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Nanocrystalline Diamond is an excellent material for
the fabrication of Multi Electrode Arrays used to moni-
tor the activity of biological cells and tissues. Yet the
overall performances in terms of background noise,
electrochemical activity and transparency for fluores-
cent detection are difficult to optimize. Aim of this
study is to obtain an orientative guide on how to reach a
good compromise among competing properties. To this
purpose we produced, under a variety of synthesis con-
ditions, several samples of diamond films to be em-

1 Introduction

Boron-doped diamond (BDD) Multi Electrode Arrays
(MEAs) are planar sensors that allow the non-invasive
measurement of the secretory and bioelectrical activity of
in vitro cell cultures, with high temporal and spatial resolu-
tion [1]. It is possible to investigate the cellular activity by
measuring the action potential thanks to the capacitive
coupling between the cellular membrane and the sensing
electrode (potentiometry) [2-5], or the redox current due to
the oxidation of neurotransmitters released during exocy-
totic events (amperometry) [6]. Furthermore, MEAs fabri-
cated on transparent substrates allow simultaneous fluores-
cence and bioelectrical investigations, e.g. monitoring by
fluorescence microscopy the intracellular calcium oscilla-
tions, which cannot be detected by electrical methods [7,
8].

The dominant noise source in measurements with microe-
lectrodes is the thermal noise originating at the electrode
electrolyte interface [12]. However, the optimization of the
signal-to-noise ratio for potentiometry and amperometry
goes in two different directions. In the first case, an elec-
trode is connected to a high-impedance voltage amplifier,
which measures an open circuit potential and therefore, the
relevant noise parameter is the total voltage power spectral
density. Under optimal conditions, this is dominated by

ployed in the fabrication of amperometric Multi Elec-
trode Arrays.

After the fabrication, the samples were characterized
from a structural, electrical, electrochemical and optical
point of view in order to find possible correlations with
the parameters adopted in their production.

Copyright line will be provided by the publisher

(and proportional to) the electrochemical impedance of the
electrode. Consequently, low-noise potentiometric elec-
trodes, independently form the chosen technology, are de-
signed for large capacity and low resistance. In most cases
this goal is achieved by providing a 3D-structure of the
electrode active surface, e.g. by roughening, using fractal
or porous materials [9, 10]. Other authors used scaffolds of
nanowires, overgrown with a biocompatible material to
enhance cell viability [3, 11]. Unfortunately, all these strat-
egies spoil the electrodes transparency so that simultaneous
fluorescence measurements like confocal imaging or TIRF
(total internal reflection fluorescence) are no longer possi-
ble due to the need of an inverted microscope.

In case of amperometry, the electrode is short-circuited to
the virtual ground of a transimpedance amplifier and the
current is measured. In this case, the relevant noise param-
eter is the total current power spectral density, which in
turn is proportional to the real part of the admittance of the
electrode [12]. Since the electrode admittance is dominated
by its constant phase element (CPE), the current standard
deviation results in good approximation proportional to the
square root of the area of the working electrode [12]. In
other words, the noise in an amperometric measurement is
proportional to the electrode capacity and can be improved
by reducing the electrode area, but this improvement is

Copyright line will be provided by the publisher
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possible until the amplifier noise becomes dominating
[13]. This result is convenient for fluorescent measure-
ments because a smooth planar surface combines lower
capacity and lower light scattering and absorption, i.e.
lower noise and better transmissivity.

If we now consider the outstanding chemical resistance
and biocompatibility of diamond, which can outcompete
most other materials suitable for amperometric measure-
ments, it can be understood that in this field diamond elec-
trodes have very high chance of becoming the material of
choice, or the “gold standard”. On the contrary, in the field
of potentiometry, other technologies are very solidly estab-
lished thanks to their excellent overall characteristics and
therefore the competition for diamond as alternative mate-
rial is much harder.

In light of the above considerations, the aim of this study is
the characterization of boron-doped diamond films em-
ployed for the fabrication of MEAs. Here the focus is pre-
dominantly directed on amperometry, although based on
the same method also an optimization for potentiometric
use is possible. The tests included structural, electrical,
electrochemical and optical analyses of BDD-samples, in
order to identify possible correlations between their fabri-
cation parameters, as well as to achieve a further an opti-
mization of their performances. In particular, the back-
ground noise and the transparency appear to be in competi-
tion with each other: by rising the boron concentration the
thermal noise and resistivity are reduced, while optical ab-
sorption increases and vice versa. It is therefore important
to check under which conditions the efficacy of the boron-
doping can be improved in order to avoid or at least mini-
mize the amount of inactivated boron atoms, which spoil
the transparency, do not contribute to conductivity and fur-
ther, by acting as traps for charge carriers, can generate a
significant amount of recombination/generation-noise
(RG-noise).

For this analysis, fifteen nanocrystalline diamond (NCD)
samples were produced by Chemical Vapor Deposition
(CVD), employing hot-filament and microwave reactors.
An intrinsic diamond layer was grown on three different
substrate materials (glass AF32eco, Silicon wafers and
single crystal diamond), onto which a heavily doped BDD
layer (doping level above 10°° cm™) was grown. This sub-
strate selection was based on the consideration that 7) glass
AF32eco has a coefficient of thermal expansion (CTE)
nearly identical to silicon, but is subject to deformations
above ~ 690 °C, i) silicon withstands much higher tem-
peratures, but is non-transparent and i77) single crystal dia-
mond (SCD) is both transparent and suitable for high tem-
peratures and leads to the growth of homoepitaxial layers.
In the present context, samples grown on SCD substrates
with [100 ] orientation can be considered as “ideal model
systems”. Thus, this sample collection was expected to de-
liver detailed evidence on the role played by the CVD pa-
rameters on the overall performances.

Copyright line will be provided by the publisher

For the various growth runs, process parameters like sub-
strate temperature, CH4/H, ratio, boron doping method, etc.
were systematically varied. The surface and structural
properties of the samples were analyzed by scanning elec-
tron microscopy and Raman spectroscopy. The electrical
characterization was carried out by combining Hall Effect
and Van der Pauw measurements.

Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were carried out to test the electro-
chemical behavior of the BDD films. Each sample exhibit-
ed a potential window larger than 2.5 V, while the back-
ground current did not exhibit a clear dependence on the
grain size. From EIS data, an equivalent electrical circuit
was derived to model the charge transport in the electro-
Iyte-diamond system. Lastly, by using the equivalent cir-
cuits obtained from EIS, the total noise observed during a
typical experiment was modelled in terms of thermal noise
from the electrolyte and from the BDD structures.

2 Sample fabrication

Fifteen samples were produced by Chemical Vapor Depo-
sition (CVD), employing hot filament and microwave reac-
tors [14]. Thirteen of those samples were fabricated by first
growing an intrinsic nanocrystalline diamond layer on het-
ero substrates and after that a heavily-doped BDD layer
(doping level above 10?° cm™) was grown. For the two sin-
gle-crystal diamond samples, only the doped layer was
grown. Three kinds of substrate were adopted: 25x25 mm?
samples of glass “AF32eco" [1] with a thickness of 200
um, 4-inch silicon wafers and single-crystal diamond with
size of 10x10x1 mm?® Each substrate was carefully
cleaned by sonication in acetone and then in isopropyl al-
cohol for 5 minutes. This was followed by a 10 minutes
treatment in “piranha" solution (H,SO,4 and H,0, in 2:1 ra-
tio) to complete the cleaning and make the surface termina-
tions rich in hydroxyl groups, i.e., highly hydrophilic.

The heteroepitaxial growth of diamond requires a starting
layer, which, in case of non-insulating materials like sili-
con, can be provided by a bias nucleation process [14]. In
the more general case and especially on insulating sub-
strates, a seeding procedure can be adopted, which leaves a
dense layer of diamond nanocrystals on the carrier surface.
In this work, since glass is insulating, seeding with a
nanodiamond (4-6 nm) suspension was used for all NCD-
samples.

The relatively weak bonds formed between the seeds and
the substrate may not withstand the inner stress during the
following overgrowth conditions. To reinforce the adhe-
sion, the samples were first exposed to a short CVD pro-
cess (10 minutes) in a custom-made MW plasma reactor at
pressure of ~1.4 kPa in a gas mix of 1.3% CH, in H, and
substrate temperature of ~610 °C. The short duration of
this CVD step is due to the non-homogeneous heating of
the sample observed in this specific MW-reactor used for
intrinsic growth, which may lead to significant defor-
mations of the glass carrier at longer growth times. Then,
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the two main CVD steps were performed to grow first a
~1 um layer of intrinsic nanocrystalline diamond (iNCD)
and then a ~300 nm BDD Ilayer. The relatively thick un-
doped buffer layer was grown to prepare the diamond layer
for the BDD epitaxy. In fact, it provides a background with
crystallites of a few hundred nanometer, which is benefi-
cial for the carrier mobility and at the same time reduces
the density of defects (grain boundaries). These defects act
as parasitic recombination-generation (RG) centers and
have a negative influence on the noise performance of the
grown material. For all glass and silicon samples, except
samples AF92 and AF93, the iNCD layer was grown in a
Hot Filament reactor at a chamber pressure of 2 kPa, ramp-
ing-up the power for 40 minutes, until reaching a filament
temperature of 2100 °C and then keeping the process pa-
rameters constant for 20 hours.

The glass substrate temperature was kept below 650 °C
and the gas flux included 1.6 sccm CH,4 and 400 sccm H,.
The uniformity of the temperature distribution in the HF-
reactor is much better than in the MW-reactor and even af-
ter 20 hours at 650 °C, the glass deformations are negligi-
ble.

The silicon substrate temperature was retained at ~750 °C
for both iNCD and BDD depositions, while the growth
(BDD-only) on the two single crystal diamond substrates
were performed at 615 °C and 750 °C respectively.

The boron-doped growth was performed in a dedicated
Microwave reactor (Astex AX3120). The MW power was
in the 750 - 1200 W range, the hydrogen and methane

fluxes were set at 200 scem and 3 sccm respectively, and
the process pressure was 30 Torr. Boron wires were insert-
ed into the plasma as solid source for boron-doping, by
means of a magnetic slider. The doping level could be ad-
justed by varying the insertion length of the wires in the
plasma (approx. 6 - 7 cm) and by using one or two wires
simultaneously. Every 10-12 minutes the boron source was
manually pushed forward by 8 mm to expose new material
within the plasma ball. For samples AF73 and AF74 the
boron-doping was instead achieved with an 8 cm wide bo-
ron ring (same material of the wire) positioned around the
plasma ball; in contrast to the previous method, this doping
approach involves the same portion of the doping source
for the entire process. For samples AF92 and AF93, both
the intrinsic and the B-doped growth processes were per-
formed in the Microwave reactor. For the first sample
(AF92), the growth parameters were set in order to emulate
the analogous process occurring in the Hot Filament reac-
tor, i.e. with a gas flux of 0.8 sccm CH, and 200 sccm H,,
and a total growth time of 20 hours. For sample AF93 the
gas flux was identical to the value for the growth of the
doped material, i.e. 3 sccm CH, and 200 sccm H,, for a to-
tal growth time of ~3 hours. At the end of the processes, all
samples were treated for two hours in chromosulphuric ac-
id at 100 °C, to remove the residual sp® phase and turn the
pristine H-terminated hydrophobic surface to an oxygen-
terminated, hydrophilic one. Table 1 summarizes all pro-
cess parameters.

Table 1 - CVD growth parameters in Microwave Reactor. Where no specified, intrinsic growth took place in Hot-Filament reactor.
Here an i-prefix corresponds to intrinsic growth, and b-prefix to boron-doped growth.

Sample 1D Material MW power  Press H, flow CH, flow T-sgmple Boron rods Growth time
(W) (Torr) (sccm) (sccm) (°C) (# X cm) (min)
AF72 AF32eco 900 30 200 3 635 2x7 b60
AF73 AF32eco 600 30 200 635 ring 8 cm b60
AF74 AF32eco 750 30 200 3 650 ring 8 cm b60
AF75 AF32eco 900 30 200 3 630 1x14 b60
AF82 AF32eco 1000 30 200 3 630 2x6.5 b60
AF83 AF32eco 900 30 200 3 630 2x6.5 b60
AF84 AF32eco 900 30 200 3 620 2x6.5 b60
AF85 AF32eco 900 30 200 3 620 2x6.5 b60
AF86 AF32eco 900 30 200 3 615 2x6.5 b60
AF93 AF32eco 900 30 200 3 615 2x6.5 i200-b60
AF92 AF32eco 750-b900 30 200 i0,8-b3 i560-b615 2x6.5 11200-b60
Si03 Si+SiO, 1200 40 200 1,5 750 2x6.5 i40+b60
Si04 Si+SiO, 1200 40 200 2 750 2x6.5 i40+b45
ASO01 SCD [100] 900 30 200 3 615 2x6.5 b60

Copyright line will be provided by the publisher
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AS02 SCD [100] 900 30 200

3 750 2x6.5 b60

3 Results

3.1 Morphological characterization

After the CVD growth processes, the samples consisted of
a substrate covered with an intrinsic NCD layer (~1 um
thick) and a BDD layer on the top (~300 nm thick). Thick-
nesses were measured by Scanning Electron Microscopy
(SEM) inspection of the cross-section after dicing the sam-
ples, as very last step after all other characterizations. Very
small thickness variation was observed from sample to
sample, indicating little dependency of the growth-rate
from temperature in the given range, since the process pa-
rameters were previously adjusted to achieve a good thick-
ness control.

After growth, the surface morphology of the boron-doped
layer was inspected by means of SEM (Fig. 1). For each
sample, three micrographs were considered and the small-
est and the biggest grain were measured. An average grain
size was calculated and then used for comparison. Films on
glass substrates exhibited an average grain size ranging be-
tween 400 nm and 500 nm, while films on silicon substrate
presented a larger average gain size of ~800 nm.

The main differences between the two types of samples
were substrate temperature, pressure and CH, concentra-
tion during the CVD processes; it is well known that these
parameters influence the film morphology. At higher CH,
concentration and pressure the growth-rate increases and at
higher temperature the grains have a higher probability to
grow larger before a new grain is formed [15]. Further, re-
nucleation and formation of twins are strongly influenced
by the a—parameter [16, 17], which is determined by CH,
concentration and temperature. On the contrary, a signifi-
cant temperature dependency of the growth-rate in the giv-
en temperature range was not observed, as mentioned be-
fore.

3.2 Electrical characterization

Firstly, all samples grown in the HFCVD reactor were
tested after deposition of the i-NCD-layer, showing in all
cases a resistivity above 10'? Q cm, i.e. beyond the meas-
urement range of the employed instrumentation. For the
samples AF92, AF93, Si03 and Si04 this measurement was
not possible because the BDD layer was grown seamlessly
onto the i-NCD layer, i.e. without taking the samples out of
the reactor. Based on previous experiences, we can realis-
tically assume for those samples a “background” boron
density in the 10" cm™ range. Therefore, considering a
Boron activation energy of 0,37 eV, an equivalent density
of states in the valence band N, = 10" em? at room tem-
perature and a “best case” mobility, i.e. as reported for epi-
taxial layers of 700 cm?/ Vs [18], the resistivity is expected
to be larger than 100 Q cm. Therefore, the sheet-resistance
of lum thick samples is expected to be larger than 1

Copyright line will be provided by the publisher

MQ/ao. Still, the mobility in NCD is significantly lower
and therefore both above-mentioned values should actually
be much larger.

The electrical characterization of the BDD layers was car-
ried out by combining Hall Effect and Van der Pauw
measurements. From three measurements for every sam-
ple, the mean values and the standard deviations of carrier
concentration, conductivity, mobility, resistivity and sheet
resistance were calculated. The positive sign of the detect-
ed Hall coefficients confirmed that in the B-doped NCD
films the conductivity is due to holes. This suggests that
electronic transport due to sp® amorphous carbon phase in
the grain boundaries (for which electron transport with a
negative Hall coefficient is expected) does not play a sig-

nificant role in these samples. The carrier concentration re-
sulted in a range between 3.2x10%° and 3x10%' cm™, thus
all samples are above the Mott transition (occurring at
~2x10% ¢m™ [19]) and show quasi-metallic transport be-
havior.
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AS02

Figure 1 SEM images of BDD samples, (top) AF82 grown on a
glass substrate at a temperature of ~630 °C, (center) Si03 on a sil-
icon wafer at ~750 °C and (bottom) AS02 on SCD at ~750 °C.
The polycrystalline structure of AF82 is characterized by grains
with an average mean size of ~500 nm, for Si03 the grain size is
~800 nm, while on the SCD surface only small dust particles
(useful for focusing) can be recognized.

The thickness is nearly the same for all samples, therefore
it is equivalent to analyze the data on the basis of the sheet-
resistance or the resistivity. Actually only the first one was
experimentally obtained from Van der Pauw measurements
and the second one, which is probably more familiar to
most readers, was simply calculated dividing the sheet-
resistance by the thickness. The sheet resistance ranged be-
tween

30 Q/o and 1.8x10° Q/o, and so the conductivity resulted
between 20 Q' ecm™ and 1.3x10° Q"' cm™. The order of
magnitude of the mobility was 10™ cm® V''s™" for all NCD
samples, except for sample AF92 for which a value of 1.14
em’V's" was obtained. These values are in agreement
with the results of previous characterizations of CVD-

grown boron-doped PCD samples reported in [20]. Fig. 2
shows sheet resistance data as a function of bulk carrier
concentration. As the carrier density increases, the sheet
resistance decreases. This is in qualitative agreement with
the formula for the resistivity given by

— Q)

where g is the elementary charge, p the hole concentration
and , the hole mobility.

For bulk concentrations around 10?!' cm™ and above, the
log-log plot shows with good approximation a linear trend
with negative slope, which means that the mobility is fairly
constant. Below 3x10%! ¢cm™, formation of boron pairs or
even clusters was negligible. The two samples AF73 and
AF75 however fall slightly below the general trend. A rea-
son for this could be the higher mobility observed at lower
doping density due to diminished Coulomb scattering. A
similar result was expected also from sample AF74, but
unfortunately this sample was broken and no longer suita-
ble for a Van der Pauw measurement. Yet, out of the larg-
est fragment, it was still possible to analyze the electro-
chemical behavior and the film transparency.

1 AF73m
10° m AF75
] AS01
n
AF85 m
- AF83m
= u AFT2
<} AFB4"E AFg3
&’ 102 m AF92
] AS02 ® | gio3 4
Sio4
| ]
10' y
107 10%

Bulk concentration (cm®)

Figure 2 Sheet resistance Vs. bulk carrier concentration from
combined Van der Pauw and Hall-Effect measurements.

As for the dependence of the doping efficiency on the
growth temperature during CVD, Fig.3 shows the estimat-
ed values of the bulk carrier concentration as a function of
the growth temperature. At high doping values (i.e. above
Mott transition), boron activation at room temperature can
be considered complete and thus, in first approximation,
the carrier concentration can be assumed equal to the sub-
stitutional boron concentration, i.e. p = N,. The data in Fig.
3 indicate a correlation between doping density and growth
temperature for NCD films. We observe that for samples
grown on silicon substrates (for which the growth tempera-
ture was higher by about 120 °C than for glass substrates),
the carrier concentration is higher (up to 3x10*' cm™)

Copyright line will be provided by the publisher
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while for samples on glass, all p values are comprised be-
tween 3x10% and 2x10*' cm™. Referring to Fig. 3, data
within the red ellipse refer to samples for which the doping
was performed with two movable boron wires inserted into
the plasma. Splitting this cluster in two subgroups and tak-
ing the mean-value of each one, it can be seen that the av-
erage bulk concentration increases as the temperature in-
creases. Fluctuations on bulk carrier concentration may
arise from other possible factors during the growth, which
are not yet fully under control. For example, the previous
growth process that took place in the CVD-reactor might
leave a “memory” inside the reactor chamber, which leads
to different starting conditions for the following process.
Other reasons for this variability include the manual con-
trol of temperature and boron supply during growth.

AFg2
]

22

10

AF72

AFO3 " m -
AF84

{ASOTm
AF85

® AF83

Bulk concentration (cm‘a)

AFTS W
AF73

U I T U ! 1
600 620 640 660 680 700 720 740 760
Tgrowth(oc)
Figure 3 Bulk carrier concentration from Hall measurements
versus growth temperature.

The data marked in green are AF73 and AF75. For the first
sample, the doping was achieved with a boron-wire ring
exposing the same area during the entire process and re-
sulting in a “static” doping process. For AF75 only one
static long boron wire was used. In both cases, the effi-
ciency of the doping process was not optimal.

The samples grown on single-crystal diamond (marked in
blue) do not show a difference in the doping level, even
though they were grown at different temperatures. In these
cases, the difference in conductivity can only be attributed
to different mobility. This latter result suggests that at low-
er temperature there is a higher probability of forming de-
fects in the crystal structure.

3.3 Electrochemical characterization

Further investigations of the boron-doped layers were car-
ried out with the electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry (CV) techniques. EIS inves-
tigates the total impedance of an electrolyte-electrode sys-
tem. The arrangement of the ions on the electrode surface
can be represented with the Helmholtz double layer model,
while, due to the equilibration of the Fermi levels of the
two different phases, the resulting band bending defines a
space charge layer within the semiconductor (Fig. 4b). In

Copyright line will be provided by the publisher

the specific case of an electrolyte-BDD system, the equiva-
lent total impedance can be modeled as usually done for a
polarizable semiconductor electrode [21-23]. In Fig. 4a the
resistor R, represents the bulk resistance of the BDD layer,
which cannot be neglected in case of a semiconductor,
while Rge and Qg represent respectively a leakage current
path and the capacity of the depleted space charge layer in
the BDD layer (Qgc is a constant phase element CPE,
which models a non-ideal capacitor). The double layer can
be represented as a Randle cell, i.e. an RQ circuit with
double layer capacitance Qp; (a CPE) and double layer re-
sistance Rp;, which is a representation of the activity oc-
curring on the surface. Ry, is the ohmic resistance of the
electrolyte. For clarity, R and Ry, are shown in Fig. 4a as
separated elements because of their different physical na-
ture, but since they result connected in series, only their
sum can be obtained by EIS. The impedance spectroscopy
was performed in a three-electrode cell, making use of an
Ag/AgCl reference electrode and a 100 mm? Pt counter
electrode. The square BDD film was contacted by silver
paint along the four borders with the underlying copper
plate carrier and then this electrode structure was encapsu-
lated in adhesive Teflon films with a hole of 1 mm? provid-
ing the interface between the BDD sample and the electro-
lyte (0.1 M KCI). An AC voltage of 10 mV,,, amplitude
was applied between the working and the counter elec-

trode. From the current measured at the working electrode,
the phase shift and amplitude of the complex impedance
was obtained in a frequency range varying from 0.1 Hz to
1 MHz. The amplitude of the complex impedance and the
phase shift were plotted versus frequency to produce a
Bode plot. An example of EIS data is shown in Fig. 5 for
sample AF84. The Bode plot shows the typical behavior of
polarizable electrodes, as one would expect from BDD,
with a dominant capacitive component at low frequencies
and a dominant resistive component at high frequencies.
Experimental data were then fitted with equation (2),
which describes the complex impedance of the system
shown in Fig.4b as a function of frequency, interpreted
with a charge-transfer process dominated by two time con-
stants.

Fit parameters are reported in Tab. 2. R+Ry is the sum of
semiconductor and solution resistances. However, given
the conductivity of 13 mS/cm for a 0.1 M KCI solution at
25°C, and considering the area of the working and counter
electrodes as well as a distance between the two of 1 cm,
R, is expected to be dominating with respect to Ry,. From
Eq. 2 the power value ng is in the 0.76 - 0.95 range, thus
confirming the applicability of the adopted model. Instead
ng is very close or equal to 1, in other words the space
charge layer behaves like an ideal capacitor. The circuit
shown in Fig.4a represents therefore a satisfactory model
for all samples.

The validity of this model was further checked with noise
spectroscopy measurements and modelling, as described
below. In this analysis, the noise arising from the electrical
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circuit reported in Fig.4a was first simulated, making use
of the fitted parameters previously obtained from the EIS,

measured with the real samples.

Semiconductor
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Electrolyte

Space charge layer

Double layer

a

Semiconductor
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Electrolyte

Er equilibrium

and then compared with the experimental noise spectra

@

b

Figure 4 a) Equivalent electrical circuit for the polarizable diamond/electrolyte interface. The right part of the circuit includes a re-
sistive element associated to the solution, a double layer capacity Qg placed in parallel to the faradaic impedance Ry associated to the
activity on the surface. The left part of the circuit includes a parallel of the resistor R, representing a leakage current path through the
space charge layer, and an impedance Q. that represents the space charge layer capacitor. b) The space charge layer in diamond is
caused by the band bending induced by the oxygen termination [24], which depletes holes. Lastly, Ry is the ohmic resistance of the bo-
ron-doped layer. Both capacities Q. and Qg are modeled for the fit as CPE with exponents ng. and ng respectively.

Table 2 EIS data fitted with Eq. 2. Fit parameters refer to the equivalent electrical circuit shown in Fig 4a.

Sample ReRyol (Q) Qur (F) na Ra () Q. (F) Nee Ry (Q) XCred
AF74 1.06x10* 2.51x1077 0.87 1.72x10° 8.67x10°° 1.00 5.74x10’ 0.090
AF82 7.18x10° 9.52x1077 0.86 2.22x107 2.12x1077 0.95 9.24x10" 0.041
AF83 1.29x10* 7.3x1077 0.86 1.10 x10° 2.17x1077 1.00 5.72 x107 0.020
AF84 5.53x10° 3.12x1077 0.92 3.59x10’ 3.54x1077 0.96 6.95x10* 0.034
AF85 7.57x10° 2.81x1077 0.89 1.77x10° 4.45x1077 0.94 9.20x10* 0.043
AF86 5.49x10° 1.79x10°° 0.95 9.01x10° 2.01x1077 0.95 5.79x10* 0.041
AF92 5.92x10° 3.46x1077 0.93 1.82x10° 1.64x1077 0.98 3.26x10’ 0.040
AF93 5.40x10° 2.76x1077 0.90 3.62x10° 3.64x1077 1.00 1.79x10° 0.034
Si03 5.19x10° 8.39x107" 0.90 2.01 x10° 8.84x1077 0.93 1.57x10° 0.039
Sio4 5.7x10° 2.57x107°° 0.89 5.62x10° 1.84x107 0.96 1.88x10° 0.044
AS01 6.42x10° 1.33x1077 0.97 2.16x10’ 1.92x107 1.00 6.61x10’ 0.041
AS02 5.25x10° 2.91x1077 0.98 5.12x107 4.14x107 1.00 8.23x107 0.038

Copyright line will be provided by the publisher



NeRN-CREN B N R N S S

—
WN—= O

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

Author, Author, and Author: Short title

1.2M - it = =
1] (@) | B 7| data m phase data it
1,0M 4 ) | 2] fit phase fit
& L

g 800,0k - .
<) pFeR
o 6000k |/ i
1S i
g | 100k §

400,0k | |

200,0k |

10K 1,. =
00 . ‘ ) S e oo MO O 10 0 0 Y O 0 O O N T SERTAN) e S Rl
0.0 200.0k 400,0k 600.0k 0.1 1 10 100 1k 10k 100k

Zre (Ohm)

freq (Hz)

Figure 5 (Left) Nyquist plots of all measured EIS data. (Right) Bode plot of experimental EIS data and fit curves for sample AF84.

In details, the noise was measured with the same three-
electrode electrochemical cell previously used for EIS
measurements, using the BDD samples as electrodes. The
current noise signal coming from the BDD electrode was
conditioned by a transimpedance amplifier, with a choice
of 100 MQ or 1 GQ as feedback resistor, followed by a
low-pass filter and finally connected with a data-
acquisition unit. The amplifiers used in the front-end stage
are FET-input, very low-bias, low-noise “AD8626" from
Analog Devices. Next, the signals are low-pass filtered (3
dB at 1 kHz) with a 4th-order Bessel topology and con-
nected by means of differential lines to a National Instru-
ments USB-6216 data-acquisition unit, working at a sam-
pling rate of 4 kHz. Note that this is the same acquisition
circuit employed during biological experiments. Fig. 6a,
shows as an example the noise spectrum measured with
sample AF84. Using LTspice software from Linear Tech-
nology (the complete circuit is depicted in Fig.7), we simu-
lated not only the overall noise performance, but it was al-
so possible to break-down the total system noise in order to
separately obtain the noise of the electronic signal-
conditioning chain and the noise contributions from each
element of the -equivalent circuit of the electro-
lyte/electrode system. By comparing the simulated and ex-
perimental spectra, we note that they are very similar; both
spectra present in the working bandwidth the typical shape
of a derivator, followed by the low-pass filter cut-off. The-
se results confirm again the consistency of the EIS equiva-
lent circuit and additionally confirm the conclusions ob-
tained from the impedance spectroscopy, regarding the
charge transfer model. Furthermore, this analysis suggests
that the noise is predictable in terms of thermal noise gen-
erated at the electrode/electrolyte interface, and therefore
these contributions can be minimized only to a limited ex-
tent. Table 3 shows a compact summary of the noise level
from NCD samples.
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Figure 6 a) Noise spectrum recorded from sample AF84.
The quasi-reference Ag/AgCl electrode is grounded. In this
case the feedback resistance of the transimpedance amplifier is
100MQ.

b) Simulated spectra obtained by using the circuit values de-
rived from EIS (Table 2). The traces refer to thermal noise
contribution of each resistor in the EIS equivalent circuit (blue
Rgo, Cyan Ry, green Ry, red Ry, gray for Reegpack). The ma-
genta trace is the sum of all spectra, i.e. the overall system
noise.
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Figure 7 Schematics of the amperometric set up: the signal
coming from the electrolyte/electrode system (blue box) is am-
plified by a transimpedance amplifier (red box). Next, the sig-
nal is low-pass filtered by a 4"-order Bessel topology (green
box) and then the output is sent to the acquisition unit (not
shown).

Table 3 Comparison of the noise spectral density at 100 Hz

Sample ID en (V/sqrt(Hz))
AF82 6 %107
AF83 1.5x10*
AF84 8 x 10°
AF85 9 x10°
AF86 4 %107
AF92 1.1x10*
AF93 9 x10°
ASO1 23 %107
AS02 1.8 x 107
Si03 2.5 x10*
Si04 1.5x10*

The electrode activity was then characterized by Cyclic
Voltammetry (CV). As already mentioned, a BDD elec-
trode is polarizable, therefore in absence of redox reactions
the current through the electrode/electrolyte interface is
negligible within a voltage range in which water electroly-
sis does not occur. This range is called potential window
and its width is defined by the onsets of hydrogen and ox-
ygen evolutions, in the cathodic and anodic regimes re-
spectively, resulting from water dissociation. The back-
ground current within the potential window can be defined
as [15]:

— (€))
where the capacitive charging current —is proportional
to the voltage scan-rate and the total electrode/electrolyte
capacitance, while the resistive (ohmic) current component
is due to the parasitic chemical activity of defects (leakage
resistances in the EIS) or even to physical adsorp-
tion/desorption of species present in the electrolyte. CV da-
ta were acquired using the same three-electrodes cell and
electrolyte already used for EIS and noise measurements.
In this case, the active area of the working electrode (BDD
film) in contact with the electrolyte was 5 mm? A triangu-
lar voltage waveform spanning between -2 V and +2 V
with a scan rate of 50 mVs™”, was applied at the counter
electrode and monitored through the reference electrode.
The working electrode was connected to the virtual ground
of the front-end transimpedance amplifier and the current
flowing between counter and working electrodes was rec-
orded. Fig. 8 shows three cycles recorded from sample
AF74 at a scan rate of 50 mV/s; here we can estimate a po-
tential window of approximately -1 — 1.5V and a back-
ground current lower than 0.2 pA. Before the current
branches due to OH- oxidation (anodic) or H+ reduction
(cathodic), we can see bulges, occurring at ~1.2 V and ~ -
0.7 V respectively, caused by the adsorption of such ions
on the electrode surface.

3,0m

2,0m

J (Alcm?)

1,0m -

0,0

V vs. Ag/AgClI (V)

Figure 8 CV-plots at performed at a scan rate of 50 mV/s in
0.1 M KCI. For NCD samples the observable potential win-
dow is approx. -1 V—1.5 V and for SDC samples +/- 1.5V.

By comparing the background current of every sample, it
can be expected that both potential window and back-
ground current can vary according to the diamond surface
quality [25]. For example, in polycrystalline and nanocrys-
talline diamond, the differences in the voltammograms
stem from the different densities of surface defects and
amount of non-diamond carbon phases, like graphite or
amorphous carbon, especially at the grain boundaries.
Therefore, differences in background current are possibly
dependent on the grain size of surface diamond grains. For
a better evaluation, we reproduced for each sample the
background current of the second cycle, in Fig. 9 using a
semi-logarithmic scale within a narrower region of the an-
odic range (0 V — 1 V). However, we can observe that all
currents in the considered range are below 10 pA and the
differences among them are smaller than one order of
magnitude.

100

J (WA/em?)

AS02

01 L7 ]
02 00 02 04 06 08 10 12
V (V)

Figure 9 Background current density in logarithmic scale
within the anodic part of the potential widow. For every CV
curve, the anodic range of the second cycle was considered. A
negligible difference in the background current is observed be-
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tween films with larger grain size (~800 nm for Si03 and Si04)
and films with smaller grain size (between 200 nm and 500 nm),
while for the monocrystalline samples it is one order of magni-
tude lower.

3.4 Raman spectroscopy

Micro-Raman measurements were performed for each
sample with a Horiba Jobin Yvon HR800 spectrometer in-
terfaced with an Olympus BX41 confocal optical micro-
scope. The spectrometer was equipped with a 1800
lines/mm grating yielding a ~2 ¢cm™ spectral resolution,
and an air-cooled CCD detector. The use of a 100x magni-
fication objective allowed for a ~2 pum beam spot. The ex-
citation source was an Nd solid-state laser with A = 532 nm
emission wavelength and an output power of 100 mW. For
each measurement, the laser beam was focused to a ran-
dom point of the sample surface. The integration time for
each spectrum was 1 s and each spectrum resulted from the
average of 5 individual spectra. For each sample, three ac-
quisitions from different points of the surface were per-
formed for sake of statistical significance. We can distin-
guish between peaks commonly observed in polycrystal-
line diamond and peaks (or bands) specifically associated
to the boron inclusion. The presence of non-diamond phas-
es leads to the appearance of several peaks in the spectrum,
as well as to a broadened G peak shifted between 1480 cm”
"and 1680 cm™.

In each spectrum, the first-order Stokes peak related to the
diamond phase is well defined at a Raman-shift between
1332 cm™ and 1338 cm™. This peak arises from the under-
lying undoped diamond layer, which is compatible with the
estimated probing depth of the Raman technique.
Complementarily, the presence of amorphous carbon phase
is detectable and we assume that this phase is localized at
the boundaries of the diamond crystal grains. In most spec-
tra (Figure 10a) we observed a peak between 1130 cm™
and 1160 cm™', which is indicative of the presence of trans-
polyacetylene at grain boundaries and interfaces [26]. Bo-
ron doping is detected from a wide band at ~1220 cm™ and
a peak at ~1320 cm™.

The band centered at 1220 cm™ is likely to be caused by
the effect of boron incorporation in the diamond lattice
[27], and its appearance in the spectrum is independent
from the presence of the sp” carbon phase in the films [27].
As the boron concentration increases, the intensity of the
band at 1220 cm™ increases as well, with respect to the
first-order diamond line (1332 cm™).

The first order peak of diamond of the highly boron doped
layer appears like a shoulder at a Raman shift between
1320 cm™ and 1330 cm™. For samples AF73, AF74, AF8S,
AF92 and Si03, this shoulder overlaps the first-order dia-
mond peak arising from the underlying undoped layer,
while in the other cases, two distinct features are detecta-
ble.

The two above-mentioned Raman features (i.e. the firs-
order line from the underlying diamond layer and the bo-

Copyright line will be provided by the publisher

ron-related peak at 1320-1330 cm™) could be conveniently
interpolated with a Lorenzian peak and a Breit-Wigner-
Fano function (BWF), respectively. An example is provid-
ed in Fig 10b, although it is worth remarking that at this
stage it was not possible to extrapolate unequivocal corre-
lations of the results of the fitting procedures with the es-
timated boron concentrations. This is most likely to be at-
tributed to limited reproducibility of the laser focusing
conditions in the measurements from different samples.
The asymmetry of diamond peak in polycrystalline BDD is
typically attributed to a Fano resonance induced by the
quantum mechanical interference between the discrete
phonon state and the electronic continuum [27 - 29]. In an
alternative interpretation, dopant incorporation at substitu-
tional or interstitial sites can produce lattice stress that
generally depends on the doping level [30]. Such stress in-
duces a splitting of the first-order diamond line.

Regarding the SCD samples, the most important observa-
tion is the remarkable difference in the intensity of the di-
amond and non-diamond peaks, which indicates the effect
of the temperature during the respective growth processes
with respect to a possible formation of defects and the con-
sequent formation of non-diamond phase around them.

3.5 Optical characterization

To allow the simultaneous detection of fluorescence emis-
sion and electrochemical recording, the whole device was
made of transparent material, including the active diamond
electrode, diamond conducting leads, diamond insulation
layer and substrate. In this multilayer structure, each layer
and interface contributes to a partial loss of the incident
light. The optical spectral transmittance was performed in
the wavelength range from 200 nm to 800 nm. Fig. 11
shows the results for all samples with BDD layer deposited
on transparent substrates. Three red lines mark wave-
lengths commonly used in fluorescence microscopy. Sam-
ples AF92 and ASO1 are clearly unsuitable for fluores-
cence measurements, while for suitable samples the detect-
ed transmittance ranges between 32% and 45% at wave-
length of 500 nm, while at 340 nm it falls in all cases be-
low ~35%.



NeRN-CREN B N R N S S

LN b BB BSEDSDSESEDSDBDPBRWWLWLLWLWLWLWLWLWLWLWWRNNDNDNDDNDDNDDNDNDDNDN = = ——_——
NN NP LWV OOV TITANNPE LWV OOVONTAANNE W, OOVURETAANUNE WD OOURIANUN R WD —=O

pss-Header will be provided by the publisher

11

T
J"\ AS02

AS01
AF72
AF73
AF74
AF82
AF83
AF84
-| AF85
AF86
| AF92
| AF93
Sio3
Sio4

T T T
500 1000 1500 2000

Intensity (arb. units)

1,5k | | 4

1,0k |- P | .

Intensity (#)
)

5000 |- Y e )1 ]

0,0 1 en o U e i

Ei 1 1 L 1 1 1 1 1

1000 1050 1100 1150 1200 1250 1300 1350 1400

Raman shift (cm™) b

Figure 10 a) Raman spectra. b) Multiple peak fit of the
first order diamond peaks related to the doped and the
undoped layer of sample AF82. The used functions are
respectively a BWF and a Lorentian.

In order to obtain a higher transparency, BDD layers need
to be as thin as possible, while the doping concentration
should be carefully optimized, to guarantee both the metal-
lic conductivity and a low absorption coefficient [7, 20].
The two SCD samples differ substantially in this test. A
first evidence is that their transparency is not better than
the one measured on the NCD-samples and this can be at-
tributed to the 1 mm thickness of the substrate. In average,
the transmittance of AS02 is comparable with the medium-
high range of the NCD-samples, while ASO1 presents a
remarkably lower transparency, nearly proportional to the
wavelength.
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Figure 11 Transmittance spectra of all thin films on
glass substrate and single crystals.

4 Discussion
The SEM morphological characterization highlighted that
the growth processes at higher substrate temperatures led
to a larger grain size of polycrystalline diamond. Two
samples grown at different temperatures on SCD substrates
were considered as “ideal model systems”.
The electrical characterization, carried out by coupling
Hall Effect and Van der Pauw sheet-resistance measure-
ments, reported that the sheet-resistance decreases as the
incorporation of boron during the growth process increases,
and no significant correlations emerge between mobility
and other possible affecting parameters (grain size, ionized
acceptor, etc.). Furthermore, considering the samples char-
acterized by the same boron doping method, a systematic
dependence of the carrier concentration from the growth
temperature was observed, with the exclusion of the sam-
ples grown on SCD substrate. However, in these two cases
the mobility resulted significantly different. This latter
finding suggests that a higher substrate temperature signif-
icantly reduces the defect formation during the CVD
growth and furthermore can slightly increase the doping
efficiency in nano- and poly-crystalline diamond.
From the impedance spectroscopy, an equivalent electrical
circuit was derived for each sample to model the electro-
lyte-diamond system. With these models, we could prove
that the noise detected during a typical amperometric ex-
periment is predictable in terms of thermal noise coming
from the electrolyte and from the boron-doped diamond
layer. The profile of the noise spectrum is typical of a deri-
vator and can be predicted on the basis of the equivalent
electrical circuit that models the electrode/electrolyte sys-
tem. The SCD samples showed, as expected, the lowest
noise level, due to the virtual absence of grain boundaries
responsible for RG-noise, however the best NCD sample
exhibited a noise about two times larger than that of mono-
crystalline samples.
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Subsequently, cyclic voltammetry was employed to inves-
tigate the electrochemical activity of BDD surfaces and
each sample exhibited a potential window of ~ 2.5 V,
while the background current did not exhibit a clear de-
pendence from the grain size.

Raman spectroscopy was employed to analyze the struc-
tural properties of the different samples, leading to the
identification of the typical diamond features within the
nanocrystals and the presence of non-diamond C-phase lo-
calized along the grain boundaries. Furthermore, features
due to the boron incorporation in diamond lattice were
clearly observed.

Finally, optical characterization was performed on all sam-
ples grown on glass substrates and both SCD samples. In
this analysis the SCD samples provided a striking evidence
on the role played by the temperature in obtaining a good
optical transmissivity. This result combined with the ob-
served drop of mobility, suggests that a CVD growth pro-
cess run at moderate temperature on an SCD substrate can
lead to the formation of a significant amount of defects,
and therefore it is plausible to speculate on the formation
of some amount of sp” at the edges of the defects, to be re-
sponsible for the drop of transmissivity. Raman spectra of
the SCD samples are consistent with this hypothesis and
further evidence is provided by the electrochemical leak-
age current found for ASO1, which was nearly two times
larger than in the case of AS02.

As for the correlation of electronic noise and optical trans-
parency, it appears that sample AF93 indicates a good
overall strategy. This sample is the best one in terms of
light transmission in the spectral range of interest and pos-
sesses a good noise level, indicating that a thinner i-NCD
layer seamlessly overgrown with the BDD layer yields
both good optical and electrical properties. A possible ex-
planation of this remarkable result could be found in the
long time available, during the intrinsic growth step, to de-
sorb the species unavoidably introduced in the reactor
chamber when loading the sample, i.e. nitrogen, oxygen
and water, which may partially compensate or inactivate
Boron. By comparing the results of AF93 and AF92, both
seamlessly grown, it appears also evident that even a small
increase in temperature from 615 to 630 °C leads to a more
efficient incorporation of boron. Nevertheless, the thicker
intrinsic layer of AF92, grown for 20 hours at a tempera-
ture of only 560°C spoils the transparency and degrades
slightly the noise level.

Although MEAs, as the name says, consist of microelec-
trodes, in this study the analysis was done on macroscopic
samples, i.e. unstructured films. Here the idea was to per-
form a classification of the raw-material at an early stage,
i.e. before starting a microfabrication process. In order to
predict with a good degree of confidence the behaviour and
performances of microelectrodes, which can be fabricated
out of such films, the obtained results need appropriate
considerations. First, because the components of the elec-
trochemical impedance spectroscopy scale non-linearly
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with size. In addition, the electrochemical activity changes
from planar diffusion to spherical diffusion and depending
on the available energy states at the electrode-electrolyte
interface, the conditions leading to diffusion-limited or ki-
netic-limited processes can change. The latter is particular-
ly evident in case of semiconductor electrodes, which show
a non-negligible bulk resistivity and a space charge region
at the electrode-electrolyte interface. However, it appears
realistic to expect that better-performing raw-samples at
the macroscopic level lead to better-performing MEAs af-
ter microfabrication. This is also in agreement with the au-
thors’ experimental results of the last decade.

5 Conclusions

This work was aimed at the characterization of the mor-
phological, electrical, electrochemical and optical proper-
ties of BDD thin films to be employed in the fabrication of
transparent MEAs for in vitro cellular biosensing, and in
particular to the amperometric applications. More specifi-
cally, the characterization was carried out with the purpose
of determining an appropriate selection of process parame-
ters to be adopted for the material fabrication. From the re-
ported results, it appears that the temperature plays a role
in the substitutional incorporation of boron as dopant in the
crystal lattice and that a lower temperature favors the for-
mation of crystal defects or smaller grains in the diamond
film, which in turn influence negatively the mobility, thus
resulting in an overall higher resistivity. Nevertheless,
good results could be achieved as in case of AF93.

Further improvements require the adoption of a different
transparent substrate having a thermal expansion coeffi-
cient compatible with the one of diamond and at the same
time suitable for CVD-process temperature around 750°C,
with the hope that an affordable material with such proper-
ties can be made available soon.
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