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Abstract

Electrochemical impedance spectroscopy was used to investigate the changes in interfacial electrical properties that arise when DNA-modified
Si(1 1 1) surfaces are exposed to solution-phase DNA oligonucleotides with complementary and non-complementary sequences. The n- and
p-type silicon(1 1 1) samples were covalently linked to DNA molecules via direct Si–C linkages without any intervening oxide layer. Exposure
to solutions containing DNA oligonucleotides with the complementary sequence produced significant changes in both real and imaginary
components of the electrical impedance, while exposure to DNA with non-complementary sequences generated negligible responses. These
changes in electrical properties were corroborated with fluorescence measurements and were reproduced in multiple hybridization–denaturation
cycles. The ability to detect DNA hybridization is strongly frequency-dependent. Modeling of the response and comparison of results on
different silicon bulk doping shows that the sensitivity to DNA hybridization arises from DNA-induced changes in the resistance of the silicon
substrate and the resistance of the molecular layers.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Impedance spectroscopy; DNA; Hybridization; Sensor; Silicon; Electrical detection

1. Introduction

Surface-based methods for detection of biological
molecules such as DNA and proteins have revolutionized
biological detection (Fodor et al., 1993; Heller, 2002).
However, only limited use has been made of the electrical
properties of biologically-modified interfaces as a basis
for biological sensing (Alfonta and Willner, 2001; Bardea
et al., 1999; Boon et al., 2000; Cloarec et al., 2002;
Gooding, 2002; Kharitonov et al., 2001; Korri-Youssoufi
et al., 1997; Murphy et al., 1993; Patolsky et al., 2001;
Popovich et al., 2002; Souteyrand et al., 1997; Vercoutere
and Akeson, 2002; Wang, 2002; Willner and Willner, 2001;
Yu et al., 2001). Because silicon is the basis for most micro-
electronic devices such as amplifiers and microprocessors,
development of biosensors that are directly integrated with
silicon are particularly desirable. Most studies of biologi-
cal interfaces to silicon have used SiO2 as an intermediate

∗ Corresponding author. Tel.:+1-608-262-6371;
fax: +1-608-262-0453.

E-mail address: rjhamers@facstaff.wisc.edu (R.J. Hamers).

(Berggren et al., 2001; Cloarec et al., 2002; Souteyrand
et al., 1997). There has recently been great interest in chem-
ical and biochemical modification of silicon via direct Si–C
bond formation, without involving an oxide intermediate
(Buriak, 1999; Lin et al., 2002; Linford et al., 1995; Strother
et al., 2000a,b; Wagner et al., 1997). Previous studies have
shown that when direct Si–C bond formation is used as a
starting point for DNA attachment, the resulting surfaces
exhibit high selectivity and good stability (Lin et al., 2002;
Strother et al., 2000a,b).

Here, we report investigations of the changes in electri-
cal impedance that occur when silicon surfaces modified
with DNA using direct Si–C bond formation chemistry are
exposed to complementary and non-complementary DNA
molecules in solution. Our results show clear, reversible
changes in impedance that are associated with hybridiza-
tion and are confirmed by fluorescence measurements. A
comparison between n- and p-type substrates shows that the
impedance changes arise in part from a field-induced effect
in the silicon substrate. These results indicate that it should
be possible to fabricate field-effect biosensing devices en-
tirely via wet chemical procedures.
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2. Experimental

The electrochemical detection system, depicted inFig. 1,
is based on a three-electrode electrochemical cell contain-
ing a DNA-modified Si sample as a working electrode, a
Ag/AgCl reference electrode, and a Pt counter-electrode.
A polydimethylsiloxane (PDMS) fluid cell (∼5�l vol-
ume) containing an embedded Ag/AgCl reference electrode
is pressure-sealed between the DNA-modified Si sample
(8 mm × 4 mm) and the Pt counter-electrode. Impedance
spectra were measured using a three-electrode potentiostat
(Solartron model 1287) coupled to an impedance analyzer
(Solartron model 1260). All electrochemical potentials
discussed here are with respect to the saturated Ag/AgCl
reference electrode.

Results reported here used three types of (1 1 1)-oriented
silicon samples. Most experiments were performed us-
ing heavily doped, n-type Si samples (resistivity=
0.005� cm). Experiments were also performed using
lightly-doped n-type samples (phosphorus-doped, 5� cm)
and p-type samples (boron-doped, 0.1� cm). The sam-
ples were immersed into 40% NH4F solution to produce
hydrogen-terminated Si(1 1 1) surfaces (Higashi et al.,
1990). These H-terminated samples were covered with a
thin film of an aminoalkene (10-amino-1-ene) that was pro-
tected with thet-butyloxycarbonyl (t-BOC) group, and the
liquid-covered surface was illuminated with 254 nm ultravi-
olet light (0.35 mW/cm2) for ∼2 h under an atmosphere of
dry nitrogen. Deprotection using 50% trifluoroacetic acid
produces a surface terminated with primary amine groups.
Thiol-modified oligonucleotides were then linked to these
amine groups using the heterobifunctional cross-linker
sulfo-succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-

Fig. 1. Instrument setup and schematic of the three-electrode electrochem-
ical fluid cell. The DNA-modified silicon sample is the working electrode
(W.E.), while a platinum foil is used as the counter-electrode (C.E.).

carboxylate purchased from Pierce Chemical. Previous stud-
ies have shown that this procedure yields DNA-modified
Si(1 1 1) samples that exhibit high selectivity toward comple-
mentary versus non-complementary sequences in hybridiza-
tion experiments, and that are stable under repeated cycles
of hybridization and denaturation (Strother et al., 2000a,b).

Experiments were conducted using several different se-
quences for the surface-immobilized “probe” molecule and
the solution-phase “target” molecules. The data presented
here were obtained using an immobilized probe molecule
with sequence 5′-HS-C6H12-T15AACGATCGAGCTGC-
AA-3′ (S1) and target molecules with sequences 5′-TTGC-
AGCTCGATCGTT-3′ (S2) and 5′-TTGCTCCTGCATC-
GTT-3′ (S3). Sequences S1 and S2 are perfect complements,
while S1 and S3 are four-base mismatches. To isolate the
changes in electrical response that can be directly associated
with hybridization, most experiments involved a comparison
of the responses produced when the DNA-modified silicon
surfaces were exposed to the complementary (S2) versus a
non-complementary (S3) sequence. In some cases, S2 and
S3 were labeled with fluorescein at the 5′-end to enable the
electrical signals to be directly corroborated the electrical
measurements with fluorescence measurements. However,
equivalent electrical signals were also observed using target
molecules without fluorescent labels. Hybridization exper-
iments and impedance spectroscopy measurements were
all performed in a standard hybridization buffer (HB) con-
sisting of 0.3 M NaCl, 0.02 M Na3PO4, 0.002 M ethylene-
diaminetetraacetic acid, and 0.2% sodium dodecyl sulfate.
Denaturation was achieved by immersing in 30 mM KCl
(adjusted to pH 13 using KOH) for 5 min, followed by
rinsing with water and then with hybridization buffer.

3. Results and discussion

3.1. Impedance changes induced by complementary and
non-complementary sequences

Fig. 2 shows the electrochemical response of a DNA-
modified Si electrode measured at 0 V (versus Ag/AgCl)
with a 5 mV root-mean-square sinusoidal modulation. For
a given applied potentialV = V0 + Vmodcos(ωt), the
impedance can be expressed as a complex numberZ =
Z′ + jZ′′, where j = √−1. The individual logarithmic
graphs inFig. 2a and bshow the real (in-phase,Z′) and the
imaginary (out-of-phase,Z′′) components of the impedance.

In Fig. 2, the curves A1, B1, and C1 show the electri-
cal response from 100 Hz to 500 kHz when the hybridiza-
tion buffer was pumped through the flow cell. A 3�M so-
lution of the complementary DNA sequence S2 in HB was
then introduced into the cell. After 20 min incubation, the
fluid cell was flushed with HB for 5 min and the impedance
data were recorded again, yielding traces A2, B2, and C2
in Fig. 2. A comparison of traces “1” and “2” shows that
both the real and imaginary parts of the complex impedance
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Fig. 2. Impedance and fluorescence data for DNA-modified Si(1 1 1)
surface at various stages of hybridization and denaturation. (a) Real part
of the complex impedance of Si(1 1 1) surface after covalent attachment
of single-stranded DNA, after exposure to complementary sequence (S2),
and after denaturation. Detailed procedure described in text. (b) Imaginary
part of the complex impedance of the same sample as in (a). (c) Plot of
the real vs. imaginary part of the complex admittance as a function of
frequency. Trace C4 is impedance of the sample that was exposed to a
mismatched sequence (S3) after denaturation step. (d) Fluorescence image
(white: high intensity) of the Si electrode after hybridization (left) and
after denaturation (right). The bright region in the center is the part of the
sample that was exposed to the DNA solution in the electrochemical cell.

increase upon hybridization with the complementary se-
quence. These changes are difficult to see at low frequen-
cies, but become apparent at frequencies higher than ap-
proximately 1 kHz. Because at these frequencies the total
impedance is small, the hybridization-induced changes in
electrical properties are more clearly observed by plotting

the real versus imaginary components of the complex ad-
mittance,Y ′ = Re(1/Z) = (Z′/|Z|2), Y ′′ = Im(1/Z) =
−Z′′/|Z|2 as a function of frequency (Cole and Cole, 1941;
Macdonald, 1987), as shown inFig. 2c.

To confirm whether or not the observed electrical varia-
tions arise from DNA hybridization, the impedance of this
same sample was measured after denaturation (as described
earlier). The electrical response of the denatured sample
(traces A3, B3, and C3) is almost identical to that of the start-
ing surface (traces A1, B1, and C1). This similarity shows
that denaturation returns the surface to a state that is elec-
trically the same as the starting surface.

To test whether the changes in electrical properties de-
pend specifically on the sequence of the solution-phase tar-
get molecule, the same Si electrode was then incubated in a
3�M solution of the non-complementary oligonucleotides,
S3, for 20 min and then flushed with HB. The resulting spec-
trum (Fig. 2c, trace C4) is nearly identical to that of the
starting surface (Fig. 2c, trace C1). The impedance of the
mismatched sequence is not shown inFig. 2a or b, because
the data are almost completely overlapped with traces A1
and B1 on the logarithmic scale. Thus, we conclude that
the interaction of the surface-bound probe molecules with
non-complementary oligonucleotides in solution yields elec-
trical characteristics indistinguishable from those of the de-
natured surface.

3.2. Stability and repeatability

To test the stability and reproducibility of the electrical
response, a series of measurements was performed on a sam-
ple that was sequentially incubated with either complemen-
tary sequence S2 or non-complementary sequence S3. In
each cycle, the sample was incubated for 20 min with the
DNA-containing solution of S2 or S3. This solution was
then flushed out and the impedance spectrum was recorded
in hybridization buffer. The sample was denatured between
measurements. During four repeated cycles (four measure-
ments with S2, four measurements with S3), these experi-
ments showed that incubating in S2 yielded an average in-
crease of 23± 1% in Z′ and 15± 1% in |Z′′| at 100 kHz
compared with the denatured surface, while incubating in S3
solution yielded increases of only 5± 3% in Z′ and 8± 1%
in |Z′′| compared with the denatured surface. These experi-
mental data show that the changes in electrical response are
well outside of any statistical fluctuations. Although indi-
vidual sensor elements retain their sensitivity for repeated
cycles of hybridization and denaturation over time periods
of hours, some loss in sensitivity is observed over longer
periods of time; the nature of this long-term degradation is
still under investigation.

Along with the electrical measurements shown inFig. 2,
we measured the fluorescence intensity at 530 nm from the
fluorescein-labeled targets.Fig. 2dshows a sample that was
hybridized in the electrochemical cell, electrically charac-
terized, removed, and then imaged. This sample (labeled
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“hybridized”) shows high fluorescence intensity in a rect-
angular region near the center where it was exposed to the
DNA in the cell. This same sample was then returned to
the cell, denatured, electrically characterized, and removed
again for imaging, yielding the image inFig. 2d, labeled
“denatured”. It should be noted that these images were ob-
tained on thesame sample and as part of thesame experi-
ment as the data shown inFig. 2a–c. The close correspon-
dence between the electrical data and the fluorescence data
shows that impedance shifts arise from the hybridization of
DNA to the surface-bound probe molecules.

3.3. Potential-dependent impedance measurements

While the data inFig. 2 were obtained at a potential
of 0 V versus Ag/AgCl, Fig. 3a shows how hybridiza-
tion influences the impedance over a range of potentials
from −0.6 to +0.6 V at a fixed frequency of 1 kHz. The
potential-dependent impedance spectroscopy of silicon is
quite complicated because of the electrical double-layer,
semiconductor space-charge region, and the presence of
interface states (Memming and Schwandt, 1966) and will
not be discussed in detail here. However, the increase in
magnitude of both real and imaginary components of the
impedance as the potential is increased from−0.5 to+0.2 V
on the n-type sample can be attributed to the formation of
a depletion region with increased resistance and decreased
capacitance; these changes indicate that the surface Fermi
level is not pinned at a fixed value. Incubation with the
complementary sequence S2 produces an increase in both
the real and imaginary components of the impedance over
the entire potential range and also shows a positive shift of
∼50 mV, while the non-complementary sequence S3 elicits
only an insignificant response. For comparison,Fig. 3 also
shows the real part of the impedance measured at 100 kHz
on samples prepared by modifying lightly-doped n-type
silicon (Fig. 3b) and p-type silicon (Fig. 3c) substrates with
DNA using the same procedure. While the shape of the
impedance versus potential plot from lightly-doped sam-
ple (Fig. 3b) is different from that of the heavily-doped
sample (Fig. 3a), a significant increase in real impedance
is observed upon incubating with DNA. In contrast, when
a p-type sample is used (Fig. 3c), hybridization with the
complementary sequence causes the impedance todecrease.
This doping dependence on the direction of impedance
changes upon hybridization demonstrates that DNA hy-
bridization at the electrode surfaces causes the electric field
to change in the underlying silicon.

3.4. Electrical circuit modeling

In order to understand the physical basis of the impedance
changes, the response of the interface was compared with a
variety of different equivalent circuit models. While a num-
ber of models were investigated, the circuit shown inFig. 4
provides a good fit to the data with a reasonable number of

Fig. 3. Comparison of impedance data as a function of the applied electro-
chemical potential, from DNA-modified Si(1 1 1) samples with different
bulk doping. In each case, data are shown from a denatured sample, after
exposure to the complementary sequence S2, and after exposure to the
non-complementary sequence S3. (a) The n-type, heavily-doped sample,
0.005� cm resistivity, showing both real part (upper panel) and imaginary
part (lower panel) of the complex impedance at 1 kHz ac. (b) The n-type,
lightly-doped sample, 5� cm resistivity, real part of the impedance at
100 kHz. (c) The p-type, heavily-doped sample, 0.1� cm resistivity, real
part of the impedance at 100 kHz.

circuit elements. This equivalent circuit consists of the ca-
pacitorCorg of the organic modification layer (including the
DNA layer), and a leakage resistanceRleak that reflects pen-
etration of the electrolyte through the molecular layer. The
electrical double-layer is represented by a constant-phase
element (CPE) and a parallel resistanceRdl. Finally, the
silicon substrate is represented by a resistanceRSi in par-
allel with and capacitanceCSi, reflecting the properties of
the space-charge region of the silicon. The thickness of the
diffuse layer can be estimated from Gouy–Chapman–Stern
theory and is approximately 1 nm under the conditions used
in our experiments (Bard and Faulkner, 2001). Because this
thickness is close to that of the aminoalkene layer (∼1.6 nm)
but smaller than the overall length of the surface-tethered
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Fig. 4. Fitting of experimental data to equivalent circuit model. (a) The
equivalent circuit used to fit the impedance data. (b) Experimental data
and fit to the real part of the impedance before and after hybridizing
to the complementary sequence S2. (c) Experimental data and fit to the
imaginary part of the impedance, before and after hybridizing to the
complementary sequence S2.

DNA molecule, the double-layer is not a well-defined dis-
crete element. However, for the purposes of modeling, we
have found that modeling the double-layer as depicted in
Fig. 4, provides a good fit with a minimum number of free
parameters. When fitting the experimental data, one set of
fit parameters was used to fit both the real and imaginary
parts of the impedance simultaneously.

Analysis of the impedance data using this circuit shows
that at high frequencies (>103 Hz) where the sensitivity

Table 1
Numerical results of circuit elements obtained after analyzing impedance data using equivalent circuit shown inFig. 4

n-type (P-doped), 5� cm resistivity p-type (P-doped), 0.1� cm resistivity

Rleak (k�) RSi (k�) CSi (×10−10 F) Rleak (k�) RSi (k�) CSi (×10−10 F)

Before hybridization 0.55± 0.07 358± 6 1.94± 0.03 0.25± 0.02 57.4± 0.7 2.58± 0.03
After hybridization 1.26± 0.09 367± 7 1.89± 0.03 0.21± 0.01 55.3± 0.3 2.55± 0.01

to DNA hybridization is highest, the overall impedance
is primarily controlled by the silicon space-charge region
(RSi and CSi) and the resistance of the molecular layer,
Rleak, in amounts that depend on the doping of the sample
and the frequency of interest.Table 1shows the numerical
values of these parameters before and after hybridization
with complementary DNA for lightly-doped n-type and
heavily-doped p-type samples. Detailed analysis shows that
for lightly-doped samplesRSi is larger andCSi is smaller,
making the resistive contribution of the silicon the dominant
factor in the overall impedance. At higher doping levels, the
smaller value ofRSi and largeCSi decrease the impedance of
the silicon substrate, so the total impedance becomes more
sensitive toRleak. That the resistive elements primarily con-
trol the impedance at high frequencies can be easily seen in
Fig. 2, from the fact that the real impedance is larger than the
imaginary impedance at frequencies >105 Hz. Because the
silicon and double-layer impedances are comparable in size
at high frequencies, where DNA hybridization is most easily
detected, separating the individual contributions is difficult.
However, it is clear that under the conditions where DNA
hybridization can be easily detected, the total impedance
is controlled byRSi, CSi, and Rleak. At lower frequencies
(less than∼1 kHz), the overall impedance is controlled by
other circuit elements such as the solution double-layer,
that provide less sensitivity to DNA hybridization.

To optimize the sensitivity of DNA detection, it is impor-
tant to understand what factors control the total impedance
and also what elementschange in response to DNA hy-
bridization. Fig. 2c shows that at 500 kHz thechange in
impedance due to DNA hybridization is apparent only on
the real part of the impedance, shifting the 500 kHz data
point parallel to the real (horizontal) axis. In general, we
find that on n-type samples, bothRSi and Rleak increase
upon hybridization, while on p-type samples bothRSi
and Rleak decrease upon hybridization. Specific values for
5� cm n-type and 0.1� cm p-type samples are shown in
Table 1. However, these trends were observed on all sam-
ples (n- and p-type doping levels from 0.005 to 10� cm)
that we have investigated. The changes inRSi are easily
explained on the basis of the negative charge of DNA. As
a negatively-charged DNA molecule approaches the inter-
face, it repels the electrons in the adjacent semiconductor,
leading to an upward band-bending. Since on n-type the
majority carriers are electrons, the upward band-bending
represents a decrease in the density of majority carriers in
the semiconductor space-charge region, which in turn leads
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to an increased resistance. Conversely, on p-type silicon
the majority carriers are holes; in this case the upward
band-bending represents an increase in the majority carrier
density and a decreased resistance of the space-charge re-
gion. These field-effects are well known and can be used as
the basis for field-effect devices (Cloarec et al., 2002; Fritz
et al., 2002; Souteyrand et al., 1997).

Our data shows that DNA hybridization also changes the
conductivity through the molecular layer,Rleak. We believe
that the effect here can be explained by a similar field ef-
fect that operates in the electrolyte solution. Since n- and
p-type Si have different bulk Fermi levels, the nature of the
electrolytic double-layer at their interfaces will necessarily
be different, and this would be expected to affect the migra-
tion of ions through the double-layer. Previous studies have
reported that DNA hybridization at DNA-modified gold sur-
faces increased the resistance associated with electron trans-
fer to ferricyanide/ferrocyanide (Fe(CN)6

3−/Fe(CN)64−) re-
dox couple (Alfonta and Willner, 2001; Bardea et al., 1999).
These earlier studies attributed the increased resistance to
the electrostatic repulsion between the negatively-charged
hybridized DNA molecules and the negatively-charged re-
dox molecules in solution. Although in our measurements
the use of high-frequency measurements negates the need
for auxiliary redox agents, the migration of ionic species in
the buffer solution through the molecular layers is still ex-
pected to be affected by the interfacial charge distribution.
Our data indicates that the electric field resulting from hy-
bridization of DNA at the surface affects the ions in solu-
tion (as reflected inRleak) and also affects the semiconductor
space-charge region (as reflected inRSi).

4. Conclusions

The results presented here show that the use of direct Si–C
bond formation as the basis for DNA functionalization leads
to good biomolecular recognition capabilities and can be
used as the basis for direct electrical detection of DNA hy-
bridization using impedance spectroscopy. While most pre-
vious studies have added redox agents to provide a path-
way for continuous current flow, our results show that by
operating at the open circuit potential and using impedance
measurements at higher frequencies, it is possible to directly
detect DNA hybridization directly in hybridization buffer,
without any added redox agents. Unlike measurements of
the overall changes in dc conductivity, ac impedance mea-
surements can be performed with no direct current flowing
through the sample, thereby minimizing the potential for
modifying or damaging the biomolecular layers. Because the
total impedance is affected by the substrate, by the molec-
ular and biomolecular layers, and by the electrolytes, iden-
tifying conditions under which DNA hybridization can be
detected requires understanding how these different factors
contribute to the overall impedance. Our results show that
the electrical sensing at these layers is obtained at higher

frequency under conditions where the total impedance is
dominated by the silicon and the resistance of the molecular
layers. While more work will be needed to optimize sensi-
tivity and more fully understand the signal transduction pro-
cess, the results reported here demonstrate the viability of
combining direct Si–C bond formation chemistry with direct
electrical measurements of interfacial impedance to detect
DNA hybridization at silicon surfaces.
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