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Abstract: A free-standing high boron-doped diamond nanosheet (BDDNS) has been fabricated
for the development of a flexible BDDNS strain senor. A high boron-doped diamond was
initially grown on a tantalum substrate in a microwave plasma-assisted chemical vapor
deposition method, and was then transferred to a Kapton polymer substrate to fabricate the

flexible BDDNS/Kapton device. Before performing the transfer process, the thin BDDNS’s
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morphology and bonding structure on the top and bottom sides were investigated using scanning
electron microscopy and Raman spectroscopy. The contact potential difference and work
function values of the BDDNS top and bottom surfaces were measured using a Kelvin probe
atomic force microscope. Significant electrical conducting properties were observed from the
resistance mapping of the BDDNS foil, and the average resistance value of 31 Q attained from
the top-surface of the BDDNS foil. The electrical response of the BDDNS/Kapton device was
investigated using a custom-made device and a positive residual resistance change with strain
was observed. The developed BDDNS/Kapton device was able to sustain for measuring up to
0.55 % of strain, which indicates it may have great potential to be utilized in low-strain sensor

applications.
1. Introduction

Diamond is considered as one of the hardest minerals on earth due to its exceptional
mechanical durability, as a result of its sp> hybridization and tetrahedral shape [1]. Besides this,
diamond shows some exceptional properties, including high thermal conductivity [2] and low
absorption in visible light, because of its high optical band gap (E = 5.48 eV) [3]. The refractive
index of an undoped diamond is 2.418 [1], although doping with suitable elements is able to
modify the refractive index of diamond as well as its conductivity. In general, the common route
to attain p- and n-type semiconducting properties in a diamond is to dope it with boron or
phosphorus, respectively. It should be noted that the semiconducting diamond is characterized by
high electron and hole mobilities of >2000 cm?/(Vs) [4] and P-type diamond is particularly
desirable in chemistry, due to its wide potential window and low background currents [5]. As
mention above, P-type diamond can be synthesized by boron doping into diamond, and boron

requires a low activation energy (0.37 eV) in comparison with other dopant elements [6].
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One of the primary factors that affects the conductivity of a diamond and the shape of the
Raman spectra is the size of the diamond grains. May et al. reported that boron-doped diamond
with large grains exhibited higher conductance than those with smaller crystalline sizes for the
same boron doping [7]. Therefore, the conductance of boron-doped microcrystalline diamond
films was much higher than for nanocrystalline diamond films. Gajewski et al. investigated the
conductivity of thin diamond films (<350 nm) deposited on a quartz substrate, where the heavily
boron-doped films (3.3 x 10%* cm™®) were shown to have a conductivity of 76 Q* cm™, and a
significant effect of temperature on the resistivity of the low-born doped samples was observed
[8]. In the case of transparent boron-doped nanodiamond layers with a thickness of 150 nm,
Zuerbig et al. reported a conductivity of 50-60 Q* cm™ for diamond films with a boron
concentration up to 10 cm™® [9]. The other factors that can improve the conductivity of
nanodiamond layers are surface hydrogenation, which increases the conductivity by two orders
of magnitude [10], and the presence of the right amount of the sp? phase [11]. Ma et al.
suggested that the functionalization of chemically inert diamond films has an impact on the
electronic properties, efficiency, and sensitivity of diamond-based detectors [12]. The existence
of defects in diamond films is accredited to the modification of the electrical properties. In the
case of a low boron concentration, single substitution defects are more predominant, while more
complex defects like B dimers have appeared with the enhancement of the boron concentration
[13].At a very high-boron concentration, impurity states are combined and result in metal-like
conductivity [14]. The very high doping of boron in diamond mainly leads to hopping

conductivity [15].

Diamond could be integrated with other allotropic forms of carbon and polymers for

various robust applications [16-19]. The pick-up and drop method is a simple technique for
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transferring nanocrystalline diamond films from the growth substrates to two-dimensional
crystals for the fabrication of heterostructure devices [18]. Bogdanowicz et al. reported the
synthesis of free-standing boron-doped diamond nanosheets (BDDNSs) and the transferring of
those diamond nanosheets onto graphene to fabricate BDDNS heterostructures, and also
investigated the characteristics of a low-temperature diamond-based transistor using BDDNSs
[19]. A boron-doped diamond (BDD) electrode was modified by Nafion polymer and the Nafion-
BDD electrode utilized as a sensor to detect caffeine, with this sensor exhibiting high sensitivity
and reproducibility, while being faster and more reliable in comparison to electrodes like glassy
carbon [20]. Moreover, enhanced heat transfer rates and reduced thermal expansion coefficients
have been observed for a 3D-printed diamond-polymer composite material, which has excellent
potential as heat sinks and cooling coils for electronic devices [21]. Babchenko et al. developed a
diamond-polydimethylsiloxane (PDMS) transparent-microfluidic system with high conductivity
(dimension of the electrically active layer varied between 100 and 500 um), and optical
transparency for electrical and optical monitoring of cells [22]. BDD thin films exhibited
outstanding mechanical properties like high hardness and toughness, and robust thermal stability,
to be utilized as wear-resistant thermal coatings in high-temperature oxidizing atmospheres [23].
High boron-doped diamond films demonstrated elastic-mechanical softening and slightly
reduced elastic and mechanical properties compared to the pure diamond [24]. Diamond is
known as a material with high hardness and durability, but its brittle nature results in quick
deformation, therefore, investigation of the electro-mechanical properties of BDD electrodes has
enormous scope in various applications like strain and piezoelectric sensors [25]. Fabrication of
free-standing high-boron doped diamond on polymer platforms shows the pathway for flexible

BDD-based sensors to be utilized in strain and piezoelectric kinds of sensor applications.
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In the present study, we demonstrated the fabrication of boron-doped diamond
nanosheets (BDDNS) on polymer substrates. The size of flexible BDD electrodes utilized in
sensing applications is in the order of microns [26], here we reported a free-standing and flexible
BDD nanosheet with a size of 1 cm X 1 cm. The influence of mechanical strain on the electrical
properties of high doped BDDNS has not been investigated yet. Before studying the electro-
mechanical properties, the detailed surface morphology and bonding characteristics were
analyzed for the top and bottom surfaces of the BDDNSs. A Kelvin probe force microscope was
used to examine the contact potential difference and calculate the work function of the BDDNS’s
bottom and top surfaces. Before measuring the electro-mechanical properties, resistance mapping
and Hall measurements were performed to observe the conducting capability and then investigate
the change in electrical resistance of the BDDNS/Kapton as a function of mechanical strain

applied by bending of the BDDNS/Kapton device.
2. Experimental Methods

2.1 BDD thin film growth

The BDDNSs were synthesized in a microwave plasma-assisted chemical vapor deposition
(MW-PACVD, 2.45 GHz) system (Seki Technotron AX5400S, Japan). The boron doping into
diamond films was performed using diborane (B,Hs) as a dopant precursor, and the [B]/[C] ratio
was maintained at 10000 ppm. The tantalum substrates (Sigma-Aldrich Chemie, with a thickness
of 0.025 mm, and 99.9+% metal basis) were placed in the chamber, and a microwave power of
1100 W applied during the growth process. The substrates were heated up to 500 °C during the
growth of the BDD films. The BDD thin films were grown for time of 300 min, resulting in a

~1.5 pum thickness. Before the BDD growth process, all of the tantalum (Ta) substrates were
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cleaned using the RCA method. The nucleation process on these substrates was performed using
a slurry consisting of undoped nanodiamonds with sizes ~4—7 nm. The nanodiamond seeding
density was approximately ~2 x 10™ c¢m™ for Ta substrates [27]. In order to demonstrate the
morphology of seeded Ta substrates, scanning electron microscopy (SEM) images were collected

from the bare Ta, and ND seeded Ta substrates (see Figure S1).
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2.2 BDDNS-Kapton structure preparation

The schematic diagram of the fabrication process of the diamond (top surface)/Kapton
structure is presented in Fig. la. In the first step, a PDMS-based gel (Gel-Pak, USA) was
deposited on the BDD/Ta substrate. In the next step, the BDD-PDMS was mechanically removed
from the tantalum substrate and transferred to the Kapton tape with a thickness of 0.025 mm (3M,
Europe). Then, the
PDMS was mechanically removed. To prepare the diamond (bottom side)/Kapton structure, we
replaced the PDMS with the Kapton, as shown in Fig. 1b. To perform the studies on the
BDDNSs, we used both the top and bottom surfaces of the BDDNSs (dimension of BDDNSs

~1lcm x 1 cm).
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Fig. 1. Growth and fabrication of BDDNSs: (a) Top-surface/Kapton, and (b) Back-

surface/Kapton structur
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2.3 Morphology and AFM topography

The surface morphology of the BDDNSs was studied using high-resolution SEM (FEI Quanta
FEG 250) with a 10 kV beam accelerating voltage, a secondary electron-Everhart-Thornley
detector, and high vacuum mode (pressure 10™* Pa). The surface topography was examined by
atomic force microscopy (AFM), and Kelvin probe force microscopy (KPFM). Measurements
were performed using a Veeco/Bruker Nanoman V microscope equipped with a Nanoscope V
controller. Before the KPFM measurements, the BDDNSs were attached to the substrate using
electrically conductive silver paint (Silver Conductive Adhesive 503, Electron Microscopy
Sciences), and the BDDNS samples were grounded to measure the contact potential difference
(CPD). The CPD results were observed using the lift mode, also called the two-pass technique.
In this mode, each line must be scanned twice, the first scan represents the topography of the
surface in tapping mode, and the second one is considered at a certain distance (lift-up height)
relative to the surface where surface charge or the contact potential difference is measured. In the
present study, the typical lift-up height of ~50-150 nm was maintained to avoid the unintentional
contact of the scanning tip on the sample. Bruker PFQNE-AI probes with a typical spring
constant of 0.8 N/m and resonant frequency of 300 kHz, and silicon tips with a tip radius of 5 nm
on a silicon nitride cantilever were used for scanning. The CPD of the sample was estimated
based on the CPD histogram taken from the whole scanned area. The work function of the
samples was calculated based on the calibration using a material with a known work function. In
the present study, highly oriented pyrolytic graphite (HOPG, WF ~4.6 eV) was used for
calibration. The percentage of grain size distribution was estimated as follows, first, every grain

was manually outlined in a certain area, then grain size was calculated using Gwyddion software.
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Based on the obtained results, four different grain sizes distributions have been denoted and their

probability of appearance on the top/bottom side is listed in Table 1.

2.4 Raman spectra and mapping

The Raman Spectroscopy measurements of the BDDNSs were performed using a Horiba
Jobin Yvon T64000 spectrometer equipped with a single grating and an automated 3-axis stage
with 100 nm spatial resolution. The excitation source was a Kimmon Koha He-Cd dual-mode
(325 nm/422 nm) laser. The 422 nm wavelength laser light and satellite lines were removed with
a series of optical filters. The laser light with a power of 23 mW was focused on the BDDNS
sample using an Olympus MPFLN objective with 50x magnification. This setup allowed for the
acquisition of wide-range spectra in both single points and also maps with a sub-micron lateral
scale. The analysis of the Raman spectra was conducted in the Wolfram Mathematica 11.2.0.0

software.

2.5 Electrical properties

The resistance of the BDDNSs was measured on both sides at room temperature by a two-
point probe. The needles with a diameter of 20 um were connected to the measuring source unit
(Keithley 2400, UK) via two micro-positioners (Signature S-725, USA), which were mounted on
the x-y stage. The resistivity contour mapping of the BDDNSs was recorded using a microscope
(Delta SZ-630, Poland) and CMOS camera (DLT-Cam pro 20MP, Poland). The voltage drop
across the probes was measured as a function of the current (1 mA). Hall effect measurements
were performed in the Van der Pauw configuration (0.55 T Ecopia HMS-3000) to observe the

conductivity and polarity of the high doped BDDNSs.
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2.6 Electro-mechanical properties

To analyze the electro-mechanical properties of the BDDNS/Kapton device, we
constructed an apparatus, and the custom-built system was used to measure the resistance as a
function of the applied strain. Fig. 2a and b shows a schematic representation of before and after
the BDDNS/Kapton device's mechanical-bending. The strain was introduced by a micrometer
screw moved from 0 % to 1.5 %. The BDDNS sample (1 cm x 1 ¢cm x 1.3 um) on Kapton tape
(1.2 em x 1.1 em x 25 um) was connected to the measurement unit (Keithley 2400, UK) via
platinum wires with diameters of 30 um [Fig. 2a and b]. Before the measurement, the contacts
were fixed using silver paste (EPO-TEK H20E, Epoxy Technology, USA), and the fixed sample
was heated at 70°C for 18h in a vacuum oven (DZ-2BC Il, Chemland, Poland). The bending
radius (BDD/Kapton) was estimated from the individual images of each bending. To capture the
image, we used a CMOS camera (DCC1240C, Thorlabs, USA) with a 1.8/125 mm lens (Meopta
Largor, Czech Republic). Image processing was performed using a custom made program
written in Python 2.7.2 software on a standard PC. The extrapolated bend radius and the distance
from the neutral axis were used to determine the strain. All measurements were conducted at
room temperature (22 °C, 44 % RH) in a cleanroom. The microscope images were captured with
a microscope (LAB 40 POL, OPTA-TECH, Poland). Fig. 2c and d show the photographs of the

BDDNS/Kapton device before and after mechanical-bending.
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(a) (b) To the Source Measure Unit

Silver
To the Source paste
Measure Unit

(d)

Fig. 2. Mechanical bending experimental setup: (a) schematic diagram of before bending, (b)

after bending, photographs of BDDNS/Kapton (c) before bending, (d) bending position

3. Results and Discussion

3.1. Morphological studies of diamond nanosheets

Fig. 3a shows the surface morphology of the BDDNS’s topside view after three hours of
growth, which demonstrates the faceted diamond grains of various sizes due to the high boron
doping. The high-boron doping level of diamond growth results in an increase of nucleation after
the first step of growth and consequently reduced diamond grain size, low growth rate, and low
roughness [28,29]. The BDD grains are non-spherical and oriented in various directions due to
random nucleation [30]. The number of {111} faceted grains increased by the addition of the

boron dopant in diamond growth plasma, and however most defects also contain {111} faceted
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grains [31]. The surface morphology of the bottom side of the BDDNS is shown in Fig. 3b. The
bottom surface of the BDDNS appears to be smoother, consisting of smaller, spherical, fine
grains. The different morphology of the BDDNS bottom side is due to the initial growth of the
BDD films starting from the spherical nucleation sites, and the intrinsic nature of the columnar
structure can be perceived after certain growth times. Even high-level boron doping also induces
the second nucleation after the first step of growth, as mentioned earlier, which also results in
smaller and spherical grains on the bottom side. Cross-sectional SEM, collected to measure the
film thickness and to observe the columnar structure [Fig. 3c], depicts a columnar growth
structure of BDD with a thickness of 1.5 um. Additionally, for detailed information on the
diamond grain size distribution in the BDD sheets, four different areas of grains were taken into

consideration and their % of occupancy on the top and bottom sides of the BDDNSs (Table. 1).

Table 1. Grain size occupancy over boron-doped diamond film

Grain size Top side Bottom side
<160 nm 12.5 % 18 %

160 — 220 nm 29 % 59 %

220 — 280 nm 33 % 18 %

> 280 nm 25.5 % 5%

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl
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Fig. 3. SEM image of BDDNSs, (a) top surface, (b) bottom surface, and (c) cross-sectional view
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AFM topography over a 10 um x 10 um area allowed us to investigate the roughness and
grain morphology of the top and bottom sides of the BDDNSs. The AFM topography of the
BDDNS’s top and bottom surfaces are shown in Fig. 4a and c, respectively. The top surface of
the BDDNS reveals a high amount of BDD crystallites in random growth directions with a root
mean square roughness (Rq) value of 67 nm and average roughness (Ra) of 54 nm. Whereas the
bottom surface depicts a flat, surface without any faceted grains, with the Rq and Ra values
decreased up to 12 nm and 10 nm, respectively. The grain morphology of the BDDNS’s top
surface illustrates the high roughness due to the sharp edges of faceted grains. High boron doping
induces the formation of small grains and the dispersion of small grains in the matrix of large
faceted grains, as results of secondary nucleation induced by the presence of boron in the
diamond growth plasma [28-30]. AFM topography of the bottom surface of the BDDNSs reveals
a smoother surface due to the small and fine grain distribution.

Fig. 4b and d show the CPD images of the BDDNS’s top and bottom surfaces. It should be noted
that these measurements were carried out at room temperature and ambient atmospheric

conditions.

The CPD image of BDDNS’s top surface demonstrate CPD values between — 0.67 Vto — 0.78 V,
whereas the bottom surface reveals CPD values between — 0.70 V to — 0.78 V. Work function
values of 4.69+0.02 eV and 4.704+0.01 eV for the BDDNSs are achieved for the top and bottom
surface respectively. These results indicate that the CPD values do not vary significantly with the
morphology and size of the BDD grains. Next, the BDD nanosheets have been removed
mechanically from the Ta substrate. This process might result in partial detachment of
degenerated Ta-diamond interface including insulating seeds This fact jointly with encapsulating

overgrowth of seeds by BDD could be attributed as a reason for similar CPD values for both
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sides of BDDNSs in our work. Nevertheless, this effect is unclear and requires farther

nanoscopic investigations.

The observed CPD slope could be attributed to the sample inclination or minor potential
differences between the electrode grounding and a scanning probe. Those effects were not
filtered to present the original, physical CPD data. We will expect, their influence on the average
value of CPD can be minor, as they rather broaden CPD’s standard deviation. Taking into
account obtained results, we predict electrostatic charge originating from tip or substrate could
be negligible in our case. As in Fig. 4b we don’t expect visible effect of induced charging,
though, Fig. 4d possibly illustrates small areas where the physical contact between sample and
tip could induce charging of the sample surface. The maximum CPD dip resultant from this
charging is approximately 30 — 40 mV. Obtained values are much smaller than those observed by
Verveniotis et al. [32]. This observation could be an effect of relatively fast discharging of the
surface due to the conductive nature of BDDNS’s. Phase images of both BDDNS’s top and

bottom surfaces demonstrated a uniform material composition (data not shown here).
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Fig. 4. AFM topography images of high-boron doped (a) BDDNS top surface, and (c) BDDNS
bottom surface. AFM contact potential difference distribution images of (b) BDDNS top surface,

(d) BDDNS bottom surface. [scale bar ~2 um]
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3.2. Raman spectroscopy and mapping of BDDNSs

The Raman spectroscopy measurements were carried out on BDDNSs, and to collect the
Raman spectra of the top and bottom surfaces, SiO./Si substrates were used to place the
BDDNSs. Fig. 5a and d depict three lines within the range of 1300 —1600 cm™, which are
associated with different phases of carbon. The sharp peak of the BDDNSs located at around
1331 cm™ is attributed to the sp* hybridization of carbon [31]. This peak is narrow and intensive,
indicating the successful growth of the diamond layer and the high quality of that material. The
other two Raman features located at 1570 cm™ (G-band) and 1390 cm™ (D-band) emerged from
the sp® hybridization of carbon [33]. Therefore, the presence of G- and D-bands are clear
evidence of non-diamond materials in the BDDNSs [7]. Furthermore, two more lines were found
in the Raman spectra of the BDDNSs. The line located at around 850 cm™ is attributed to bonds
between silicon and oxygen atoms [34], which raised from the substrate. The featured line
illustrated at a Raman shift of about 500 cm™ was observed only for the top surface of the
BDDNSs [Fig. 5a]. This line is related to vibrations of the boron structures [35,36], and it is clear
evidence of a significant level of boron doping.

The above-described spectral lines were analyzed during mapping measurements of the
samples. Each of the lines was fitted with Lorentz curve fitting to estimate the parameters of the
line, such as, position, intensity (in terms of integration of the curve), and full width at half
maximum (FWHM). These measurements revealed that the samples were fairly uniform in their
structure. The sp® peak position in the Raman spectra on the top surface of the BDDNSs [Fig.5b],
was equal to 1331.04 + 0.10 cm™. This value is slightly lower than that of the bottom surface of
the BDDNSs [37], indicating minor tensile strain in the structure. This tensile strain might be

originating from the higher level of boron doping, while the bottom surface of the BDDNSs
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reveals the sp*peak at ~ 1331.80 + 0.16 cm™ [Fig. 5e]. In both instances, the shift in the Raman
peak position from natural diamond is quite low, indicating the uniformity and high quality of
the material.

The density of the graphitic inclusions is slightly more inhomogeneous throughout the
surface, indicating a degree of variation of the nanodiamond grain sizes, as seen by the non-
uniformity of the sp*/sp? ratio maps [Fig. 5¢c and Fig. 5f]. The average ratio of intensities
between sp® and sp? lines is 0.66 + 0.08 in the case of the top surface of the BDDNSs [Fig. 5¢],
while the value is 0.74 + 0.07 for the bottom surface of the BDDNSs [Fig. 5f]. Nonetheless, to
correlate with the strain of the materials, this difference is very slight. However, it can be
attributed to the difference in the doping of the material. In such a case, it might be that the rate
of boron incorporation is prominent at the grain boundaries. It is worth noting that, while the
peak intensity ratio seems low, similar sp® and sp® ratios are shown in materials grown by other

groups [7,31].
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Fig. 5. Raman spectroscopy of (a) BDDNS top surface, (d) BDDNS bottom surface. Raman
mapping of BDDNS top surface, (b) sp® mapping, (c) sp®/sp? mapping. Raman mapping of

BDDNS bottom surface, () sp> mapping, (f) sp*/sp? mapping.
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3.3. Electrical resistance mapping of BDDNSs

The electrical resistance mapping of the BDDNSs was carried out using a two-point
probe technique for both sides of the BDDNS/Kapton, and the mapping performed over an area
of 3.5 x 3.5 mm. The obtained results are shown in Fig. 6. Fig. 6a reveals the resistance mapping
of the top surface of the BDDNS with an average resistance value of 66 Q. Whereas the bottom
surface showed a resistance of 4.4 kQ [Fig. 6b]. It should be noted that even for the BDDNS
prepared with unique processing parameters throughout the growth process, a significant
variation in resistance was observed between the top and bottom surfaces. The resistance of both
surfaces is unevenly varied due to the non-uniform distribution of boron throughout the

BDDNSs.

The high resistance characteristics of the bottom surface are due to boron suppression
during the initial growth by the presence of oxygen [38]. The other reason for high resistance is
defects/damage caused by the process of transferring the BDDNS to the Kapton, and uneven
boron doping during the CVD process. Moreover, all of the doped boron atoms could not
contribute to the conductivity of the BDD films because more than 10 % of the doped boron
atoms do not act as acceptors; some of them may be passivated by connecting with other
impurities like hydrogen, and some of them might be inactive [39,40]. In the case of
polycrystalline BDD films, the boron tends to segregate at grain boundaries and retain as inert
impurity [31]. Therefore, the initially incorporated boron atoms were probably placed at grain
boundaries. Therefore, even the bottom surface being smoother, consisting of small, fine grains,
exhibited high resistance compared to the top surface. Furthermore, it has been suggested that
conductivity in BDD comes mostly from the holes, not from the electrons [8], therefore the

smaller grains and the high number of grain boundaries does not lead to high conductivity. The
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low resistance characteristics of the top surface are due to the large BDD grains, as the hole

mobility of the BDD films was enhanced for large BDD grains [31,41].
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Fig. 6. Resistance mapping of high-boron doped, (a) BDDNS’s top surface, and (b) BDDNS’s

bottom surface (Scale bar ~ 500 pm)

In order to measure the charge carrier density and mobility, Hall measurements were
carried out using the Van der Pauw method, and the obtained results are presented in Table 2.
The polarity of the Hall voltage indicates that high-boron doped BDDNSs are demonstrating p-
type conductivity. The charge carrier density and mobility values of the top surface of the
BDDNSs reveal a value of 6.19 x 10*°. cm™ and 9 cm®V™. s, respectively. While the bottom
surface showed the lower charge carrier density and high mobility vales compared to the
BDDNS’s top surface with a value of 1.11 x 10'” cm®and 417.5 cm®.V™. s, The Hall results of
the charge carrier density resulting from the top surface of the BDDNS reveal the agreement
with resistance mapping results of the top surface. Also, they confirm that the high boron
concentration in the large grains (top side) resulted in a high carrier concentration and decreases

in the mean free time between the carriers [42]. However, the Hall mobility results divulge a
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disagreement with the resistance mapping results, as the top surface showed deficient mobility,
while the bottom surface exhibited a high mobility value. The high mobility of the bottom
surface is due to the presence of small diamond grains, which results in a high number of grain
boundaries to act as conducting paths for the charge transfer process [19]. The present results
divulged that the hole mobility of BDD could be augmented by small diamond grains, and this
result is a contradiction to the previous report, which stated that hole mobility could be increased

by grain size [41].

Table 2. Electrical properties of the BDDNSs

Sample Charge carrier Hall mobility (cm?®  Resistivity (€2-cm)
density (cm™) Vvish
Top surface 6.19-10" 9 0.01
Bottom surface 1.11-10" 4175 0.13

3.2. Electro-Mechanical properties of BDDNSs

A custom-made system was designed to measure the electro-mechanical properties of
BDDNS/Kapton, which was used to measure the voltage-current (V-I) characteristics as a
function of applied strain. The BDDNS was placed upside down for the fabrication of the
BDDNS/Kapton device to utilize the smooth surface for better contact for connecting wires of
the source measure unit. The obtained result of the mean electrical resistance (measured using a
two-point probe) of the BDDNS/Kapton structure vs. strain is presented in Fig. 7a. The measured
BDDNS sample size was ~1 cm x 1 cm x 1.3 pm, placed on Kapton tape with a size of 1.2 cm X
1.1 cm x 25 um. Fig. 7a depicts the non-linear response of the residual electrical resistance (AR
IRo) change with applied strain. The AR /R, of the BDDNS/Kapton varied in three different

stages with an increment of the applied strain. In case of the “stage 17, the AR /R, increased step-
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wise with the applied strain. The inset in Fig. 7a shows an enlarged view of the “stage 1 result,

which reveals a step-wise increase of the AR /R, up to 9 % at an applied strain of 0.14 %.

Then, for an applied strain of 0.14 % to 0.47 %, the AR /R, increased from 9 to 9.87 % [“stage
2”]. Further, in “stage 3”, the AR /R, of the BDDNS/Kapton structure increased sharply from
9.87 % to 26.26 %, with a strain of 0.47 % to 0.55 %. It should be noted that a further increment
of strain after 0.55 % leads to the formation of cracks in the BDDNS/Kapton device and results
in damage to the device, which could be considered as a threshold value for use in practical
applications. The variation in the AR /R, of the BDDNS/Kapton device with applied strain might
be due to variation in the residual stress of the BDDNS foil, defects, and/or the presence of non-
diamond carbon at the grain boundaries. The stress in the BDDNS/Kapton is intrinsic tensile
stress, which increases with the boron concentration [43]. In the present study, high doped
BDDNS foils were utilized, and as a result, tensile stress existed in the BDDNS/Kapton device.
The intrinsic tensile stress was estimated using the characteristic diamond peak positions of the
BDDNS’s top and bottom surfaces [44]. The estimated residual tensile stress values are 1.04 GPa
and 0.23 GPa for the top and bottom surfaces, respectively. Moreover, the induced tensile stress

might be produced during the mechanical bending of the BDDNS/Kapton.

In order to exhibit the BDDNS/Kapton structure's appearance during the mechanical
bending, a schematic representation is shown in Fig. 7b. The schematic presentation of the “stage
1” bending position of the BDDNS/Kapton depicts the elongation of the BDD grains, which
causes the generation of tensile stress by the mechanical bending process. Besides this, boron
precipitation occurs at the grain boundaries, and the existence of dislocations for the high boron-
doped diamond results in the suppression of grain boundary relaxation [43]. Moreover, apart

from the boron doping levels and inhomogeneous distribution, the residual stress in the BDDNSs
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ensued due to the high density of defects, dislocations at the grain boundaries, the crystal texture,
and sp® carbon and grain size [45,46]. The tensile stress generated by the externally applied
strain causes the increasing of the distance between the conducting grains and sp® clusters,
resulting in the increasing the distance between conducting states. Therefore, the AR /R, of the
BDDNS/Kapton devices increase under tensile strain. In addition, a high piezoresistive effect
was reported for hydrogen-terminated nanocrystalline diamond due to strain-induced changes in
the resistivity of the grain boundaries [47]. However, the conductivity in BDD films is primarily
from the holes, and the hole conductivity is dominant in large grains [41]. Nevertheless, the top
side of the BDDNS/Kapton device was the bottom surface of the BDD foil, which consisted of
small BDD grains. Therefore, the conductivity of the BDDNS’s bottom-surface might be due to
conducting channels formed by the sp® carbon clusters, the distance between these sp® carbon

clusters increased while applying the tensile strain, and increased the AR /R,.

Further, the change in the AR /R, with strain is relatively low, even negligible in “stage
2. Such a minor change of residual resistance because of the distance between the sp? grains
might reach saturation and have no further influence from strain. The appearance of the
BDDNS/Kapton at “stage 2” is shown schematically in Fig. 7b. A further increase of strain
resulted in high tensile stress and led to the formation of cracks in the BDDNS/Kapton device,
resulting in an abrupt increase of AR /R,. This is called the fracture point, and at this point,
failure of the device was noticed. The appearance of the BDDNS/Kapton device at “stage 3” is
shown schematically in Fig. 7b. To investigate the stress in strained BDDNS/Kapton samples,
Raman spectroscopy measurements were performed on strained, and unstrained BDDNS/Kapton
samples (Figure S2). The stress values were calculated using the peak shift of diamond Raman

line [44]. The achieved Raman results revealed that the stress in strained BDDNS/Kapton
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(~5.94GPa) increased significantly, compared to the stress in the unstrained BDDNS/Kapton

sample (~3.78 GPa).

Finally, the proposed BDDNS/Kapton device showed the capability to perform as a strain
sensor or piezoresistive sensor at applied strain ranges between 0 and 0.55 %, which showed the
pathway for the development of a low-strain sensor. Furthermore, we have presented the
comparison of our results with CNTs, Graphene, and metal-based strain sensors in the Table. 3.
The gauge factors (GF) at different applied strain has been calculated and shown. The
BDDNS/Kapton strain sensor exhibited the GF values from 16.26 to 66.74. However, the GF
value is primarily depending on the conductivity of materials, higher the conductivity tends to
low GFs. Furthermore, the sensitivity of BDDNS/Kapton strain sensor has been shown the

sensitivity of 0.55 %.
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regions



http://mostwiedzy.pl

A\ MOST

Ref. [54] Graphene/PDMS 1.6 Linear 546

P\:vegrel?t BDDNS/Kapton 0.55 Nonlinear 16.26-66.74

In order to investigate the performance of our BDDNS/Kapton strain sensor, different strain
values were applied for a constant time period of 5 min. Fig. 8 shows the performance of the
BDDNS/Kapton strain sensor at applied strain values of 0.09, 0.11, and 0.15. The strain was
applied by bending the sensor, as a result, the applied strain on the device has been increased
from O to 0.09, while the resistance has been increased to a certain value. The constant strain of
0.09 was applied for 5 min, then the applied strain was reduced to 0. However, device resistance
has been not reached to initial resistance value. Next step, the applied strain has been increased
to value of 0.11 and applied time was 5 min, and then applied strain decreased to ‘0’. Like the
first case, the initial resistance again increased even after removing the strain. For the third time,
the strain has been increased from 0 to 0.15 by bending the BDDNS/Kapton sensor, and the
device kept under the strain of 0.15 for 5 min. Then strain has been removed by releasing the
bending of the BDDNS/Kapton device. The resistance variation trend of the bending sensor
under a series of increasing strain from 0.09 to 0.15 is in good agreement with results obtained
by Cheng et al. [55] for the graphene-based fiber sensor , therefore, the represented results of
BDDNS/Kapton strain sensor has been shown that its operation is stable and reproducible. The
increase in initial resistance even after the removal of applied strain might be due to an increase
in intrinsic tensile strain by bending of the BDDNS/Kapton device. Therefore, even after
removing the applied strain, the presence of intrinsic strain causes a slight increase in initial
resistance. A similar phenomenon was observed for extremely stretchable strain sensors based on

cross-links hydrogels [56], and carbon nanotubes/isoprene rubber (IR) composites [57].
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Therefore, the proposed BDDNS/Kapton strain sensor shown good repeatability and stability to

employ in practical applications.

€=0.15

10 20 30 40
Time (min)

O=

Fig. 8. BDDNS/Kapton strain sensor performance at different applied strain value of 0.09, 0.11
and 0.15.

In the present study, the electromechanical properties of BDDNSs were investigated for
BDDNSs fabricated with unique conditions. But the role of morphology and microstructure on
flexibility and electromechanical properties of BDDNS/Kapton has been not completely
demonstrated. We intend to continue on this work by varying the growth conditions to obtain
different morphological and microstructural BDDNSs to fabricate BDDNS/Kapton sensors and

investigating the electromechanical performance.
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4. Conclusion

High conducting BDDNS were fabricated and transferred to a flexible polymer Kapton
substrate. Different surface morphologies were observed for the top and bottom sides of the
BDDNS foils, the top side showing large, faceted grains while the bottom side showed a smooth
surface with small, fine grains. A surface roughness Rq of 67 nm was observed for the top
surface, whereas a low surface roughness Rq of 12 nm was attained for the bottom surface. A
Kelvin probe AFM measured the work function results and revealed values of 4.69 eV and
4.70eV for the top and bottom surfaces of the BDDNS foils, respectively. Moreover, the top
surface showed the average electrical resistance of 31 Q, but the bottom surface showed high
electrical resistance up to 10 kQ. The electro-mechanical measurements of the BDDNS/Kapton
device demonstrated the positive change in the AR /R, with strain for employment as a strain
sensor. The performance of BDDNS/Kapton strain sensor has been tested at different applied
strains such as 0.09, 0.11 and 0.15 for time period of 5 min. Therefore, the proposed

BDDNS/Kapton device has excellent potential in low-strain sensor applications.
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