and Ryyis value of 60 nm, but the crystallite shape
is still evident.

For a conclusive interpretation of nanoindentation
results, the shape of the tip has to be known precisely.
Thus, further AFM studies have been performed and pre-
sented in the next subsection.

Raman spectra of the samples deposited undoped dia-
mond thin film in free different region on cantilever are
shown in Fig. 4. The 520 cm™' comes from monocrys-
talline silicon substrate. Raman spectra of diamond film
deposited on cantilever tip region show the strong diamond
line at 1332 cm™ .

Strong Raman spectra of amorphous band at 1580 cm™
and weak diamond line at defected region can be observed.
This fact can be caused by defects of the substrate during
the substrate pre-treatment in the nanodiamond suspension.

Figure 5 shows Raman spectra of boron-doped diamond
film deposited on the cantilever. Raman spectra present the

1
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Fig. 3 SEM micrographs of Si
cantilever with thin diamond
films (left cantileverl) and
boron-doped diamond films
(right cantilever2) in different
magnification: a, b 50x; ¢,

d 10,000x; e, f 10,000x
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Fig. 5 Raman spectra of the silicon cantilevers coated with boron-

Fig. 4 Raman spectra of the silicon cantilevers coated with undoped " h
doped diamond films—cantilever2

diamond films—cantileverl
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typical boron-doped nanocrystalline diamond lines (e.g.
1148 cm™") [30]. Ratio of diamond line and amorphous
carbon lines suggest the boron-doped thin film has more
defects than undoped diamond film.

Figures 6 and 7 show AFM images of boron-doped
diamond and undoped films, respectively. Morphology,
including rounded crystallites with different sizes and
nucleation shapes, was present. The crystallite—grain size
was recorded at 153 and 238 nm for boron-doped film and
undoped, respectively. For an undoped film, the surface is
regularly covered with crystallites which additionally
enhances the surface. Moreover, the calculated values of
RMS roughness of topography obtained from AFM
investigations were 17 and 63 nm for boron-doped and
undoped films, respectively. Thus, we could consider both
fabricated samples as the typical nanocrystalline diamond
(NCD) as defined by previous authors [20, 46, 47].

In summary, the AFM-estimated crystallite sizes were in
agreement with SEM image analysis observations for both
samples. Nevertheless, the RMS roughness values obtained
by AFM and SEM showed the same trends but AFM
resulted in reasonable smaller comparing to that derived by
SEM profiling. This fact could be explained by low lateral
resolution of SEM imaging and hence high error of such an
estimation.

It could be concluded that the boron doping resulted in
morphology changes (e.g. crystallite size and roughness
decrease) and modified the molecular structure of diamond
films (sp2 rich area at the inter-grains regions [7]).

Fig. 6 Topography (a), 3D (a)
topography (b) and b
corresponding phase shift (c,
d) images of boron-doped
diamond films (cantilever2)
measured in tapping mode of
atomic force microscopy (TM-
AFM)

5.00 um

Moreover, as suggested in literature, the boron doping can
suppress the formation of microcrystalline on the surface
[48].

Molecular structure modifications were registered by
Raman spectra showing an increase of sp” bands (e.g.
1580 cm™') and peak appearance (1148 cm™' NCD).
Thus, the obtained morphologic (AFM and SEM) and
molecular results (Raman) are consistent with each other.

Figure 8 shows a CPD histogram of the results of KPFM
measurements in air condition of undoped and boron-doped
diamond films on silicon substrate, while the sample was
grounded. For the undoped diamond films, average CPD
was 650 mV, and for boron-doped layer, it was 155 mV.
Based on CPD values and known tip work function (5.3 eV
for Ptlr cantilever), values of work functions were calcu-
lated as 4.65 and 5.15 eV for doped and undoped diamond
film, respectively. Boron doping increases the carrier
density and the conductivity of the material and, conse-
quently, the Fermi level.

Figure 9 presents the resonance frequency spectra of the
cantilever before and after deposited process of boron-
doped diamond film. In the presented experiment, we use
standard silicon cantilever MPP-31100-10 (from Bruker)
with previously measured resonant frequency and spring
constant of 1.1 N m~" and 21.57 kHz, respectively. After
the deposition process, we note a change in both resonance
frequency and spring constant of the cantilever and it was
measured as 3.2 N m~' and 35.87 kHz for spring constant
and resonant frequency, respectively.

(©) L

357.03 nm 42.48 deg

-0.00 nm -6.38 deg

(b)

D/ 55.60 nm
£ 000m

() : 44.12 deg
111.19 nm FE
11119 nm
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Fig. 7 Topography (a), 3D (a)
topography (b) and
corresponding phase shift (c,
d) images of undoped diamond
films (cantileverl) measured in
tapping mode of atomic force
microscopy (TM-AFM)

5.00 um

5.00 um

(© .

135.19 nm 24.33 deg

5.00 um

-47.89 deg

(b)

28.33 deg
147.12 nm

1.00 pm

0.00 nm

-50.52 deg

35k

30k  boron doped diamond film

average U, = 1565 mV

work function = 5.15 eV

undoped diamond film
average U_,, = 650 mV

CcPD
work function = 4.65 eV

= - N N

o a o a

= = = =
1 1 1 1

Samples [a.u.]

50 100 150 500 600 700

Ugpp [MV]

Fig. 8 CPD data histogram for both diamond films. During the
measurements, the sample was grounded, and AC amplitude of
electrostatic signal was set to 1 V at resonance frequency

The resonance frequency increases considerably due to
the change in spring constant of cantilever caused by
B-NCD coating. Moreover, the spring constant increases
significantly; thus, the cantilever is much stiffer due to the
change in Young’s modulus of structure.

The diamond films appear to be useful for covered
micro- and nanomechanical devices, which can modify the
mechanical and electrical properties of surface. In the case
of AFM cantilever, the diamond film increases the

— 10 before process after process
3: ’
© J
o g 2157 kHz f.,=35,87 kHz
I " k=1.1Nm k,=3,2 N/m
3 4
'S 0,6-
% « frequency shift
- 04 « mechanical parameters change
o
N
®©
0,2
£
@]
Z 0,0 T T T T T T T T ///'/ T T T T
16 18 20 22 24 34 36 38

Frequency [kHZz]

Fig. 9 The cantilever resonance frequency shift under deposited
boron-doped diamond thin film on the cantilever surface

mechanical strength of the tip and additionally the boron
doping enables to conduct electrical measurements of the
surface.

4 Conclusions
In this work, experimental investigation of the undoped and

boron-doped diamond thin films on cantilevers is pre-
sented. Diamond-coated cantilevers are attractive tools for
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micro- and nanoscale measurements and instrumentation
where biological and chemical inertness are required.

The use of truncated cone-shaped substrate holder
enabled to grow thin fully encapsulated B-NCD with a
thickness of approx. 60 nm and RMS roughness of 17 nm.
The surface morphology (crystallite size and roughness
decrease) and the molecular structure of diamond films (sp2
rich area at the inter-grains regions) were modified by
boron doping.

The B-NCD results in high conductivity coverage of
cantilever with surface resistivity of 30 m Q cm and typi-
cal boron-doped nanocrystalline diamond line at
1148 cm ™' recorded by Raman spectroscopy.

The AFM topography showed that crystallite—grain
size was 153 nm and 238 nm for boron-doped film and
undoped, respectively. The KPFM studies revealed the
reasonable decrease in CPD for boron-doped films com-
paring to an undoped one. Based on CPD values, the
values of work functions were calculated as 4.65 eV and
5.15 eV for doped and undoped diamond film, respec-
tively. This fact proves that boron doping increased the
carrier density, the conductivity and consequently the
Fermi level. Moreover, we have noted that the B-NCD
coating changed both resonance frequency and spring
constant of cantilever.

Surface modification of the micro- and nanocantilevers
is a very interesting opportunity to change mechanical,
electrical and physical properties of these micro- and
nanodevices. Modified cantilevers can be attractive tools in
atomic force microscopes (AFM) as scanning probes in
biosensor applications.
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