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We have investigated the frequency-dependent interfacial electrical properties of nanocrystalline diamond
films that were covalently linked to DNA oligonucleotides and how these properties are changed upon
exposure to complementary and noncomplementary DNA oligonucleotides. Frequency-dependent electrical
measurements at the open-circuit potential show significant changes in impedance at frequencies of >104

Hz when DNA-modified diamond films are exposed to complementary DNA, with only minimal changes
when exposed to noncomplementary DNA molecules. Measurements as a function of potential show that
at 105 Hz, the impedance is dominated by the space-charge region of the diamond film. DNA molecules
hybridizing at the interface induce a field effect in the diamond space-charge layer, altering the impedance
of the diamond film. By identifying a range of impedances where the impedance is dominated by the
diamond space-charge layer, we show that it possible to directly observe DNA hybridization, in real time
and without additional labels, via simple measurement of the interfacial impedance.

Introduction
Recent advances in areas such as molecular electronics

and biological sensing have placed increased emphasis
on understanding the electrical properties of molecules
and molecular layers on surfaces.1,2 The detection of
biological binding events such as DNA hybridization and/
or protein binding at surfaces is of central importance in
modern biomedical sciences through a variety of “biochip”
devices, lending particular importance to biologically
modified surfaces.2,3 Gold4-12 and silicon13-18 have been
especially widely used as model systems for understanding

structural and electrical properties of monolayer systems.
Silicon has been heavily studied because of the possibility
of fabricating field-effect devices, analogous to field-effect
transistors but with chemical and/or biochemical sensitiv-
ity.18-21 Field-effect devices are also particularly attractive
for converting biological information directly into electrical
signals because these devices are essentially sensitive to
the presence of electrical charge. Since the vast majority
of biomolecules are charged, this means that the use of
the field effect can be a very general method for detecting
a wide variety of biomolecules, provided that the proper
biomolecular binding sites can be attached to a sur-
face.15-17,19-21 Indeed, we have recently shown that on
DNA-modified silicon surfaces, hybridization of comple-
mentary DNA to the surface-tethered oligonucleotides
induces changes in impedance due to a field effect, in which
the negatively charged DNA molecules affect the proper-
ties of the semiconductor space-charge layer, increasing
the impedance on n-type substrates and decreasing the
impedance on p-type substrates.22

Diamond is an attractive material as a substrate for
biological modification because it has very good chemical
and electrochemical stability and a large (5.5 eV) band
gap.23-30 While the electrical properties of clean and
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hydrogen-terminateddiamond films havebeen extensively
investigated, comparatively little work has been done on
the properties of diamond surfaces after modification with
molecular or biomolecular films. Indeed, the high intrinsic
stability of the diamond surface makes it a difficult surface
to functionalize.

We have recently developed a photochemical method
for covalently linking organic molecules to the surfaces of
diamond thin films and have used this method as a starting
point for covalently linking DNA oligonucleotides to
diamond surfaces. Those experiments showed that DNA-
modified diamond surfaces showed good biological selec-
tivity and outstanding chemical stability when subjected
to repeated cycles of hybridization and denaturation.23-25

Here,we report investigations of the electrical properties
of DNA-modified diamond surfaces and how these electri-
cal properties are affected by exposure to complementary
and noncomplementary DNA sequences in solution. Our
results demonstrate the potential for using electrical
impedance measurements as a means to detect biological
binding events in real time as a consequence of the field
effect induced in the diamond by the charged DNA
molecules.

Experimental Methods
Growth of Diamond Thin Films. All samples used here

were boron-doped (p-type) nanocrystalline diamond thin films
approximately 0.5 µm thick, grown on p-type Si(100) substrates
at the Naval Research Laboratory in a 2.45 GHz microwave
plasma reactor (Astex model PDS-17) using purified hydrogen
(900 sccm) and methane (3 sccm), with a doping concentration
of approximately 1018 cm-3.31 Figure 1a shows a scanning electron
microscope image of a typical film after cleaning and function-
alization as described below. High-resolution images show a
highly facetted surface structure with grain sizes ranging from
∼20 to 50 nm.

Cleaning and Functionalization. Figure 1b shows an
outline of the chemical attachment scheme, which has been
described previously.23 The diamond films were cleaned and
terminated with hydrogen by heating the sample to 700 °C in a
13.56 MHz inductively coupled hydrogen plasma (20 Torr) for 20
min and then cooling to room temperature before extinguishing
the plasma.32 X-ray photoelectron spectra on these samples
showed a single, sharp C(1s) peak with no detectable O(1s) and
no detectable forms of oxidized carbon, consistent with previous
studies.23-25,33 The H-terminated samples were functionalized
with amine groups using 10-aminodec-1-ene that was protected
with the trifluoroacetic acid group (see Figure 1). A small drop
of this liquid was placed upon the H-terminated samples, directly
covered with a quartz coverslip, and illuminated through the
coverslip with ultraviolet light from a low-pressure mercury lamp
(254 nm, 0.35 mW/cm2) for 12 h under dry nitrogen. This
procedure links the protected amine to the diamond surface
through the vinyl group.33 Core-level photoemission measure-
ments on nanocrystalline,23 microcrystalline,23,33 and single-
crystal (111) diamond34 under the conditions used here show
similar reaction efficiency, demonstrating that the chemistry is
not strongly dependent on the surface morphology. The modified
samples were immersed into 0.36 M HCl in methanol for 24 h
at 65 °C to deprotect the amine, yielding diamond surfaces

terminated with a molecular layer exhibiting a high density of
exposed free primary amine groups.23

Covalent Linking of DNA Oligonucleotides. To link DNA
to the exposed amine groups, the amine-modified diamond
surfaces were exposed to a 1 mM solution of the heterobifunctional
cross-linker sulfo-succinimidyl 4-(N-maleimidomethyl) cyclo-
hexane-1-carboxylate (SSMCC) in triethanolamine buffer solu-
tion (pH 7) for 20 min; the DNA oligonucleotides modified with
a thiol group at the 5′ end were then linked to this surface by
applying 10 µL of 250 µM thio-oligonucleotide and keeping the
sample in a humid reaction vessel for at least 6 h. Previous studies
have shown that this procedure yields DNA-modified surfaces
that are extremely stable and that exhibit high selectivity toward
complementary versus noncomplementary sequences.23,35

In our experiments, the DNA molecules that are attached to
the surface are 31 bases long with the sequence 5′-HS-C6H12-
T15-GCTTAAGGAGCAATCG-3′; this sequence (denoted S1)
includes a thiol group for linking to the surface, a six-carbon
alkyl chain, a repeated sequence of 15 thymine groups that acts
as a spacer, and a sequence of 16 bases that can hybridize with
complementary sequences introduced in solution. The solution-
phase oligonucleotides used to test the hybridization were
modified with the fluorescent label fluorescein phosphoramidite
(FAM). Two types of solution-phase DNA were used: the perfectly
matched complementary DNA with the sequence 5′-FAM-
CGATTGCTCCTTAAGC-3′ (F1) and the 4-base mismatched DNA
with the sequence 5′-FAM-CGAAAGCTCGATAAGC-3′ (F2).
While the data shown here were obtained using fluorescein-
labeled oligonucleotides, electrical measurements were also made
using oligonucleotides without fluorescent labels. Those experi-
ments yielded the same electrical properties as those reported
here, leading us to conclude that the fluorescent labels do not
significantly affect the electrical measurements.
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Figure 1. (a) Scanning electron microscope image of modified
diamond thin film. (b) Schematic illustration of the procedure
used to covalently link DNA to the diamond surface.
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Electrical Characterization. Electrochemical measure-
ments were performed in a thin three-electrode electrochemical
flow cell. In this cell, the DNA-modified diamond sample acts as
a working electrode and a Pt foil acts as a counter electrode.
These planar electrodes are separated by a thin sheet of poly-
(dimethylsiloxane) (PDMS) with a 3 mm × 1.5 mm opening that
forms a fluid cavity with a volume of 4.5 µL. The Pt foil (counter
electrode) and the DNA-modified diamond (working electrode)
press against the PDMS to seal the top and bottom of the cell.
A reference electrode (Ag/AgCl) was made using a 25 µm diameter
Ag wire coated with AgCl, which was then embedded into the
PDMS with approximately 3 mm exposed to the solution.
Microfluidic inlet and outlets were also embedded into the PDMS
to permit solutions to be flowed continuously through the cell
using a syringe pump.

Electrochemical measurements were performed using a three-
electrode potentiostat (Solartron 1260) and impedance analyzer
(Solartron 1287) using Corrware and Zplot software (Scribner
Associates, Inc). Cyclic voltammetry measurements were per-
formed in a redox solution (RS) using a solution of 0.5 mM
Fe(CN)6

3-, 0.5 mM Fe(CN)6
4-, 100 mM KCl, and 100 mM KNO3

at a scan rate of 200 mV/s. Impedance measurements were
obtained in a standard hybridization buffer (HB) solution
consisting of 300 mM NaCl, 20 mM sodium phosphate, 2 mM
EDTA, and 6.9 mM sodium dodecyl sulfate, without any redox
couple added. All electrical measurements were performed with
the solution of interest flowing at a rate of 0.1 mL/min.

Results

Cyclic Voltammetry. Figure 2a shows a cyclic vol-
tammogram (CV) of a H-terminated p-type diamond
sample in the redox solution RS. The H-terminated
diamond exhibits a clear oxidation wave with a maximum
at 250 mV (vs Ag/AgCl reference electrode) and a corre-
sponding reduction wave with a peak near zero volts, due
to the redox reaction Fe(CN)6

3- + e- f Fe(CN)6
4-. This

behavior is similar to that reported previously on poly-
crystalline p-type diamond electrodes.29,30 The presence
of clear oxidation and reduction waves and the overall
magnitude of the current indicate that electron transfer
is facile on the H-terminated sample. Previous studies
have established that diamond has a very wide range of
electrochemical stability.27 Our experiments confirm very
stable electrochemical properties with facile electron
transfer on diamond surfaces that have not yet been
functionalized with organic layers.

Figure 2b shows a voltammogram of an identical sample
that was covalently linked to a DNA oligonucleotide with
sequence S1 (S1-DNA-diamond) as described above.
While the H-terminated sample yielded oxidation and
reduction peaks with >200 µA/cm2 peak current density,
after linking to single-stranded DNA the voltammogram
(solid line) shows that this current flow is drastically
reduced to 1 µA/cm2 at this same potential. The absence
of any peaks suggests that this residual current flow is
primarily capacitive, with some conductivity arising from
diffusion through the molecular layer.

After this voltammogram was obtained, a solution
containing fluorescently labeled complementary DNA (F1)
was injected into the cell for 30 min, and the cell was then
rinsed with hybridization buffer to eliminate excess DNA
and return the electrolyte to a constant composition. The
cyclic voltammogram (Figure 2b, dashed line) is nearly
identical to that of the surface that was not exposed to
complementary DNA, except for a very small increase in
the current at the maximum positive and negative
potentials.

To verify that the samples exposed to DNA did indeed
hybridize, fluorescence images were obtained of samples
exposed to complementary DNA. Figure 2c shows a
representative fluorescence image. The rectangular region

of the sample that was exposed to complementary DNA
shows high fluorescence intensity, while the rest of the
sample that was not exposed to the complementary DNA
shows almost no intensity. Similar fluorescence measure-
ments made on a number of other samples exposed to
complementary and noncomplementary DNA confirmed
that the fluorescence arises from specific hybridization
between complementary DNA sequences with almost no
nonspecific binding, consistent with previous results.23,24

Fluorescence measurements made before and after cyclic
voltammogram sweeps showed that there was no signifi-
cant change in intensity induced by the CV measurement
at potentials between -1.0 and +1.0 V versus Ag/AgCl.
Thus, under the conditions used here the cyclic voltam-
metry experiment does not denature the surface-hybrid-
ized DNA.

The sharp reduction in current upon attachment of
single-stranded DNA to the surface shows that the
molecular layers effectively insulate the diamond sub-

Figure 2. Cyclic voltammograms of H-terminated and DNA-
modified diamond thin films. (a) Cyclic voltammogram on
H-terminateddiamond, showingreversibleoxidation-reduction
peaks. (b) Cyclic voltammogram on DNA-modified diamond
before and after hybridization with complementary sequence
F1, showing the blocking induced by the molecular layers and
the lack of sensitivity to DNA hybridization. (c) Fluorescence
image (bright ) high intensity) after the DNA-modified surface
was hybridized with complementary sequence F1. The small
square shows the region where the sample was exposed in the
fluid.
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strate from the electrolyte solution, blocking almost all
direct electron transfer even when the surface-tethered
DNA is hybridized with its complementary sequence.
While previous studies have shown that the intrinsic
conductivity of DNA changes as a result of hybridiza-
tion,12,36,37 the ability to observe this via cyclic voltammetry
is inhibited by the highly insulating nature of the
molecular scaffolding linking the DNA molecule to the
underlying substrate.

Impedance Spectroscopy of DNA-Modified Dia-
mond Surfaces. While the molecular layers appear to
strongly inhibit electron transfer, more detailed informa-
tion about the electrical properties of the interface can be
obtained using electrical impedance spectroscopy. In
impedance spectroscopy, the potential of the sample is
modulatedbyasmall sinusoidal excitationsignal (typically
10 mV root-mean-square), and the in-phase and out-of-
phase components of the current at the excitation fre-
quency fmod are measured. Measuring the in-phase and
out-of-phase components of the current as the modulation
frequency fmod is swept over a wide range yields a complete
frequency spectrum of the electrical response. Our im-
pedance spectroscopy experiments are performed at the
open-circuit potential with only a 10 mV modulation, in
HB solution without any added redox agents. Under these
conditions, there is no oxidation-reduction chemistry
taking place, and the measurements are a very gentle
way of measuring the intrinsic electrical properties of the
interface. Because the current and voltage do not have
the same phase and are frequency dependent, the imped-
ance (Z) and its inverse, the admittance (Y), are usually
described as complex, frequency-dependent quantities.
The complex impedance is defined as Ẑ ) V̂/Î ) Z′ + iZ′′
and the complex admittance is defined as Ŷ ) 1/Ẑ ) Y′ +
iY′′, where Y′ ) Z′/|Ẑ|2, and Y′′ ) -Z′′/|Ẑ|2.

Figure 3a,b shows logarithmic plots of the real (Z′) and
imaginary (Z′′) impedances of a DNA-modified diamond
surface (before hybridization) as a function of the applied
electrochemical potential (vs Ag/AgCl reference) measured
in 0.1 M KCl. The real and imaginary parts of the
impedance vary by many orders of magnitude over the
frequency range measured. At frequencies of less than ∼1
kHz, Z′ and Z′′ are both nearly independent of the applied
potential, while at higher frequencies the real and
imaginary parts both increase as the applied potential is
made more positive. The changes in impedance are
somewhat more apparent in the real part of the impedance
than in the imaginary part. The variation in impedance
with applied electric potential is characteristic of a
semiconductor interface and indicates that at frequencies
of∼1 kHz the impedance is dominated by the space-charge
layer of the diamond.20,21,38,39

Figure 4a-d shows similar measurements of Z′ and Z′′
versus frequency for a different diamond thin film that
was modified with (single-stranded) DNA and the change
in response due to exposure to complementary and
noncomplementary DNA in solution. Because the hy-
bridization-induced changes in electrical properties are
most apparent at high frequencies where the total
impedance is small (vide infra), we also show these data
in two alternate representations that emphasize these
changes. Figure 4c shows a plot of the region highlighted
in Figure 4a, highlighting the high-frequency behavior of

Z′. Figure 4d shows a linear plot of the imaginary and real
components of the admittance on a single plot, often
referred to as a “Cole-Cole” plot.40 To identify changes in
impedance due to DNA hybridization, a solution contain-
ing 5 µM of the fluorescently labeled complement, F1,
was then pumped through the cell for 20 min to permit
the solution-phase DNA to hybridize with that on the
surface. The cell was then flushed with HB solution for
10 min to eliminate any residual physically adsorbed DNA
on the surface, and an impedance spectrum was measured.
Comparison of the spectra before and after hybridization
shows that the most apparent change is a decrease in the
real component (Z′) and a smaller decrease in the
imaginary part (Z′′) of the impedance at high frequencies
of >10 kHz. Although not striking when plotted on a
logarithmic scale, the decreased Z′ is quite aparent at
frequencies of >10 kHz, and at the highest frequencies
measured corresponds to a change by more than a factor
of 2 (a decrease from 133 to 57 Ω at 1.6 MHz). The
hybridization-induced changes in Z′ and Z′′ at high
frequency can be observed clearly in the Cole-Cole plot
shown in Figure 4d. In addition to the changes at high
frequency, hybridization also induces a smaller change at
very low frequencies (<1 Hz), which is most easily observed
in Figure 4b as a small decrease in the imaginary
impedance Z′′. These changes are similar to those reported
previously in studies of antibody-antigen binding21 and
DNA hybridization at silicon surfaces.41

To test the reversibility of DNA hybridization and
denaturation, the surface was denatured by pumping 8.3(36) Kelley, S. O.; Barton, J. K. Science 1999, 283, 375.
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Figure 3. Impedance spectra of a DNA-modified diamond
sample.
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M urea solution into the cell for 5 min, followed by flushing
with HB solution. The impedance moves back toward its
original position, although often it does not move back
fully to its original value. While the nature of this lack of
complete reversibility is yet unclear, experiments probing
the effects of urea at intermediate stages of the chemical
functionalization process suggest that it arises from urea-
induced changes in the molecular layers, rather than any
changes in the diamond substrate.

To test the selectivity of DNA hybridization, a solution
containing a 5 µM solution of noncomplementary DNA
sequence (F2) was then pumped into the cell and incubated
for 20 min. The cell was flushed with HB for 10 min, and

the impedance spectrum was obtained again. Figure 4
shows that there is very little change in impedance induced
by the noncomplementary sequence.

Although not depicted in Figure 4, experiments were
conducted in which DNA-modified surfaces were exposed
to repeated cycles of exposure to complementary DNA,
denatured, and exposed to noncomplementary (mis-
matched) DNA molecules. These measurements show that
exposure to complementary DNA consistently yields a
significant decrease in the impedance, while the 4-base
mismatched sequence induces no significant change
compared with the denatured surface. This trend is
observed in all experiments, irrespective of the order in
which the measurements are made. The starting surface
has the highest impedance (lowest admittance), which
increases somewhat with repeated cycles of exposure to
the 8.3 M urea used in denaturing. Despite this urea-
induced change in the starting impedance, repeated
experiments show that exposure to the complementary
sequence reduces the total impedance (increases the
admittance) by approximately a factor of 1.6-1.8.

Real-Time Measurement of DNA Hybridization.
These data show that at frequencies in the frequency range
between ∼10 kHz and ∼1 MHz, hybridization induces a
significant change in the impedance of the interface. By
operating at a fixed frequency of greater than ∼10 kHz,
it is possible to observe the DNA hybridization process on
a continuous basis in real time. Figure 5 shows impedance
data obtained on a p-type diamond sample that was
covalently linked to DNA with sequence S1. The electrical
response was measured as a function of time at a frequency
of 100 kHz. The standard HB was first flowed through the
cell. Starting at t ) 10 min, a buffer solution with 100 nM
complementary DNA, but otherwise identical in composi-
tion, was pumped into the system. The total impedance
decreased from 710 to 380 Ω over the 50 min duration of
the experiment. Fitting the impedance data to a function
of the form Z(t) ) Z0 + ∆Z[1 - exp(-t/τhybrid)] yields a
characteristic hybridization time τhybrid ) 8 min, reaching
a final plateau approximately 40 min after injection. At
a flow rate of 0.1 mL/min and an internal volume of 4.5
µL, the residence time of solution within the cell is only
0.045 min. Corresponding measurements (not shown) of
the fluorescence intensity measured after discrete hy-
bridization times yielded a very similar time dependence.
This indicates that the time dependence in Figure 5 is the
intrinsic time response of the DNA hybridization process
at the surface.

Flat-Band Potential Measurements. To better un-
derstand how DNA hybridization influences the electrical
properties of the interface, measurements were also
performed as a function of the potential of the DNA-
modified diamond electrode. Analysis of these data is
facilitated by modeling the interface as a simple series
resistor R and capacitor C that represent a lumped
effective resistance and effective capacitance of the space-

Figure 4. Impedance spectra, measured under open-circuit
conditions, of the DNA-modified surfaces at the beginning, after
hybridization with a complementary sequence, after being
denatured, and after exposure to a mismatched DNA sequence.
(a) Real part of the impedance. (b) Imaginary part of the
impedance. (c) Magnified view of the real impedance from the
region highlighted in panel a. (d) Cole-Cole plot showing real
and imaginary parts of the admittance. Points measured at
high frequency are farthest to the right, and those measured
at lowest frequency occur near the origin.

Figure 5. Real-time measurement of the change in total
impedance when the DNA-modified surface was exposed to 100
nM complementary DNA.
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charge region.39,42 While in principle the capacitance of
the electrical double-layer and the molecular layers also
need to be taken into account, detailed analysis (presented
below) shows that at the frequency used, the potential-
dependent changes in the electrical properties are domi-
nated by the semiconductor space-charge layer. In this
case, the data can be analyzed using the Mott-Schottky
equation,

where C is the effective capacitance, ε is the dielectric
constant of the semiconductor, ε0 is the permittivity of
free space, e is the electron charge, Nd is the number
density of donors, E is the electrode potential, EFB is the
flat-band potential, k is Boltzmann’s constant, and T is
the temperature.

Figure 6a shows capacitance data (plotted as 1/C2 vs
potential) as a function of potential for various DNA-
modified diamond surfaces, measured at 100 kHz. At all
potentials, the capacitance of the hybridized surface is
larger than those of the denatured surface and the surface
exposed to a mismatched sequence, consistent with our
other observations. 1/C2 is constant at large negative
potentials and linear between ∼0.2 and 0.7 V and then

reaches a limiting value at higher potentials. The changes
in shape as a function of potential are identical to those
commonly observed on p-type semiconductors having a
low density of surface states.39 The strong potential
dependence in Figure 6a indicates that the Fermi level at
the surface of the DNA-modified diamond surfaces has a
sufficiently low density of surface states that an externally
applied potential can easily alter the energy of the valence
and conduction bands, producing changes in resistance
and capacitance of the diamond space-charge region.

Because the plots in Figure 6a are approximately linear
over the potential range from 0.2 to 0.7 V, extrapolating
this linear range to 1/C2 ) 0 and using kT/e ) 26.1 mV
gives the flat-band potential. Our measurements yield a
flat-band potential of 1.67 V for the diamond sample
modified with sequence S1. This value shifts to 1.47 V
after exposure to the complementary sequence, while
exposure to the noncomplementary sequence F2 yields a
flat-band potential of 1.62 V, close to the original value.
Although the extrapolation is subject to significant error,
the shift is sufficiently large that we believe it to be well
outside the limits of error. The Mott-Schottky analysis
indicates that hybridization shifts the flat-band potential
in the negative direction.

Figure 6b shows that the effective resistance is nearly
constant at negative potentials, shows a small peak at
around 0.4 V (vs Ag/AgCl reference electrode), and then
decreases as the added potential is reaching the flat-band
potential of the diamond. These potential-dependent
changes are characteristic of p-type semiconductors39 and
are similar to our previous observations on p-type silicon
surfaces.22 The pronounced decrease in resistance upon
exposure to the complementary DNA sequence is consis-
tent with the results shown in Figure 4, again showing
that hybridization decreases the real (resistive) part of
the impedance. The small peak near 0.5 V is similar to
that observed on other semiconductors and attributed to
charging of surface states.20,38

These potential-dependent measurements in Figure 3
and Figure 6 establish a number of important facts. First,
the fact that the changes in 1/C2 are large and that the
shape of the plots of 1/C2 and R as a function of potential
have the characteristic shape expected for a p-type
semiconductor indicates that at the frequencies used the
impedance is controlled primarily by the semiconductor
space-charge region. Second, they demonstrate that
application of an external potential shifts the energies of
the conduction and valence bands. This implies that the
Fermi level of the diamond is not strongly pinned and
that the imposition of an external electric field can change
the interfacial impedance significantly. This, in turn,
suggests that similar electric fields induced by charged
DNA molecules are likely to have significant effects on
the electrical properties. Finally, they demonstrate that
at the open-circuit potential (typically ca. -0.2 V vs Ag/
AgCl), the diamond surface is in depletion. While the
complex physical structure of the interface is expected to
lead to a complicated electrical behavior, these results
indicate that at the high frequencies where the sensitivity
to DNA hybridization is observed, the overall impedance
is controlled by the diamond space-charge region.

Discussion

Understanding the electrical properties of biologically
modified surfaces is important for potential applications
such as real-time biological sensing. A number of previous
studies have shown that changes in low-frequency con-
ductivity can be used to detect biological binding processes,

(42) Rajeshwar, K. Fundamentals of Semiconductor Electrodes and
Photoelectrochemistry. In Semiconductor Electrodes and Photoelectro-
chemistry; Licht, S., Bard, A., Eds.; Wiley-VCH: Weinheim, Germany,
2002; Vol. 6.

Figure 6. Potential-dependent measurements of the electrical
response of DNA-modified diamond surfaces. (a) Mott-Schottky
analysis to extract the flat-band potential. (b) Resistance as a
function of potential. (c) Schematic illustration showing the
change in band-bending induced by DNA hybridization on
p-type diamond thin film. The initial surface has the bands
bent downward by 1.6 eV. Negatively charged DNA molecules
approaching the interface bend the bands upward.
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especially when facilitated by redox species at or near the
interface.11,12,43 In those experiments, the signal trans-
duction involves dc conduction through the molecular
layers, which can in turn be modified by biological binding
at the surface. The addition of redox species at or near the
interface is typically used to facilitate the electron
transfer.11,12,43-47 One potential disadvantage of such
methods is that DNA hybrids can be denatured by the
relatively large potentials (volts or more) typically applied
during the experiments.48,49 A number of recent studies
from our group41 and other groups18-21] have shown that
biological binding at semiconductor surfaces can alter the
electrical response through a “field effect”, in which the
charge on biological molecules at a surface alters the
conductivity in the semiconductor (typically silicon).
Because field effects are expected only on semiconducting
substrates, such as silicon and diamond, they are not
present on substrates such as gold, making the intrinsic
electrical response mechanism on semiconductors very
different from that of the metallic substrates.

Here, we focus primarily on understanding the electrical
properties of DNA-modified diamond using small ac
potentials, so that there is no net redox chemistry
occurring. We first discuss the electrical properties of
diamond surfaces modified with single-stranded DNA in
order to understand the principal features that give rise
to the overall electrical response. We then address how
the electrical properties of DNA-modified diamond are
modified by hybridization.

Frequency-Dependent Electrical Response of
DNA-Modified Diamond Surfaces. To understand the
electrical response and the hybridization-induced changes,
the impedance data were analyzed using equivalent circuit
models with discrete elements. As depicted in Figure 7a,
the interface can be divided into three physical regions:
(1) the molecular layer and its associated double-layer,
(2) the space-charge layer in the diamond substrate, and
(3) the bulk solution. Because the physical boundaries
between the layers are not sharp (due, for example, to
surface roughness and the finite thickness of the molecular
layers), accurate quantitative modeling would require a
more complicated, distributed circuit model. The simpler
electrical model illustrated in Figure 7a was used because
it provides a high-quality fit with only a small number of
free parameters and a good connection to the physical
interface structure, thereby providing a good qualitative
understanding of the electrical properties.

This model consists of a resistance (RSOL) due to
uncompensated solution resistance between the reference
electrode and the surface, a parallel combination of resistor
R1 and capacitor C1, and a parallel combination of resistor
R2 with a constant phase element (CPE2). This model is
guided by a physical model, in which R1 and C1 reflect the
properties of the molecular layers and their associated
electrical double-layer (here, interpreted to mean any
nonuniform distribution of ions near the interface), and

R2 and CPE2 reflect the impedance of the diamond space-
charge region. The CPE has an impedance defined by

where T and the exponent P are nonintegral, adjustable
parameters.50,51 Values of P < 1 are often attributed to
surface roughness; however, previous studies have found
it necessary to include a CPE even on flat single-crystal
diamond surfaces and have attributed it to depth-
dependent variations in the acceptor concentration arising
fromhydrogencompensationof subsurfaceacceptorsites.52

We have found it necessary to incorporate a CPE in our
model in order to adequately fit our data.

Figure 7b shows one set of experimental data and the
resulting fit for a surface modified with single-stranded
DNA. In fitting the data, a single set of parameters was
used to simultaneously fit the real and imaginary parts
of the impedance over the frequency range from 0.1 Hz
to 1 MHz. The low ø2 of 0.004 indicates a very good fit.

(43) Yu, H.-Z.; Luo, C.-Y.; Sankar, C. G.; Sen, D. Anal. Chem. 2003,
75, 3902.

(44) Willner, I.; Willner, B. Trends Biotechnol. 2001, 19, 222.
(45) Patolsky, F.; Weizmann, Y.; Willner, I. J. Am. Chem. Soc. 2002,

124, 770.
(46) Boon, E. M.; Ceres, D. M.; Drummond, T. G.; Hill, M. G.; Barton,

J. K. Nat. Biotechnol. 2000, 18, 1096.
(47) Bardea, A.; Patolsky, F.; Dagan, A.; Willner, I. Chem. Commun.

1999, 21.
(48) Sosnowski, R. G.; Tu, E.; Butler, W. F.; O’Connell, J. P.; Heller,

M. J. Proc. Natl. Acad. Sci. U.S.A. 1997, 94, 1119.
(49) Heaton, R. J.; Peterson, A. W.; Georgiadis, R. M. Proc. Natl.

Acad. Sci. U.S.A. 2001, 98, 3701.

(50) Macdonald, J. R.; Kenan, W. R. Impedance Spectroscopy:
Emphasizing Solid Materials and Systems; J. Wiley: New York, 1987.

(51) Macdonald, J. R. Solid State Ionics 1984, 13, 147.
(52) Kondo, T.; Honda, K.; Tryk, D. A.; Fujishima, A. Electrochim.

Acta 2003, 48, 2739.

Figure 7. Fitting of impedance data to the electrical circuit
model. (a) Simple physical picture of the interface and electrical
model used for modeling. (b) Experimental data and resulting
fit to the electrical circuit model. Data are shown here for the
DNA-modified surface before hybridization. Table 1 gives actual
component values for three DNA-modified surfaces.
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Similar fitting of the other data sets (not shown) yields
similarly good agreement. Table 1 shows the resulting fit
parameters for a DNA-modified diamond sample before
and after exposure to complementary DNA and for a
denatured sample that was then exposed to a mismatched
sequence.

Detailed analysis of the circuit modeling results shows
that at low frequencies (<10 Hz), the impedance is
dominated by R1 and R2, which have similar values. In
this range, the small imaginary part of the impedance
arises primarily from CPE2. As the frequency increases
above 10 Hz, the impedance associated with C1, CPE2,
and the total impedance all decrease. Between 10 Hz and
1 kHz, the impedances of R1, C1, and CPE2 are similar,
so no single element dominates the total impedance.
However, because the exponent P2 in the CPE element is
less than 1, as the frequency is increased the impedance
of CPE2 decreases less quickly than that associated with
C1. Consequently, at higher frequencies the impedance
becomes dominated by CPE2; as the frequency approaches
104 Hz the total impedance of CPE2 becomes approxi-
mately 10 times that of C1, and at f > 104 Hz CPE2
dominates the impedance of the system. As the frequency
approaches the highest values used (1.6 MHz), the
uncompensated solution resistance RSOL becomes signifi-
cant.

Thus, we conclude that for frequencies below ∼10 Hz,
Z′ is dominated by R1 and R2, and the smaller Z′′ is
controlled primarily by CPE2. For frequencies above 10
Hz, the impedance becomes dominated by C1 and CPE2,
and for 104 Hz < f < 106 Hz, CPE2 dominates. Finally, as
the frequency approaches 1 MHz, the solution resistance
is expected to dominate.

An important comparison can be made between the
circuit modeling results of the frequency dependence and
the Mott-Schottky analysis of the potential dependence.
The potential-dependent impedance spectra (Figure 3) and
Mott-Schottky analysis (Figure 6) show that at 105 Hz,
the system exhibits behavior that is characteristic of a
pure p-type semiconductor. Circuit modeling of the
impedance spectroscopy data shows that at this same
frequency, the impedance is clearly dominated by CPE2.
This comparison establishes a strong link between the
electrical and physical models of the interface, by showing
that CPE2 does indeed arise from the diamond space-
charge region. It is also in agreement with previous studies
that have shown that at semiconductor-electrolyte in-
terfaces, the capacitance of the double-layer is larger than
the capacitance of the semiconductor space-charge layer,
so that the impedance is typically dominated by the
semiconductor.18,42,53

Hybridization-Induced Impedance Changes. In
principle, there are a number of ways in which DNA
hybridization can affect the electrical properties of the
interface (see, for example, the recent review by Lucarelli
et al.54). These include increased conductivity of the DNA
layers,36,37,55 changes in capacitance of the biomolecular
layers,18,56 blocking of diffusion near the electrode sur-

face,57 and modification of the electronic properties of the
semiconductor (here, diamond) space-charge layer via the
electric field induced by the hybridizing DNA mole-
cules.18-20,22

While previous studies have shown that DNA is more
conductive in its double-stranded form (i.e., after hybrid-
ization with a complementary sequence) than in its single-
stranded form,36,37,55 we observe no significant change in
Z′ (the total interfacial resistance) at very low frequencies,
and our cyclic voltammetry results also show almost no
change. This result is not surprising, because in our
experiments the DNA molecules that were tethered to
the surface included a repeated sequence of 15 thymine
groups that were not involved in hybridization, as depicted
in Figure 1b. Thus, even though the hybridizing region
may be becoming more conductive,36,37,55 the insulating
properties of the remainder of the molecule and the
molecular scaffolding used to tether the DNA to the surface
render the overall assembly so highly insulating that the
change in total resistance is not easily detected. Never-
theless, the influence of hybridization on the electrical
properties can be identified through frequency-dependent
measurements at higher frequencies. For example, studies
of antibody-antigen interactions on oxidized silicon
surfaces showed sensitivity to binding that was most
sensitively detected near 100 kHz;21 the hybridization
changes were most pronounced in the real part of the
impedance and smaller in the imaginary part, in close
agreement to our more recent results on silicon surfaces41

and the results we report here on diamond.
Our impedance spectroscopy measurements show that

the most significant hybridization-induced changes in
impedance occur at frequencies between approximately
104 and 106 Hz. This corresponds roughly to the same
range of frequencies over which the potential-dependent
measurements (Figure 3) show a large dependence on
potential. The flat-band potential measurements (Figure
6) made within this range, at 105 Hz, show all the
pronounced features normally associated with band-
bending in a p-type semiconductor. We note in particular
that they show that at the open-circuit potential the
diamond surface is in depletion, with an downward band-
bending of approximately 1.6 V, and that changes in
potential are able to alter the valence and conduction band
energies (to “bend the bands”). These factors, together
with the impedance modeling results, lead us to conclude
that the high-frequency sensitivity arises primarily from
the fieldeffect, inwhichhybridizationwithcomplementary
DNA brings additional negative charges near the surface,
bending the bands upward from their original (depleted)
position, closer to the flat-band condition. Because the
resistance is smaller and capacitance is larger when the
bands are flat, the upward shift in the surface bands
induced by the DNA hybridization is expected to decrease
the impedance of the diamond space-charge region. The
influence of DNA approaching the surface is similar to
that observed when a positive potential is applied to the
bulk (Figure 3b); in both cases the bands are bent upward
near the surface, thereby decreasing the impedance.

(53) Singh, P.; Singh, R.; Gate, R.; Rajeshwar, K.; DuBow, J. J. Appl.
Phys. 1980, 51, 6286.

(54) Lucarelli, F.; Marrazza, G.; Turner, A. P. F.; Mascini, M. Biosens.
Bioelectron. 2004, 19, 515.

(55) Schuster, G. B. Acc. Chem. Res. 2000, 33, 253.

(56) Berggren, C.; Stalhandske, P.; Brundell, J.; Johansson, G.
Electroanalysis 1999, 11, 156.

(57) Hianik, T.; Gajdos, V.; Krivanek, R.; Oretskaya, T.; Metelev, V.;
Volkov, E.; Vadgama, P. Bioelectrochemistry 2001, 53, 199.

Table 1. Results of Fitting Experimental Data to the Circuit Model Shown in Figure 7

R1, kΩ C1, nF R2, MΩ T2, 10-6 P2 RSOL, Ω

denatured 151 ( 9 75 ( 5 0.41 ( 0.01 0.30 ( 0.02 0.675 ( 0.005 65 ( 3
hybridized 95 ( 9 103 ( 12 0.40 ( 0.01 0.18 ( 0.01 0.724 ( 0.005 25 ( 2
mismatch 130 ( 10 79 ( 6 0.43 ( 0.01 0.29 ( 0.02 0.682 ( 0.005 49 ( 3
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Our conclusion that the sensitivity to DNA hybridization
occurs primarily via a field effect is further supported by
previous results on n-type ultrananocrystalline diamond58

samples (not shown) and by measurements on DNA-
modified surfaces of p-type and n-type silicon.18,20,21,41 On
n-type diamond samples covalently modified with DNA,
we observed an increase in impedance upon hybridization;
if it is assumed that n-type diamond is also in depletion
with an upward band-bending, then one would expect the
direction of impedance change to be opposite on p-type
and n-type samples, in agreement with our observations.
Similarly, we have recently found that when silicon
surfaces that were covalently modified with DNA were
exposed to complementary DNA, the high-frequency
impedance decreased when p-type Si substrates were used
and increased when n-type substrates were used.22 Nega-
tive shifts in flat-band potential for DNA immobilized onto
Si surfaces and concurrent decreases in impedance upon
hybridization on p-type silicon have also been reported
previously.18,20 All these measurements point to a common
mechanism in which the negative charge associated with
DNA induces a field effect into the underlying semicon-
ductor substrate, with commensurate changes in resis-
tance and capacitance of the space-charge region.

These conclusions can be connected to the circuit
modeling presented above. Table 1 shows that hybridiza-
tion affects the values of all the circuit elements, but an
analysis shows that the most significant effect is on CPE2.
The prefactor (T2) is slightly smaller on the hybridized
surface, leading to the slight reduction in Z′′ upon
hybridization visible at f < 10 Hz in Figure 4b. The more
significant effect of hybridization, however, is to decrease
the exponent P2 of CPE2, which makes the impedance of
CPE2 decrease more slowly at high frequencies. We also
observe an increase in capacitance C1 and a decrease in
resistance R1. We associate R1 and C1 with the molecular
layers; the increase in C1 and decrease in R1 suggest that
there may be some increased density of ionic charges at
the interface after DNA hybridization. Our fitting also
shows a small change in the value of RSOL. Based on the
bulk conductivity of 3.1 Ω-1 m-1 and the physical dimen-
sions of our electrochemical cell, we anticipate an un-
compensated solution resistance of 53 Ω. Because the
hybridization-induced changes in RSOL are quite small,
their value depends on the impedance at the extreme high-
frequency limit of the impedance instrumentation; con-
sequently, it is not clear if the differences in RSOL are real
or whether they result from limitations of apparatus and
the circuit model. The increase in capacitance C1 and
decrease in resistance R1 suggest that hybridization
induces some measurable changes in the electrical prop-
erties of the molecular layers. Because R1 and C1 are
lumped quantities representing the total response of the
functionalization layer, the SSMCC linker, and the DNA
oligonucleotides, it is difficult to assign these changes to
one specific molecular response. However, since DNA
hybridization and the associated DNA duplex formation
involve substantial changes in molecular structure,
changes in resistance and capacitance are not unexpected.
Previous impedance spectroscopy studies of DNA hybrid-
ization immobilized on conductive surfaces such as
conductive polymers have also reported that hybridization
decreases the impedance, with a maximum sensitivity
reported near 1 kHz.59

DNA-Induced Field Effect and Surface Charge
Density. Our data show that the hybridization-induced

changes in impedance observed at high frequencies arise
primarily from a field effect in which the negative charge
of DNA molecules hybridizing with their surface-bound
complements induces an upward band-bending in the
diamond space-charge region. The size of this field effect
(and the resulting change in impedance of the diamond)
is controlled by a number of different factors. Previous
studies of semiconductor-electrolyte interfaces have
shown that the capacitance associated with the ions in
solution (the double-layer) is typically much larger than
the capacitance associated with the semiconductor space-
charge region.42,53 Consequently, specific adsorption of ions
at the interface leads to significant changes in potential
within the semiconductor but only small changes in
potential within the electrolyte solution. If it is assumed
that the diamond Fermi level is unpinned and the potential
drop within the aqueous solution can be ignored, then the
flat-band potential can be used to determine the number
of effective charges at the surface. Using the depletion
approximation, the surface charge density is given by

where σsurface is the number of charges per unit area, NA

is the concentration of acceptors, and V is the change in
potential between surface and bulk, also referred to as
the “band-bending”. Subtracting the surface charge den-
sity before and after hybridization (using V ) 1.67 and
1.47) leads to the conclusion that the charge density within
the semiconductor bulk changes by ∼3 × 1011 electrons/
cm2 upon DNA hybridization. We have determined previ-
ously24 that the number density of DNA molecules
hybridized to the diamond surface is approximately 3 ×
1012 molecules/cm2, with each DNA molecule carrying
multiple negative charges.

The above analysis shows that the total change in charge
within the space-charge layer is significantly smaller than
the charge associated with the hybridizing DNA molecules.
We believe this has three possible origins. First, we note
that the negative charge on the DNA backbone is partially
compensated by loosely bound cations; however, this is
expected to reduce the charge by no more than a factor
of 2 from its bare value.60 A second contributing factor is
that surface states at the semiconductor-electrolyte
interface (such as unterminated surface “dangling bonds”)
can screen the diamond from the negative charge of the
hybridizing DNA molecules, thereby reducing the field
effect. In Figure 6b, the small peak in the real part of the
impedance is similar to that reported previously on
modified silicon surfaces and attributed to charging of
surface states.20,38 However, our Mott-Schottky plots
suggest that the effect of these surface states must be
fairly small, since we clearly observe the change from
depletion to flat-band and then to slight accumulation as
the potential is made more positive. Finally, because the
DNA molecules are separated from the diamond surface
by a set of molecular linkers consisting of the amine-
terminated alkyl chain and the SSMCC linker, it is likely
that DNA hybridization induces significant charge re-
distribution within the double-layer and within the
molecular linking layers itself. Changes in the interstitial
water and ions within this region could significantly screen
the effect of the DNA molecules, thereby reducing the
overall magnitude of the field effect.

(58) Gruen, M. D. Annu. Rev. Mater. Sci. 1999, 29, 211.
(59) Lee, T.-Y.; Shim, Y.-B. Anal. Chem. 2001, 73, 5629. (60) Rasmusson, M.; Akerman, B. Langmuir 1998, 14, 3512.
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Conclusions
Our experiments show hybridization of DNA induces a

significant field effect in diamond thin films and that these
changes can in turn be used as a real-time, label-free,
sequence-specific method for detecting DNA molecules in
solution. Our previous measurements using fluorescence
as a basis for observing DNA hybridization at diamond
thin films revealed a very good biological selectivity and
excellent chemical stability.23,24 The present electrical
measurements likewise show that the modified films have
a low surface state density that permits the charged
biomolecules to induce a significant field effect in the
diamond film. While denaturation in urea induces some
changes in the electrical properties, these changes likely
occur in the molecular layer. Clearly, field-effect electrical
measurementsmaybeparticularlysensitive tounintended
alteration of the charge distribution within the molecular
layers, and electrical biosensors using the field effect for
signal transduction will require an even greater degree

of control over the interface chemistry in order to achieve
their full potential. Yet, the present results demonstrate
that diamond surfaces covalently modified with DNA have
sufficiently low surface state densities that the field effect
can be easily detected using impedance spectroscopy and
establish that it is possible to create field-effect biological
sensors on diamond thin films.
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