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The influence of nanocrystalline (b20 nmgrains) andmicrocrystalline (around100 nmgrains) diamond thinfilm
morphology on the capacitance–voltage (C–V) characteristics of diamond-coated field-effect SiN sensors was
characterized with respect to DNA recognition. DNA was grafted via –OH surface termination. The sensor mate-
rials and surfaces were characterized by scanning electron microscopy, Raman Spectroscopy, fluorescence mi-
croscopy, XPS, and contact angle measurements. The C–V characteristics exhibited generally an order of
magnitude higher flat band voltage shifts (ΔVF) after complementary DNA hybridization for both types of
diamond-coated sensors (160 ÷ 300 mV) compared to reference SiN sensor without diamond layer (11 mV),
even if incomplete DNA denaturation and ΔVF fluctuations (60 mV) were accounted for. While microcrystalline
diamond provides the highest response, nanocrystalline diamond provides the highest sensitivity. An
explanation based on interfacial charges is proposed.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Increasing interest in the combination of molecular biology and mi-
croelectronics has led to the creation of new field called bioelectronics.
Bioelectronics has enhanced requirements of the fabrication of well-
defined, highly stable interfaces between biomolecules and solid sup-
ports. Diamond is one of the prospective materials and has high chem-
ical stability, biocompatibility and high sensitivity in electrochemical
reactions [1,2]. Moreover, it can also be deposited as a robust thin film
on silicon and other microelectronics-compatible substrates. It was
also shown that nanocrystalline diamond films covalently modified
with DNA oligonucleotides provide an extremely stable, highly selective
platform in subsequent surface hybridization processes [3]. This unique
feature of diamond has been elucidated by microscopic studies which
showed the high density of DNA grafted on diamond [4] as well as the
high mechanical stability of the bond compared to other commonly
employed materials [5]. The DNA immobilized on diamond thus does
not exhibit significant degradation of biological interface over time
compared to other substrates such as glassy carbon, amine-SiO2, silicon,
and gold surfaces.

Typically, DNA is not grafted to diamond directly but via various
linkermolecules. Thus these linkers determine actual interface stability,
electron transfer, or field-effect range. For instance, aromatic groups can
act as mediators of electron transfer from oligonucleotides to electrodes
[6]. There are many ways to link DNA on diamond films [6–10]. For
example, one method is based on direct amination of hydrogen-
terminated diamond surface by UV irradiation in ammonia followed
by treatment with glutaraldehyde [8] or direct linking with thiolated
DNA oligonucleotides using a heterobifunctional linker [9]. Amide
bonds formed by the combination of aminated diamond surface and
carboxylated DNA are more stable compared to thiolated DNA because
the carboxylic group is an oxidized aldehyde group [6].

In our case, we used OH-terminated diamond films and a standard
procedure of linking oligonucleotide probes in several steps including
silanization, glutaraldehyde treatment, immobilization of oligonucleo-
tide probes and blocking with glycine [11].Using this procedure we
can compare the grafting efficiency and field-effect sensor performance
of diamond and commonly used silicon-based (SiO2, SiN) interfaces.

In order to detect DNA hybridization, detection methods such as
fluorescence, chemiluminescence, surface plasmon resonance, quartz
crystal microbalance, and electrical current measurements have been
developed [12–15]. In the field of diamond-based sensors, most of the
interest is devoted to solution-gated field-effect transistors (SGFETs)
based on p-type surface conductivity [16,17], to boron-doped diamond
electrodes [18], and to impedance sensors [19]. While SGFETs can pro-
vide high sensitivity by miniaturization, electrical detection of DNA by
impedance measurements seems to be the most simple and cost-
effective method. The principle of the detection is based on the change
of the charge density at the thin insulator. This change of charge density
can be detected e.g. by measuring the capacitance–voltage (C–V)
characteristics between the silicon substrate and a reference electrode
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Fig. 1. Schematic drawing of diamond-coated field-effect device used for quasistatic
capacitance measurements.
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in a sample solution. When complementary DNA molecules are
contained in a sample solution, hybridization occurs at the diamond
surface. Since DNA molecules have negative charges derived from the
phosphate group in an aqueous solution, electrons are expelled from
the surface of the conductive silicon substrate by electrostatic force
through the thin insulator. As a result of this interaction, the surface
electron density in silicon decreases and hybridization event can be
directly detected by measuring the change in the C–V characteristics
of the field-effect device [11,20].

In the present study, we compare DNA grafting efficiency (using the
same protocol) and field-effect sensor performance of SiN impedance
sensor [11]with additional nanocrystalline ormicrocrystalline diamond
layers to interface the DNA. Density of the oligonucleotide probes and
DNA targets on SiN and diamond films was compared by fluorescence
microscopy. The DNA recognition events (including immobilization, hy-
bridization and denaturation)were studied by quasi-static capacitance–
voltage (QSCV) measurements. We show that DNA grafting efficiency
can be varied by diamond layer morphology. Moreover, we show that
a diamond layer can significantly enhance response (flat band potential
shift) of SiN sensors to DNA hybridization events.

2. Materials and methods

2.1. Device fabrication

The substrates used for the diamond-coated field-effect device were
n-type Si with resistivity of about 10 Ω cm covered by thin SiO2 and
Si3N4 layers (30 nm and 40 nm in thickness, respectively [11]).The sub-
strates correspond to standard field-effect devices (SiN/SiO/Si MOS)
which have already been proven as prospective devices for monitoring
of DNA recognition events. Thereby, we can directly compare the
effect of diamond coating on the sensitivity. Two types of diamond
films with different morphology were deposited on the SiN sensors:
(i) nanocrystalline (NCD) and (ii) microcrystalline (MCD) diamond
films. The thickness of the diamond films was always the same, about
80± 10 nm, as determined by cross-sectional SEM. The diamond depo-
sition was carried out in a pulsed linear antenna microwave chemical
plasma system (PLAMWP, [21]). The deposition conditions were as
follows: microwave power 2 × 2 kW, gas mixture 2.5% of CH4 and 10%
of CO2 to H2, process temperature 700 °C and process time 8 h. The dia-
mond film morphology was controlled by the process pressure: 1 mbar
for NCD and 0.08mbar for MCD. This procedure was based on our prior
studies where we showed that the diamond film morphology can be
controlled by the process pressure via change of the plasma character
in the PLAMWP system (e.g. plasma density, mean free path of radicals,
etc., [22,23]). After the deposition, the samples were boiled in
H2SO4:KNO3 (3:1) for 30 min at 200 °C to achieve OH-terminated
diamond surfaces [24]. Then the devices were encapsulated with a
glass ring using an epoxy resin (ZC-203, Nippon Pelnox) except for
the sensing area (see Fig. 1).

Surface morphology of the diamond films was characterized by
scanning electron microscopy (Tescan MIRA3 FEG-SEM).The material
composition (i.e. sp3 versus sp2 carbon bonds) was measured by
Raman spectroscopy (Renishaw InVia Reflex Raman spectrometer)
with the excitation wavelength of 325 nm. The OH-termination was
confirmed by contact angle measurements.

2.2. Immobilization of oligonucleotide probes

Base DNA sequence for oligonucleotide probes and targets
was −122 region of factor VII gene in hereditary hemochromatosis
gene. Oligonucleotides were synthesized using the phosphoramidite
method and purified by HPLC. For surface grafting the oligonucleotide
probes were synthesized with an amino group and alkyl chain spacer
(C6) at the 5′-end. The sequence of oligonucleotide probe was 5′-
Amino group-C6-CGT CCT CTG AA-3′ (11mer) and the complementary
target for hybridization was 5′-AGC TGG GGT GTT CAG AGG ACG-3′
(21mer). For assessing the surface grafting efficiency we used oligonu-
cleotide sequence with Cy5 fluorescence label 5′-Cy5-TGC ACG GGG
CCA TCA CC-C6-Amino group-3′ (17mer, (1′)) which was immobilized
on the OH-treated surfaces.

The immobilization of oligonucleotide probes on the diamond
surface was carried out in few steps. These steps included:
(i) silanization of the diamond surface in water containing 2% (wt/wt)
3-aminopropyltriethoxysilane, (Sigma-Aldrich), (ii) linking of the oli-
gonucleotide probes on the modified surface using glutaraldehyde,
(iii) soaking in a 25% (wt/wt) glutaricdialdehyde solution with 0.5 g of
sodium cyanoborohydride, (iv) followed by rinsing in deionized water
and drying in vacuum. Oligonucleotide probes were dissolved in a TE
buffer (pH 8.0, Nippon Gene) at a concentration of 100 μM. To couple
amino-modified oligonucleotides with the glutaraldehyde-treated dia-
mond surface, the sensing area was kept at 50 °C in the oligonucleotide
solution with 0.5 g of sodium cyanoborohydride per 50 ml overnight to
complete the coupling reaction. After this the samples were soaked in a
phosphate buffer solution (pH 7.0, Wako) with 1 M glycine (Wako) at
50 °C for 1 h to block any remaining glutaraldehyde groups. Finally,
the sensing area was washed with the phosphate buffer solution
(pH 7.0) and with deionized water and dried in vacuum. The immobili-
zation procedure is the same as the one used for SiN sensors in prior
studies [11,20]. Thereby, we can directly compare grafting efficiency
as well as sensor performance. This process was applied also for immo-
bilization of DNA sequences with fluorescent labels on the OH-treated
diamond films and reference SiN surfaces.

Fluorescence measurements were applied to compare the efficiency
(density) of the immobilization on the different substrates: NCD, MCD
and SiN (n-type Si/SiO2/Si3N4 reference substrate without any
diamond film). Two methods were applied: (i) photobleaching effect
and (ii) comparison with area without DNA (i.e. without any exposure
to oligonucleotide probes and targets). Fluorescence measurements
were performed under the same conditions (i.e. objective, focus,
exposure time, etc.) by Axioskop 2 Plus (Carl Zeiss Microscopy, USA).
The fluorescence images were analysed by software Adobe Photoshop
Elements 10 which contains direct measurement of luminosity (i.e.
grayscale intensity) of the selected area. To compare the materials we
calculated relative differences as the ratio of luminosity at the
photobleached or untreated area to the area with immobilized fluores-
cently labelled oligonucleotides. Thereby we exclude background lumi-
nescence and other material-specific optical effects.
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2.3. Hybridization of DNA

The target DNAs used for hybridization was prepared by dissolving
complementary target oligonucleotides in a hybridization buffer
solution, which was composed of 4 × SSC + 0.1% SDS (Invitrogen,
SSC = sodium chloride/sodium citrate), at a concentration of 100 μM
[20]. The field-effect device with immobilized oligonucleotide probes
was kept in the hybridization buffer solution containing target oligonu-
cleotides for 12 h at 25 °C. After hybridization, the sensor surface was
washed with 1 × SSC+ 0.03% SDS, 0.2 × SSC, 0.05 × SSC, and deionized
water at room temperature to remove non-specifically adsorbed
oligonucleotides.

2.4. Measurement of electrical characteristics

The capacitance–voltage (C–V) characteristics of the diamond-
coated field-effect devices were measured using quasi-static
capacitance–voltage (QSCV) technique by a precision impedance
analyser (E4980A, Agilent). The C–V measurements were performed
in the voltage range from 3 to −5 V at two constant frequencies,
150 Hz and 1 kHz. The electrical characteristics were measured
(i) after immobilization with oligonucleotide probes (labelled as “ini-
tial”), (ii) after DNA hybridization with oligonucleotide target (labelled
as “hybridization”) and (iii) after denaturation by 8.3 M urea solution
for 10 min at room temperature (labelled as “denaturation”). The pro-
cess of denaturation is supposed to remove all DNA targets from the ol-
igonucleotide probes and make surface conditions similar to the initial
stage. The shifts of the flat band voltage (ΔVF) were evaluated from
the normalized C–V characteristics in order to compensate capacitance
changes of each material. The normalization procedure assigned 1 for
the maximum value and 0 for the minimum value of the measured
data. Hence, we were able to compare the shift of C–V characteristics
along x-axis even if they are shifted along y-axis.
Fig. 2. SEM surface morphology of nanocrystalline (a) and microcrystalline (b)
3. Results and discussion

Fig. 2 shows the SEM images of nano- andmicrocrystalline diamond
film morphology and their Raman spectra. NCD film consists of
small grains in diameter of ~10–20 nm, while MCD is characterized by
larger crystals in diameter of ~50–100 nm (Fig. 2a, b). Raman spectra
of the films show significant difference in the intensity of the
diamond-peak located at ~1332 cm−1 (Fig. 2c, d); for MCD it is sharp
and dominating peak, while for NCD this peak is suppressed. In the
Raman spectra there are three other bands located at frequencies of
~1160 cm−1, ~1350 cm−1 and ~1580 cm−1. The weak band centred
at ~1160 cm−1 corresponds to trans-polyacetylene-like groups, the
band at frequency of ~1355 cm−1 is attributed to the D-band
(defects-band) and the broad band around 1580 cm−1 is attributed to
sp2 carbon bonds (G-band) [25,26]. It represents graphitic/amorphous
carbon phases that are present at grain boundaries. It is thus obvious
that in the case of smaller grain sizes (i.e. larger density of grain bound-
aries) the G- and D-bands dominate over the sharp diamond-peak even
though the diamond nanocrystals are still of a good material quality.

Contact angle measurements indicated the OH-termination of
diamond surfaces. The measured contact angle was about 35° ± 3°
and 32° ± 3° for as-received NCD and MCD, respectively. After the
OH-treatment the contact angle increased to 73° ± 3° for NCD and
78° ± 3° for MCD. This modification is in agreement with previous
detailed analysis of contact angles and XPS after various surface
treatments (including acid boiling) of nanocrystalline andmicrocrystal-
line diamond films [27].

Fig. 3 displays the change of fluorescence intensity of the samples
after immobilization of fluorescently labelled oligonucleotides. It
was evaluated by two methods using photo bleaching and non-
immobilized area for comparison (see experimental part for details).
Results obtained by the two differentmethods are in a good agreement.
This confirms that the data indeed characterize well the DNA grafting
diamond films and corresponding Raman spectra (c and d, respectively).

Image of Fig. 2


Fig. 3. Change of the fluorescence intensity of the samples with immobilized fluorescent
DNA after photobleaching (black columns) and difference in the fluorescence intensity
at the sample area with and without DNA (red columns) expressed in percentages.
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efficiency. The difference between NCD and MCD indicates approx. 6×
lower density of DNA on the NCD. This may be due to a difference in
efficiency of DNA grafting on polycrystalline grains with different facets
[28] or due to the lower amount of diamond surface due to larger
density of grain boundaries. On the other hand, differences obtained
on MCD and reference SiN are almost comparable, being only about
25% lower on MCD.

Fig. 4 shows the C–V characteristics of the diamond-coated field-
effect devices with NCD and MCD diamond films measured at 150 Hz
after immobilization, hybridization and denaturation. The accumula-
tion, depletion and inversion regions can be clearly observed. The min-
imum capacitance (Cmin), which corresponds to maximum depletion
layer width, is observed at about −1.6 V and −3.9 V for NCD and
MCD, respectively. Themaximumdepletion layerwidth is a characteris-
tic feature for different materials and thickness. It could be shifted by
changing the film thickness, interface, electrical properties of films
(dielectric constant, conductivity), etc. In comparison to C–V character-
isticsmeasured on the bare Si3N4 surface [11], the shift in vertical direc-
tion (y-axis) ismore significant in our case, e.g. see the capacitance after
hybridization (red curve). The increased capacitance can be explained
by the formation of an additional insulating layer on diamond from
DNA targets after the hybridization step; be it due to hybridization or
mere physisorption of the DNA targets. In order to evaluate the shift of
the flat band voltage (ΔVF) after hybridization and denaturation the
C–V characteristics were normalized (Fig. 4b, d).

The flat band potential shifts ΔVF evaluated from the normalized
C–V characteristics are summarized in Fig. 5. First of all, ΔVF after hy-
bridization measured on the diamond-coated field-effect devices is
more than 16× higher (N160 ± 10 mV) as in the case of SiN
(10.4 mV [11]). On SiN the shift was explained by the charges at the
Si3N4 surface. DNA molecules have negative charges derived from the
phosphate group in an aqueous solution, thus, after hybridization the
electrons are expelled from the surface of the Si substrate by electrostat-
ic force through the thin insulator. As a result of this interaction, the
surface electron density in Si decreases and hybridization event can be
directly detected in principle by measuring the change in the C–V
characteristics of the field-effect device [11].
In the case of MCD, the ΔVF after hybridization was systematically
higher than for NCD (at both frequencies 150 Hz and 1 kHz), which
could be related to the higher density of the oligonucleotide probes
and hybridized DNA targets on the MCD surface (as seen from fluores-
cence measurements, Fig. 3). The most noticeable increase was ob-
served for MCD at 1 kHz, most likely due to its superior dielectric
properties compared to NCD (less grain boundaries). On the other
hand, based on these results we assume that field-effect device with
NCD coating has actually higher sensitivity thanMCD because its values
of ΔVF are only slightly lower (by a factor 1.2–1.3) than MCD in spite of
much lower DNA density (by a factor of 6).

Next, contrary to expectations, the C–V characteristics after denatur-
ation did not match the initial stage. The measured ΔVF after denatur-
ation was in the range from −80 ± 10 mV to −130 ± 15 mV. This
could be attributed to incomplete denaturation caused by not optimized
biochemistry, i.e. some DNA targets remained on the diamond surface.
We also evaluated stability of ΔVF over time on NCD and MCD samples
without DNA. Fig. 6 shows a detailed view of C–V characteristics mea-
sured immediately after the change of solution (i.e. 3–5 min) and after
2 h. As previously observed, the C–V characteristics are shifted by
60 mV for initial stage and 80 mV for hybridization or denaturation
after 2 h. We proposed that this shift is caused by the memory effect
and long stabilization of charges at the interface of electrolyte–diamond
and diamond–oxide layer. Although the C–V characteristics are chang-
ing over time, the change is comparable for each single step (i.e. initial,
hybridization and denaturation), thus the evaluated ΔVF between each
process step can be considered as reliable.

By comparing diamond-based field-effect devices with original SiN
sensor [11], both NCD and MCD coating provide a significant, order of
magnitude signal enhancement of ΔVF for DNA recognition. In all
cases the target DNA concentration was enough to saturate all DNA
probes on the sensors. Based on this we believe that the results can be
reasonably compared. Although different sequences of oligonucleotide
probe and targets were used in prior studies, they were similar in
terms of charges (number of bases). In our study we used DNA target
with 21 bases (21-mer DNA) while in the previous study on SiN based
devices 17-mer DNA was used [11]. The ΔVF is also higher than signal
difference (change in gate potential) on the SGFETs based on partially
terminated single-crystalline diamond (∼20 mV with 21-mer DNA tar-
get) [15]. Our results are somewhat comparablewith flat band shifts ob-
served on p-type Si/SiO2 FET devices (ΔVF ~ 100 mV, [29]). However,
accurate comparison of results in the literature is difficult due to the
very large diversity of sensor designs used for DNA detection: different
sensor configurations, different gate-insulator materials (SiO2, silanized
SiO2, SiO2–Si3N4, SiO2-poly-L-lysine) with different thicknesses, various
DNA immobilization methods (adsorption, covalent attachment, linker
molecules, etc.) and thus various densities of the immobilized
DNA [30]. The absence of a comprehensive theory explaining the
working principle of these devices adds additional difficulty to mutual
comparison.

Nevertheless, as the DNA density is similar or smaller on the
diamond layers compared to SiN, a higher amount of near-surface
charges or more efficient blocking of counterions cannot be behind
the enhanced response of the diamond-coated sensors to DNA hybridi-
zation. Capacitance range on all the sensors (diamond and SiN) is also
comparable, between 4.5 to 10.8 nF. Thus, also the capacitance of the
sensors does not differ by an order of magnitude. The only noticeable
difference between SiN and diamond surface is actual change of capac-
itance. While the capacitance does not change noticeably on SiN after
DNA hybridization (within 0.2 nF), the change is up to 1.3 nF on MCD.
This indicates that initially lower density of interfacial charges of dia-
mond surface compared to SiN (where charges can be also trapped in-
side) could be behind this effect. In other words, if we have 1 charge
per area on diamond and DNA brings 10more, we have 10× difference.
While if we have 10 charges on SiN and DNA brings 10 more, we have
only 2× difference. This would also explain why response of NCD is

Image of Fig. 3


Fig. 4. Capacitance–voltage (C–V) characteristics of diamond-coated field-effect devices with NCD (a) andMCD (c) diamond filmmeasured at 150 Hz in the initial state with immobilized
oligonucleotide probes (black curve) after hybridization (red curve), and after denaturation (blue curve). Graphs on the right (b, d) are normalized C–V characteristics. Red arrows show
shift of the flat band voltage after the hybridization and blue arrow after the denaturation.
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only slightly lower (by a factor 0.2–0.3) than MCD in spite of much
lower DNA density (by a factor of 6). Due to larger density of grain
boundaries there is less diamond per area, thus also less surface charge
on diamond. As we could not identify any other reason for higher NCD
sensitivity, we assumed that it is related to surface charges. As capaci-
tance of the layer as a whole diamond layer varies only within a factor
of 2, not 6, we further assumed that higher NCD sensitivity is related
to charges on the diamond grains, the area of which is smaller on NCD
than on MCD. Direct evidence to corroborate this hypothesis has still
not been found.

We also prepared a thinMCD film by direct deposition on the n-type
Si substrate (without additional SiO2 and Si3N4 layers). However, the C–
V characteristics were not stable over time and the results were confus-
ing. This may be because direct deposition of thin diamond film
(b60 ÷ 100 nm) on Si substrates without any interlayer can lead to
undefined interface due to formation of SiC, amorphous carbon, etc.
Several studies have shown that deposition of thin Si3N4 or SiO2

layer (20–100 nm) stabilizes surfaces and interfaces of semiconductors
(i.e. fixed charges and charge carries induced by defects and vacancies
in subsurface region) [31].

4. Conclusion

We demonstrated the benefits of diamond-coating on original SiN
field-effect sensor for detection of DNA binding events by quasi-static
capacitance–voltage measurements. Two types of diamond films
(nano- and micro-crystalline) were deposited on Si3N4/SiO2/n-type Si
substrates. The C–V characteristics exhibited an order of magnitude
higher flat band voltage shifts (ΔVF) after complementary DNA hybrid-
ization for both types of diamond-coated sensors (160÷ 300mV) com-
pared to reference SiN sensor without diamond layer (11 mV), even if
we would account for the possibly incomplete DNA denaturation and
ΔVF fluctuations (60 mV). The flat band shift measured at two different
frequencies (150 Hz and 1 kHz) showed similar behaviour. In all cases,
the shift of flat band voltage is attributed to electrostatic interaction
between molecular charges of DNA and surface electrons in silicon

Image of Fig. 4


Fig. 5. Flat band voltage shifts (ΔVF) evaluated from normalized C–V characteristics mea-
sured at 150 Hz and 1 kHz after hybridization (a) and denaturation (b) for samples NCD
and MCD. (*Note: Value of ΔVF of SiN after hybridization is adapted from Ref. [11];
value after denaturation is not available.)

Fig. 6. Capacitance–voltage (C–V) characteristics of diamond-coated field-effect device
with NCD diamond film measured at 150 Hz in initial state with immobilized oligonucle-
otide probes (black curve) after hybridization (red curve), and after denaturation (blue
curve) immediately after the change of solution/process step (solid curves) and after 2 h
(dashed curves).
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through the diamond/Si3N4/SiO2 sandwich structure. Considering DNA
density, grain boundaries and capacitance values, we suggested that
the enhanced ΔVF response is most likely due to initially lower density
of interface charges on diamond compared to SiN. The most noticeable
increase was observed for MCD at 1 kHz, most likely due to its superior
dielectric properties compared to NCD (less grain boundaries). On the
other hand, despite 6× lower density of DNA(as measured by fluores-
cence) on NCD compared to MCD and SiN, the measured ΔVF were
only lower by 20–30% compared to sensor coated MCD. Thus nanocrys-
talline diamond coatingmay provide higher DNA sensitivity if the probe
DNA grafting efficiency is further optimized (here we used procedure
optimized for SiN to enable direct comparison).
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