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here have been several reviews on

the fabrication, characterization, and

the analytical application of ultra-
small electrodes, with sizes down to a few
nanometers."? Single nanoelectrodes offer
various benefits compared to planar macro-
scopic electrodes such as low capacitive
currents and decreased deleterious effects
of solution resistance due to the small di-
mensions. Another advantage of nano-
electrodes arises from the radial diffusion
to an electrode which is pointlike compared
to the diffusion length. Due to the three-
dimensional diffusion, there is an enhanced
rate of mass transport to the electrode
increasing the signal-to-noise ratio. How-
ever, single nanoelectrodes only generate
small currents that are difficult to detect
with conventional electrochemical setups.
This can be circumvented by fabricating
arrays or ensembles of electrodes that op-
erate in parallel and amplify the measured
currents.

Several techniques have been employed
to fabricate nanoelectrodes and arrays or
ensembles thereof from a wide range of
material systems. The straightforward tech-
niques to fabricate nanoelectrodes make
use of e-beam lithography® and focused
ion beam milling*” structuring an insulating
layer on top of a metal electrode. Less costly
fabrication techniques apply nanoimprint
techniques® and nanosphere lithography®
to generate ordered nanoelectrode arrays.
To achieve random ensembles of nanoelec-
trodes, different techniques are used such
as the deposition of metals into pores of
polycarbonate nanoporous membranes,”®
nanosphere lithography,'® or block copoly-
mer self-assembly."'~'® Another approach
utilizes spatially separated carbon nano-
fibers as a nanoelectrode sensor, showing
promising properties for electrochemical
sensing."* "7

Advantages of nanoelectrode arrays
(NEA) and nanoelectrode ensembles (NEE)
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ABSTRACT In this report, the fabrication of all-nanocrystalline diamond (NCD) nanoelectrode
arrays (NEAs) by e-beam lithography as well as of all-diamond nanoelectrode ensembles (NEEs) using
nanosphere lithography is presented. In this way, nanostructuring techniques are combined with the
excellent properties of diamond that are desirable for electrochemical sensor devices. Arrays and
ensembles of recessed disk electrodes with radii ranging from 150 to 250 nm and a spacing of 10 zm
have been fabricated. Electrochemical impedance spectroscopy as well as cyclic voltammetry was
conducted to characterize arrays and ensembles with respect to different diffusion regimes. One
outstanding advantage of diamond as an electrode material is the stability of specific surface
terminations influencing the electron transfer kinetics. On changing the termination from hydrogen-
to oxygen-terminated diamond electrode surface, we observe a dependence of the electron transfer
rate constant on the charge of the analyte molecule. Ru(NH3)6+2/ *3 shows faster electron transfer

~273 exhibits faster electron

on oxygen than on hydrogen-terminated surfaces, while the anion IrCly
transfer on hydrogen-terminated surfaces correlating with the surface dipole layer. This effect
cannot be observed on macroscopic planar diamond electrodes and emphasizes the sensitivity of the
all-diamond NEAs and NEEs. Thus, the NEAs and NEEs in combination with the efficiency and
suitability of the selective electrochemical surface termination offer a new versatile system for

electrochemical sensing.

KEYWORDS: NCD - nanoelectrode array and ensemble - nanosphere lithography -
impedance spectroscopy - diamond electrochemistry

compared to planar electrodes are the low
detection limit, an increased signal-to-noise
ratio, and the possibility to conduct spatially
and temporally resolved electrochemical
measurements. For electrode arrays or en-
sembles, in general, to benefit from these
characteristics, the dimensions of the array
need to fulfill certain requirements. To reach
a regime where hemispherical diffusion
layers of neighboring electrodes do not
overlap, the ratio of the interelectrode dis-
tance and the radius of a single electrode
needs to be large enough depending on the

time-scale of the experiment."*'®'° There-  *Address correspondence to

fore, an averaged interelectrode distance
plays a crucial role in the fabrication of
nanoelectrode ensembles.

Adding a supporting electrolyte is essen-
tial to conduct accurate electrochemical
experiments on planar electrodes. This is
to confine the ohmic drop between the
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working and counter electrode to a small region close
to the electrode—liquid interface. Nano- and micro-
electrode arrays have been shown to offer the possi-
bility to use either low concentrations of or even no
supporting electrolyte, which also is desirable for
various applications.?%?’

The choice of electrode material determines the
overall sensing properties of the device. Boron-doped
diamond films offer several important properties that
are essential for electrochemical sensing applications.
Among others, these are wide potential windows, low
background currents, fast electron transfer rates for
various redox molecules, and adjustable stable surface
terminations. Diamond films are chemically inert and
show long-term response stability.?” It is also reported
that diamond offers several advantages in biosensing
due to its extreme properties.>>~2°

Combining both the advantages of ultrasmall elec-
trode arrays with the superior electrochemical proper-
ties of boron-doped diamond therefore results in a
new class of electrochemical sensor devices. So far, the
fabrication of diamond microelectrode arrays down to
a size of 5 um has been reported,?* 2% including the
fabrication of all-diamond microelectrode arrays with
electrode diameters from 10 to 25 um.>’

It is expected that the benefits arising from using
microelectrode arrays are further emphasized by scal-
ing down the electrode size into the submicrometer
and nanometer range. To date, fabricated diamond
microelectrode arrays applied microcrystalline boron-
doped diamond as the electrode material. The draw-
back, however, in using microcrystalline diamond
while downscaling the size of the electrode into the
submicrometer regime is that boron-doping and thus
electroactivity is inhomogeneous, depending on the
orientation of grains of the diamond film.?° For this
reason, boron-doped microcrystalline diamond as a
substrate for the fabrication of nanoelectrode arrays
will result in nanoelectrodes with irreproducible inho-
mogeneous electrochemical activity when comparing
neighboring electrodes depending on the grain
orientation.

This issue is ruled out by using thin nanocrystalline
diamond (NCD) films as a substrate since grain sizes
vary from a few tens of nanometers up to 300 nm,
resulting in electrodes containing several grains.
Therefore, electrochemical activity is homogenized
comparing single electrodes of the array. The usage
of thin NCD films for the fabrication of NEE or NEA
offers an additional advantage compared to single or
microcrystalline diamond electrodes since NCD films
are cheap and can be grown on large area substrates of
up to several inches.

In this paper, we introduce the fabrication of all-
nanocrystalline diamond NEAs and NEEs and their
characterization by cyclic voltammetry and impedance
spectroscopy. Furthermore, a surface termination
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effect on the electron transfer rate constant has been
observed for redox analytes that has not been ob-
served on macroscopic planar electrodes which will be
discussed in detail in this paper.

RESULTS AND DISCUSSION

Fabricated nanoelectrode arrays and ensembles as
described in the Methods section are shown in Figure 1.
In Figure 1a,A, an overview of the NEA and the NEE is
shown. Figure 1a indicates the hexagonally ordered
array of electrodes, while Figure TA demonstrates the
random distribution of electrodes in the ensemble.
Figure 1b,c illustrates different steps in the process to
fabricate a nanoelectrode by e-beam lithography
shown in Figure 1d. On the other hand, Figure 1B
displays a SiO; sphere with insulating diamond grown
around it and Figure 1C the exposed boron-doped
nanoelectrode after removal of the sphere. Figure 1D
sketches the cross section of the fabricated electrode
arrays and ensembles, composed of a structured in-
sulating NCD layer on top of a conductive boron-
doped NCD film.

Initially, the nanoelectrode ensembles were charac-
terized using conductive atomic force microscopy (C-
AFM). First, the density of electrodes obtained from a
SiO, sphere solution of the given concentration is
derived from a large area scan of 50 um x 50 um.
The density determined by AFM of 8.5 x 10° cm™2is in
good agreement with the expected values from the
sphere concentration in the solution mentioned in the
Methods section. The size of electrodes that are fabri-
cated from spheres with a radius of 500 nm can be
extracted from scans shown in Figure 2a—d to be 175
nm in radius. In Figure 2a, the topography of two
neighboring electrodes is displayed with a correspond-
ing scan of the current in Figure 2c. The cross sections
below clarify the thickness of the insulating diamond
layer in Figure 2b as well as the electrical properties of
the boron-doped electrode and the insulating dia-
mond in Figure 2d. It is clearly seen that the fabrication
process yields conductive nanoelectrodes surrounded
by 140 nm thick insulating diamond.

Electrochemical Characterization Using Cyclic Voltammetry.
There have been several publications on the theo-
retical hemispherical diffusion to microdisk elec-
trodes'®'93%31 35 well as research on how voltammo-
grams and impedance spectra change when varying
the dimensions such as the size and the distance of
electrodes of an array or an ensemble.3 Three distinct
diffusion regimes exist when investigating different
time-scales of an experiment, such as the scan rate in
cyclic voltammetry or the frequencies in impedance
spectroscopy. These parameters determine the radii of
the diffusion hemispheres around each single elec-
trode in an array. In the case of very long time-scales of
the experiment, diffusion layers overlap and the array
acts as a macroscopic planar electrode showing peak
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Figure 1. SEM images of a NEA and a NEE at different stages of the fabrication process: (a) overview of the design with
distances of 10 um of neighboring electrodes with hexagonal order (indicated in red), (b) structured SiO,/Ni islands on boron-
doped NCD layer, (c) insulating diamond grown around SiO,, and (d) final recessed diamond electrode. (A) Overview of
statistically distributed electrodes on boron-doped NCD substrate indicated by red circles, (B) SiO, sphere after growth of
insulating diamond, (C) final boron-doped NCD electrode after removal of SiO,, and (D) schematics of the cross section of

fabricated electrodes.
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X (um)

0 1 2 3
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Figure 2. Conductive AFM scans of area 5 um x 5 um containing two electrodes: shown is (a) the topography, (b) the current
at bias voltage 500 mV, and cross sections through two recessed electrodes for (c) the topography and (d) the current.

shaped voltammograms (Figure 3c). Increasing the
scan rate or the frequency causes the diffusion layer
thickness to decrease until diffusion hemispheres no
longer overlap (Figure 3d). This diffusion regime yields
sigmoidal voltammograms with steady-state hemi-
spherical diffusion. The transition from overlapping
to non-overlapping diffusion hemispheres is given by
the characteristic frequency w = D/d*3*3% where d is
the distance of neighboring electrodes and D the
diffusion coefficient of the analyte. By further increas-
ing the frequency or scan rate, a regime is obtained
where a single electrode can be considered a planar
electrode and effects of the boundary of the single
electrode become insignificant. The characteristic fre-
quency that determines this regime is w = D/a® with
the radius a of a single electrode.' In the interval
given by these two frequencies, the electrode array
shows a steady-state behavior of spatially separated
nanoelectrodes.

Figure 3a,b displays cyclic voltammograms of 1 mM
Fe(CN)s~*~*in 0.1 M KCl for various scan rates from a
few millivolts/second up to 10 V/s on the NEA
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(Figure 3a) and the NEE (Figure 3b). For very small scan
rates (20 mV/s for the NEA and 1 mV/s for the NEE), the
voltammograms have mixed shapes, indicating par-
tially overlapping diffusion hemispheres. Increasing
the scan rate for both electrodes results in typical
steady-state sigmoidal voltammograms with saturat-
ing steady-state currents for increasing scan rates. The
graphs confirm that both the nanoelectrode array and
the self-assembled nanoelectrode ensemble show the
characteristics expected for an electrode array. Due to
the small dimensions of the fabricated single electro-
des, the third aforementioned diffusion regime cannot
be reached by variation of scan rate. For an electrode
radius of 175 nm, the characteristic frequency specify-
ing the transition is 25 kHz corresponding to a scan rate
of 20 kV/s for a scanned potential window of 0.8V as in
Figure 3; a scan rate not achievable with conventional
electrochemical setups.

Impedance Spectroscopy. Additional to cyclic voltam-
metry, electrochemical impedance spectroscopy (EIS)
was performed in order to investigate characteristic
properties of the fabricated NEE and NEA. To draw an
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Figure 3. Cyclic voltammograms of 1 mM Fe(CN)5_‘°”_4 in 0.1 M KCl shown for (a) the NEA with electrode radius 250 nm and
distance 10 zm and (b) a NEE with electrode radius 175 nm and a density of electrodes of 8.5 x 10° cm ™2, The graphs show the
variation of scan rate of the electrochemical experiment determining the diffusion layer thickness. Schematics of the diffusion
to small electrodes in the case of overlapping and non-overlapping diffusion hemispheres are shown in (c) and (d),

respectively.
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Figure 4. Impedance spectra at open circuit potential of 1 mM Fe(CN)s > % in 0.1 M KCl for (a) the nanoelectrode array with

250 nm electrode radius and (b) the nanoelectrode ensemble with radii of 175 nm with insets of the distribution and

dimensions of the array and the ensemble, respectively.

accurate conclusion from the measured impedance
spectra, the characteristic impedance plot of a planar
macroscopic electrode will be discussed. For high
frequencies, the impedance is governed by the charge
transfer resistance related to the electron transfer rate
of a specific redox molecule on an electrode surface. A
semicircle is the characteristic feature in the impe-
dance spectrum. At low frequencies, on the other
hand, mass transfer control or diffusion limitation is
observed. For a planar electrode, linear diffusion oc-
curs, and in the diffusion-limited regime for low fre-
quencies, this results in a line with unity slope in the
Nyquist plot of the imaginary and real part of the
impedance Z.

In this study, the impedance spectra of the NEA and
the NEE show similar characteristic features, as shown
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in the graphs in Figure 4a,b. Both graphs display a large
semicircle in the high-frequency regime. At low fre-
quencies, a transition to linear diffusion with unity
slope occurs, particularly observable for the NEA in
Figure 4a. Theoretical work on the diffusion to micro-
disk electrodes and the corresponding impedance
spectra show that, in the case of three-dimensional
hemispherical diffusion, the impedance spectrum will
show a semicircle'®*°~*2 for frequencies in the interval
given by the two mentioned characteristic frequencies
o = D/d* and w = D/a*. The region for low frequencies
of the impedance spectrum therefore represents the
regime of overlapping diffusion hemispheres. Ob-
viously the change from typical three-dimensional
diffusion to overlapping diffusion hemispheres in
Figure 4a is very distinct for the NEA. This is expected
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Figure 5. Comparison of voltammograms of (a) Fe(CN)s >4, (b) Ru(NHs)s % *3, and (c) IrCls %3 on hydrogen- (HT) and
oxygen (OT)-terminated all-diamond NEAs. A clear difference between voltammograms on hydrogen- and oxygen-
terminated electrode surface is observed depending on the charge of the analyte. A schematic of the charge distribution on a

hydrogen- and oxygen-terminated surface is given in (d).

due to well-defined dimensions of the structure from
e-beam lithography. For the NEE in Figure 4b, on the
other hand, the statistical distribution of electrodes
results in a smeared transition. Thus impedance spec-
troscopy can be utilized to determine average dis-
tances between adjacent electrodes.>?

From the literature, it is known that the impedance
semicircle decreases with the number of electrodes
and inversely scales with the square of the radius of a
single electrode.'®?? By varying the electrode radius
and electrode distance, one can tailor the impedance
spectra for a specific biosensing application. The spec-
tra obtained can then be simply described by means of
a Randles circuit with a capacitance, charge transfer
resistance, solution resistance or a Warburg element,
which is for linear diffusion distinct from that for
hemispherical diffusion. In a biosensing application,
one could, for example, directly monitor the density of
linker molecules bound to the electrode surface.

Electrostatic Influence on Electron Transfer Depending on
Surface Termination. In the third part of this study, we
used a NEA device with electrode radius of 150 nm to
measure different redox analytes such as Ru(NHs)g ™3,
Fe(CN)s > and IrCls"% 3 to determine the suit-
ability of the electrochemical sensor for different mol-
ecules. In this experiment, we qualitatively compare
the electron transfer characteristics corresponding to
the shape of the sigmoidal voltammogram with re-
spect to hydrogen- and oxygen-terminated surfaces.
The termination of the diamond electrode surface was
carried out as described in the Methods section. It is
important to point out that by this procedure the
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nanoelectrode surface can be terminated selectively
either with hydrogen or with hydroxyl or carboxyl
groups.®* Figure 5 shows the comparison of voltam-
mograms for each analyte.

For Fe(CN)s > ~* displayed in Figure 5a, the elec-
tron transfer rate will drastically decrease upon the
change from hydrogen- to oxygen-terminated sur-
faces given by the slope of the transition from reduc-
tion to oxidation. This phenomenon is known from
studies on macroscopic planar diamond electrodes.
Granger et al. report that the electron transfer rate
constant of Fe(CN)s >~ is strongly dependent on the
chemical composition of the diamond electrode
surface.®®> Hydrogen-terminated surfaces offer sites
for the analyte to perform fast electron transfers. For
the NEA, we observe a similar but even more pro-
nounced effect as in Figure 5a. For the hydrogen-
terminated surface, we obtain a sigmoidal voltammo-
gram with a fast electron transfer rate. For the anodi-
cally treated surface, on the other hand, the steady
state is not even observed in the investigated potential
window. The currents drop, and the electron transfer
for the redox couple is strongly inhibited. The possible
effects responsible for the decrease of electron transfer
rate constant upon oxygenation of the electrode
surface are either an electrostatic or a site blocking
effect.

To investigate an electrostatic effect in more detail,
responses of Ru(NHs)e "3 and IrClg %~ were exam-
ined for oxygen- and hydrogen-terminated surfaces, as
shown in Figure 5b,c, respectively. In Figure 5d, dia-
mond surfaces are schematically shown with the
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Figure 6. Process steps for the fabrication of all-diamond
NEA (left) and NEE (right).

hydrogen-terminated surface with positive surface
dipole layer (“positive” refers to the interface of dia-
mond to the liquid) and the oxygen-terminated surface
that results in negative surface dipole layer. Both
analytes show no difference in the electron transfer
rate constant on planar macroscopic diamond electro-
des for hydrogen or oxygen termination,> which has
also been confirmed on a macroscopic planar elec-
trode without any nanostructuring. A macroscopic
diamond electrode shows a higher degree of inhomo-
geneity with respect to boron-doping level and termi-
nation effects due to its macroscopic dimensions. For
the investigated NEA, one would expect a homoge-
nized behavior due to the small grains of the NCD films
as well as a more effective termination of the small
electrochemical active area.

Examining IrCls~% 3, we expect a similar behavior
upon a change of surface termination as seen for
Fe(CN)s ¥ ~* due to the negative charge: as presented
in Figure 5¢, the anion IrCls "%~ shows a fast electron
transfer on the hydrogen-terminated surface, while at
the oxygen-terminated surface, the steady-state cur-
rent as well as the slope of the transition from reduc-
tion to oxidation decreases, indicative of a slower
electron transfer.

METHODS

Fabrication of NEAs and NEEs. Two approaches were used to
fabricate electrode arrays and ensembles in the range of a few
hundred nanometers: 200 nm thin nanocrystalline diamond
(NCD) films were grown on 3 in. silicon substrates in an ellipsoid
reactor using microwave-assisted chemical vapor deposition.
Insulating NCD growth was performed using a conventional H,/
CH, plasma with a methane admixture of 1 or 2%. Boron-doping
of NCD films was controlled by adding trimethylboron (TMB) to
the gas phase with B/C ratios of 6000 ppm. This TMB admixture
resulted in metallically doped NCD films with boron concentra-
tions of 1to 4 x 10%' cm ™3 as measured by secondary ion mass
spectroscopy.>® Nucleation densities of more than 10'" cm™2
were achieved by seeding in nanodiamond aqueous colloids. In
this process, wafers were immersed in diamond colloids of
average size of 5 nm in an ultrasonic bath for 30 min.*’
Topographical, mechanical, electrical, as well as electrochemical
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Finally, for the redox molecule Ru(NHs)s™%*3, the

opposite effect is observed as expected for an electro-
static influence on the electron transfer rate constant
(Figure 5b). The electron transfer rate for Ru(NHs)g ™% >
on an oxygen-terminated diamond surface is faster
than on a hydrogen-terminated one. This effect for
IrCls~ %2 and Ru(NHs)s "% *3 is small compared to the
one for Fe(CN)s ¥ %, indicating that the electron
transfer kinetics of the latter are influenced by both a
strong site blocking effect and a weak electrostatic
effect.®

CONCLUSIONS

In this work, the combination of the excellent
electrochemical properties of diamond with nanos-
tructuring techniques has been demonstrated to
fabricate all nanocrystalline diamond nanoelectrode
arrays and ensembles. The resulting arrays and statis-
tical ensembles show sigmoidal voltammograms and
impedance spectra explainable by hemispherical dif-
fusion to nanoelectrodes. Furthermore, diamond as
an electrode material provides excellent electro-
chemical properties since it is chemically stable, bio-
functionalizable, and offers stable specific surface
terminations.

Altering an oxygen-terminated electrode array to a
hydrogen-terminated one results in a change of the
electron transfer rate constant depending on the sign
of the charge of the analyte molecule. This effect could
not be observed on macroscopic planar diamond
electrodes and emphasizes the sensitivity of the all-
diamond NEAs and NEEs. Therefore, the NEAs and NEEs
in combination with the efficiency and suitability of the
selective electrochemical surface termination offer a
new versatile system for electrochemical sensing. In
particular, the NEE fabricated by nanosphere lithogra-
phy offers a cheap and simple alternative to e-beam
lithography to obtain electrodes of a few hundreds of
nanometers or less.

properties of grown films have been studied in detail elsewhere
and are summarized in several publications.>>*®

The first approach to fabricate all-diamond NEAs with
defined geometrical design used e-beam lithography. The
fabrication process steps are schematically shown in Figure 6.
On a 200 nm thin boron-doped NCD film, a 200 nm thick PECVD
SiO, was deposited. This oxide layer was structured using
e-beam lithography with subsequent nickel deposition and
SFe etching of SiO,. In the next step, metal contacts were
deposited using photolithography to allow electrical contact
for electrochemical characterization. In the crucial step, a 140
nm thin insulating NCD film was grown on the part of the boron-
doped NCD layer that was exposed to the CVD plasma and not
protected by SiO, islands. With the removal of SiO, in hydro-
fluoric acid, arrays of recessed boron-doped NCD electrodes
surrounded by insulating diamond were obtained. The density
of electrodes was determined by the design and was 11 x 10°

cm ™2 with a total number of electrodes of 18000. The
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interelectrode distance was 10 um for all arrays, while the
electrode radii were varied from 150 to 250 nm.

The second, cheap, and simple way to fabricate NEEs utilized
nanosphere lithography. Initially, a photolithography step was
used to deposit metal contacts. Thereafter, samples were im-
mersed in a solution of SiO, spheres (G.Kisker GbR) with a radius
of 500 nm. In an ultrasonic bath, an equilibrium between spheres
sticking to and leaving the sample surface occurs. Thus the
concentration of the solution is directly correlated to the density
of spheres on the sample surface as well as to the average
distance of neighboring spheres. To obtain sigmoidal voltammo-
grams, we chose a concentration 9.55 X 108 cm’3, correspond-
ing to a surface density of 9.7 x 10° cm 2 and an average
distance of neighboring spheres of ~10 um. The next step
involved the growth of insulating diamond around the above-
mentioned spheres shown in Figure 1B. Insulating diamond
selectively grew on the area exposed to the plasma. After
removal of the SiO, spheres in hydrofluoric acid, we obtained
electrodes of a concave shape. Electrode radii of 175 nm were
achieved with spheres of 500 nm radius, suggesting that further
scaling down the electrode size is possible.

Electrochemical Characterization and Termination. Electrochemical
experiments were conducted using a Biologic VMP3 potentio-
stat in a three-electrode setup using a Pt-coil as a counter
electrode and a Ag/AgCl/KCl as a reference electrode. The all-
diamond NEA and NEE were contacted as the working elec-
trode. Cyclic voltammograms were recorded in 1 mM Fe-
(CN)s*"*in 0.1 M KCl, 1 mM Ru(NH3)** in 0.1 M KCl and
1 mM IrClg 2 in 0.1 M KCl. Impedance spectroscopy was carried
out in 1 mM Fe(CN)s >7%/0.1 M KCl at open circuit potential.
Impedances were recorded in the frequency interval between
0.1 Hz and 200 kHz at an amplitude of 10 mV. Prior to electro-
chemical measurements, samples were acid cleaned in H,SO,/
HNO; (3:1, 200 °C, 2 h) and rinsed in DI water. Other than that, no
pretreatment for cyclic voltammetry or impedance spectros-
copy is necessary.

In experiments, the surface termination of the diamond
surface of the working electrode is one of the key parameters
since electron transfer kinetics for certain redox molecules
strongly depend on the termination.®® In order to hydrogen
terminate the sample surface, a cathodic treatment in an acidic
solution (2 M H,SO,4, —35 V) was carried out while an oxygen-
terminated surface was obtained by an anodic treatment at +3
V in 2 M H,50,3* Reference experiments with hydrogen-
terminated surfaces in a hydrogen plasma as well as oxygen-
terminated surfaces from acid or oxygen plasma treatment
were also performed.

Conductive AFM. AFM measurements are carried out using a
Veeco Multimode V. From conductive AFM analysis with a
boron-doped diamond-coated silicon tip from Nanosensors,
one obtains information about the insulating properties of the
NCD surface and the size of the conductive electrode area.
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