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Abstract

Theoretical and experimental studies of nanogap capacitors as potential label free biosensors are presented. The nanogap device is capable
of detecting the existence of single stranded DNA (ssDNA) oligonucleotides (20-mer) in 100 nM aqueous solutions using a 20 nm gap of
1.2 pl in volume. While the dielectric properties of DNA solution have been widely investigated, early approaches are limited at low frequency
by the parasitic noise due to the electrical double layer (EDL) impedance. Nanogap electrodes have the potential to serve as biomolecular
junctions because their size (5–100 nm) minimizes electrode polarization effects regardless of frequency. In this paper, we modeled the effects
of the EDL interaction between two parallel nanogap electrodes by solving the Poisson–Boltzmann (PB) equation for equilibrium state. When
the gap size is smaller than the EDL thickness, the dependence of the nanogap capacitance on the ionic strength is insignificant. This is
critical in using the capacitance change as an indicator of the existence of target molecules. The predicted capacitance of nanogaps filled with
various ionic strength electrolytes was in quantitative agreement with the experimental measurements. The various concentrations of the target
molecules in nanogap sensor were characterized. A capacitance change of a 20 nm× (10)1.5�m × 4 mm gap from 3.5 to 4.1 nF at 200 Hz
was recorded between deionized water (DI) and 100 nM ssDNA solution (about 70,000 molecules inside the gap for equilibrium state).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Biosensor technologies have been widely studied. They
have been based on electrochemical (Palecek et al., 1998;
Marrazza et al., 1999), optical (Piunno et al., 1994), mass
sensitive (Okahata et al., 1998), and acoustic wave transduc-
ers (Zhang et al., 1998). Recently, nanogap capacitors for
direct electrical DNA detection without labeling like fluo-
rescent, electrochemical intercalate, magnetic, nanoparticles
etc have been fabricated and used (Lee et al., 2002; Sebaek
et al., 2003). The dielectric detection mechanism (capaci-
tance change) of a nanogap sensor promises fast and direct
in situ monitoring of DNA hybridization without a time con-
suming DNA labeling procedure.

The dielectric properties of molecules depend on electron
transfer, atomic bonds, and the large-scale molecular struc-
ture. The characteristic time scales range from 10−12 s for
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electrons, 10−9 s for atomic bonds, to 10−3 s for molecu-
lar structures. Therefore, when an oscillatory field perturbs
molecules, they respond differently depending on the fre-
quency. The low frequency response indicates the large-scale
molecular structure changes like the conformation changes
of DNA during hybridization from single stranded DNA (ss-
DNA) to double stranded DNA. The dielectric response of
DNA in solution has been widely studied (Saif et al., 1991;
Mandel, 1977; van der Touw and Mandel, 1974; Takashima,
1963, 1966, 1967; Baker-Jarvis et al., 1998). Dielectric re-
laxation of DNA solution occurs at least at three different
frequency regions:α (a few kilohertz or lower),β (roughly
from 1 MHz to 1 GHz), andγ (above 1 GHz). Among them,
α relaxation has a large dielectric increment which is de-
pendent on the length of the DNA molecule. And it reflects
the migration of counter ions over the entire dimension of
the DNA molecule. This close relationship betweenα relax-
ation and the EDL makes it difficult to do dielectric mea-
surements at low frequency. Early dielectric spectroscopy
of DNA solution was limited at low frequency due to the
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noise from EDL impedance, which dominates the measured
capacitance.

The EDL impedance is due to the accumulation of counter
ions near the electrode surface, which becomes charged
when in contact with an electrolyte (Hunter, 1993). The
distribution of electrolyte ions in the vicinity of a charged
surface was first predicted byGouy (1910)and Chapman
(1913)by assuming the Boltzmann distribution for ions and
ion interaction with a mean potential governed by Poisson
equation, i.e. Poisson–Boltzmann (PB) equation. The basic
feature is the build up of an electrical double layer adja-
cent to the electrode surface. In the case of the nanogap, all
EDLs interact with each other due to the space confinement.
We expect this EDL interaction would minimize the contri-
bution of EDL on measured capacitance. To quantify this
effect, we need to solve the electrical potential and ion dis-
tributions within nanogap, i.e. the PB equation since the PB
equation can still predict the electrostatic interaction of close
surfaces in water when two electrode surfaces come close
(Biesheuvel, 2001; Basu and Sharma, 1994; Zhmud et al.,
1998). Then we calculated the capacitance of the gap when
filled with various ionic strength electrolytes. We compared
these theoretical results with the experimental measurements
on a 22 nm gap. The measured capacitance appeared barely
dependent on the ionic strength provided the gap size was
smaller than the EDL thickness. This finding is very impor-
tant when the nanogap is used to detect target molecules in
the electrolytes. The capacitance of another 22 nm gap filled
with target molecule aqueous solution was measured. The

Fig. 1. Experimental set-up measuring nanogap capacitance. (a) Sketch of a two-wire impedance measurement set-up connected to the electrodes of the
nanogap; (b) SEM of a nanogap fabricated using same masks for the tested nanogap; (c) nanogap filled with electrolytes (two length scales, gap sizeL
and electrical double layer thicknessκ−1, exist).

capacitance of the gap was twice of that for DI water filled
gap at 200 Hz, showing the existence of DNA. A 30% capac-
itance change at frequency 200 Hz was also observed due to
the DNA concentration change. Further, in using a 20 nm×
(10)1.5�m × 4 mm gap (about 1.2 pl in volume) to detect
the existence of target molecule, the capacitance filled with
100 nM target molecular solution was about 4.1 nF while the
de-ionized water (DI) filled gap had a capacitance of 3.5 nF.

2. Theory

We focus on the essential feature of a nanogap: gap size,
which is comparable to the electrical double layer thick-
ness. As shown inFig. 1c, the nanogap sensor consisted of
two parallel electrodes. The distance between the two elec-
trodes was 2L. The thickness of the electrical double layer
is the reciprocal of the Debye–Hückel parameter,κ (Hunter,
1993). κ = 3.288

√
I at 298 K in water, whereI is the ionic

strength of the electrolytes. For example,κ−1 = 960 nm
when I = 10−7 M and κ−1 = 9.6 nm whenI = 10−3 M.
For large separations, one hasκL = ∞. However, within a
nanogap,κL is a finite number that we defined as the size of
the nanogap,Sn. We set the origin of the one-dimensional
coordinate (x) in the middle of the nanogap and the direction
perpendicular to the electrode surface. Taking advantage of
the symmetry, we solved the problem at 0≤ x ≤ L.

Assuming thermodynamically ideal systems, the Boltz-
mann equation gives the distribution of ion species i,Ci , at
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equilibrium

Ci = Ci0 exp

(
zieφ

kBT

)
(1)

wherezi is the valence of the species,e is the electron charge
(1.6022× 10−19 C),kB is the Boltzmann constant (1.3807×
10−23 J/K), T is the temperature (assuming 298 K),φ is the
electrical potential, andCi0 is the ion species concentration
at φ = 0.

The space charge density,ρ (C/m3), is obtained by adding
charges from all ion species. To simplify the algebra, we set
zi = z+ = −z− = z so that the analysis was limited to sym-
metricalz:z valent electrolytes. This is not a serious restric-
tion because in most situations the behavior is determined
overwhelmingly by the ions of sign opposite to that of the
surface. We also assumed C+0 = C−0 = Co, then the space
charge is

ρ = −2C0ze sinh
zeφ

kBT
(2)

Assuming constant permittivity,ε, and neglecting polar-
ization effects, the electrical potential field (φ) is governed
by the Poisson equation. We non-dimensionalized the prob-
lem with electrical potential scaleV = kBT/ze, which is
25.68 mV whenz = 1 andT = 298 K, and length scaleL,
i.e. setφ = (kBT/ze)Φ and x = LX. We then multiplied
both sides of the Poisson equation by 2(dΦ/dX), and in-
tegrated from 0 toX. Applying the symmetry condition,
(dΦ/dx)|X=0 = 0, we had
(

dΦ

dX

)2

= 4S2
n[coshΦ − coshΦ(0)] (3)

where S2
n = κ2L2 and κ2 = C0z

2e2/εkBT and κ is the
Debye–Hükel parameter.

To obtain another boundary condition, we assumed that
the charge on the electrode surface,σ, should balance the
charge within the nanogap, i.e.

σ = 2C0zeL
∫ 1

x=0
sinhΦ dX (4)

For positiveX pointing from the solution to the surface,
the Gauss law relates the surface charge to the electrical field
intensity, i.e. dφ/dX = σ/ε on the electrode surface. So we
had

dΦ

dX
= 2S

∫ 1

x=0
sinhΦdX at X = 1 (5)

The electrical potential field was obtained by numerically
solvingEq. (3), satisfying the boundary condition (5). Then
the capacitance of the nanogap,C (F/m2), was calculated as
σ/(2(φ(L) − φ(0))) i.e.

C = ε

L
S2

n

∫ 1

x=0
sinhΦ dX

1

Φ(1) − Φ(0)
(6)

We defined the effective permittivity,εe, of the nanogap
so that the capacitance of the nanogap wasC = εe/2L. Com-
paringEq. (6), we had

εe

ε
= 2S2

n

∫ 1

x=0
sinhΦ dX

1

Φ(1) − Φ(0)
(7)

3. Experimental method

The nanogap dielectric biosensors consisted of a capacitor
between two parallel polysilicon electrodes fabricated using
standard CMOS technology. The distance between two elec-
trodes can be controlled from 5 to 100 nm. The capacitance
of the nanogap indicates the permittivity of the medium fill-
ing the gap. The nanogap sensor, schematically shown in
Fig. 1a, features a horizontal air nanogap bordered at the
top by a polysilicon layer and at the bottom by a doped sil-
icon layer. This gap is created by selective etching of the
thermally grown oxide between the polysilicon and doped
silicon layers. The thermally grown oxide layer defines the
width of nanogap dielectric sensor.Fig. 1bdepicts the SEM
photo of a 60 nm gap.

The Novocontrol Alpha-N dielectric analyzer connected
to the probe station employed a two-wire impedance mea-
surement set-up. We made contact to the sensor at two
points: (1) to a gold pad that is connected to the doped
polysilicon layer, and (2) to another gold pad that is con-
nected to the doped silicon substrate, as shown inFig. 1a.
For our experiments, we set the a.c. generator amplitude
to 30 mV RMS with 0 V d.c. bias. We took measurements
from 1 MHz down to 1 Hz with a frequency spacing fac-
tor of 1.5. The WinDeta software controlled and recorded
the capacitance measurements through a GPIB interface.
Each sweep took approximately 1 min to acquire. At each
frequency, we recorded the permittivity,ε, the parallel ca-
pacitance,Cp, and the loss tangent, tanδ. The loss tangent
was a measure of the conductivity of the sensor under test
and is used to monitor the performance of the sensor. A
loss tangent higher than 100 implied that the sensor’s con-
ductance was too high and no longer behaved as a capac-
itor. In this case, it became difficult to accurately measure
the series capacitance, and hence, the permittivity, of the
sample.

We verified proper contact and proper functioning of the
sensor by measuring the dielectric spectrum with just air in
the gap. The permittivity was derived from the capacitance
(ε = C(L/A)). For each sample, we repeated the measure-
ment three times and the variations of the measured capac-
itance were within 3%.

We prepared various ionic strength solutions by di-
luting phosphate-buffered saline or PBS buffer solution
(Invitrogen Corporation, Grand Island, NY) in DI water.
The target molecule (single stranded DNA, 5′-TGCA-
GTTTTCCAGCAATGAG, purchased from Alpha DNA,
Montreal, Quebec, Canada) solution was prepared by
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dissolving and diluting the DNA in DI water until the
desired concentration was achieved.

We prepared the sensor to hold the fluid samples by plac-
ing a poly-dimethylsiloxane (PDMS) well on top of the
wafer. The PDMS well was approximately 7 mm× 7 mm
× 1 mm with a 4 mm diameter hole in the middle to act as
a solution reservior. The PDMS well was placed to maxi-
mize the sensor area exposed to the solution while keeping
the sensor contact points dry and just outside the well.

3.1. Various ionic strength electrolytes or various
concentration DNA solutions

We used the protocol below to measure the response of
the nanogap sensor to de-ionized water and varying concen-
trations of buffer or DNA solution. The order of introducing
the solutions were from DI to monotonically increasing con-
centrations of buffer or DNA solution in order to avoid any
errors due to fluid leftover from a previously higher con-
centration. First, 40�l of fluid were pipette into the PDMS
well; 1 min after placing fluid, dielectric spectrum was mea-
sured, then the measurements were repeated twice; the fluid
was removed from the well using a small strip of lint-free
absorbent paper.

The time from the removal of the fluid to the introduction
of new fluid was 2 min. Because of the small amount of fluid
sample and lack of a flow-thru set-up, measurement error
due to sample evaporation was possible. We estimated that
its contribution was less than 1% over the frequency range
of interest. We obtained this estimation by comparing the
difference in the dielectric spectrum between 40 and 20�l
of sample fluid in the PDMS well.

3.2. Evaporation of DNA solutions

In another way to test the response of the nanogap sensor
to DNA solutions of various concentrations, 25�l of 0.5�M
DNA solution was initially pipetted into the PDMS well.
The well was open to the atmosphere and the water slowly
evaporated. The DNA concentration therefore changed con-
stantly, but slowly, maintaining uniform DNA concentration
within the sample solution through diffusion. The dielectric
spectrum of the sample was measured as a function of time.
After 170 min, the capacitance change due to the water evap-
oration was very slow. We subsequently baked the device
at 120◦C for 10 min to dry the device completely and mea-
sured its capacitance. If the capacitance of the dried device
was higher than its capacitance filled with air before adding
the DNA solution, we also effectively verified that DNA did
enter the gap.

4. Results and discussion

Fig. 2depicts the theoretical static electrical potential dis-
tribution within various size nanogaps. When the gap size
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Fig. 2. Electrical potential distribution within nanogaps of various sizes.
The potential in the middle of the gap decreases as the gap size increases
while the potential on the electrode surfaces increases.

was big (Sn = 5), our solution recovered the boundary condi-
tion for bulk flow, i.e.Φ = 0 in the middle of the gap. When
the gap size (L) was comparable to or smaller than the
electrical double layer thickness (κ−1) (Sn ≤ 1), decreasing
ionic strength (Sn decreased) decreased the potential differ-
ences between the electrode surfaces and the middle of the
gap, hence increasing the capacitance (as the ratio between
the accumulated charge and the potential difference). At
the same time, the accumulated charge also decreased, thus
decreasing the parasitic capacitance by the EDL. These
two competing effects almost canceled each other when
Sn ≤ 1 (εe/ε) is within 2.3 ± 0.05), with the result that the
effective permittivity is not significantly influenced by the
ionic strength or gap size. This is beneficial factor for using
nanogap capacitor to detect the change in permittivity when
the target molecules were introduced into the electrolytes.
To verify our solution, we measured the capacitance of
22 nm gap filled with different ionic strength electrolytes
(10−7 to 10−2 M, corresponding toκ−1 = 960–3 nm).
Fig. 3 shows the measured permittivity as a function of the
frequency at various ionic strengths (I). The measurements
were done at a series of increasing electrolyte ionic strength.
When the ionic strength was increased from 10−7 (κ−1 =
960 nm) to 10−4 M (κ−1 = 30 nm), the measured permittiv-
ity was slightly decreased (Fig. 3a). As the ionic strength
was further increased (Fig. 3b), the measured permittivity
started increasing. This trend confirmed the existence of a
minimum capacitance as the ionic strength changes from
10−7 to 10−2 M (κ−1 = 3 nm), which was estimated to be
4 × 10−4 M (Sn = 0.72). The experiments were repeated
three times to confirm the observation.Fig. 4depictsε′ as a
function of the ionic strength together with the experimen-
tal measurements in a 22 nm gap for different ionic strength



M. Yi et al. / Biosensors and Bioelectronics xxx (2004) xxx–xxx 5

0.0

40.0

80.0

120.0

160.0

200.0

1.E+00 1.E+01 1.E+02 1.E+03 1.E+04

0.0

40.0

80.0

120.0

160.0

200.0

1.E+00 1.E+01 1.E+02 1.E+03 1.E+04

(a)

(b)

Freq (Hz)

Freq 

I=10-7 M 

I=10-4 M 

I=10-4 M 

I=10-2 M 

I=10-3 M 

e¢ (f)

e¢ (f)

(Hz)

Fig. 3. The measured permittivity as a function of the frequency for a
22 nm gap filled with various ionic strength electrolytes. (a) The mea-
sured permittivity was slightly decreased as the ionic strength increases
from 10−7 (κ−1 = 960 nm) to 10−4 M (κ−1 = 30 nm); (b) the measured
permittivity started increasing as the ionic strength was further increased.

electrolytes (10−7–10−2 M, corresponding to κ−1 =
960–3 nm). The measured permittivity showed similar de-
pendence on the ionic strength when the frequency equals
1, 10, 116, or 1317 Hz. The measured permittivity changed
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Fig. 4. Calculated permittivity as a function of the ionic strength in
nanogaps of various sizes together with the experimental measurements
in a 22 nm gap for different ionic strength electrolytes (10−7–10−2 M,
corresponding toκ−1 = 960–3 nm). The measured permittivity showed
similar dependence on the ionic strength for DC and when the frequency
equaled 1, 10, 116, or 1317 Hz.εe/ε is within 2.3± 0.05 whenSn = κL
≤ 1.
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Fig. 5. (a) The dielectric spectroscopy of various concentration DNA
solutions inside a 22 nm gap together with the response of the air-filled and
DI water-filled gap. Twenty five microliter of 0.5�M target molecular/DI
water solution was initially introduced. The DNA concentration increased
due to the evaporation. The capacitance of the DNA solution was twice of
DI water’s around 100 Hz. The capacitance of the dehydrated device was
50% higher than it is originally in air and confirmed that DNA did enter
the gap by diffusion. (b) The measured permittivity as a function of time
at 200 Hz. Three base lines show the permittivity of air, DI water, and air
with DNA after the baking inside the gap, respectively. The permittivity
of DNA solution was about twice of water, showing the nanogap’s ability
in detecting DNA’s in solution (0.5�M). A 30% permittivity change due
to DNA concentration change was also observed.

slightly (within 5%) for ionic strength smaller than 10−3 M
(Sn ≤ 1). As the frequency decreased, the measured per-
mittivity became closer to the theoretical predictions for
steady state, showing the theoretical solution as the limit
when frequency approaches 0.

Fig. 5ashows the dielectric spectroscopy of DNA solu-
tions inside a 22 nm gap. First, we measured the capaci-
tance of the air-filled and DI water-filled gap, respectively.
Then we removed the DI water from the well using a small
strip of absorbent paper and added 25�l of 0.5�M target
molecular/DI water solution. The well was open to the at-
mosphere and the DNA concentration increased due to the
water evaporation. The dielectric response of the sample
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Fig. 6. Permittivity of an aqueous 20-mer ssDNA filled 20 nm×
(10)1.5�m × 4 mm gap as a function of the DNA concentration. Capac-
itance increase due to DNA becomes significant at 100 nM, or about 7
× 104 molecules inside the gap.

solution was measured as a function of time (about one
sweep each 5 min). The existence of the DNA was apparent
from the capacitance increase in the 100 Hz range from DI
water to DNA solution. At 10 min, it was apparent that the
capacitance in the gap increased due to the addition of this
solution. Subsequent measurements, both at 40 and 80 min,
showed an increasing trend in capacitance. By 90 min, how-
ever, the capacitance of the gap drastically dropped, to a
level lower than that of even DI water alone. This was most
likely due to the fact that much of the solution had evapo-
rated and air reentered the gap by this point. A measurement
at 128 min and then one after baking further confirmed the
evaporation of solution. After dehydrating by baking, the ca-
pacitance resembled that of the gap with only air. However,
the capacitance increased 50% from the capacitance of gap
initially in air. This confirmed that the DNA did enter the
gap.Fig. 5bdepicts the measured permittivity as a function
of time at 200 Hz. Three base lines show the permittivity for
gap initially with air, with DI water, and with DNA inside
after the baking, respectively. The capacitance filled with
DNA solution was about twice of that in water, showing the
nanogap sensor’s capability in detecting DNA’s existence in
solution (0.5�M). A 30% capacitance change due to DNA
concentration change was also observed.

The sensitivity of a 20 nm× (10)1.5�m × 4mm gap in
detecting the existence of the target molecule was tested.
The gap volume was about 1.2 pl. One target molecule in-
side the gap corresponded to a target molecular concentra-
tion of 1.4 pM. Since we relied on diffusion to introduce
target molecules into the gap, there was no guarantee that
we could introduce one single molecular into the gap. But
we did detect capacitance differences between DI water and
the 100 nM target molecular solution (about 70,000 target
molecules inside gap at equilibrium).Fig. 6shows the mea-
sured permittivity as a function of DNA concentration at
200 Hz. The capacitance filled with 100 nM target molecu-
lar solution was about 4.1 nF (orε′∼150) and increased to
9.5 nF (orε′∼360) as the target molecular concentration in-
creased to 100�M while the DI water filled gap had a ca-
pacitance of 3.5 nF (orε′∼130).

5. Conclusions

The potential to use nanogap capacitors as biomolec-
ular sensors was studied and demonstrated. The elec-
trical charge density and electrical field within the
electrolyte-filled nanogap electrodes are obtained by solving
the Poisson–Boltzmann equation and the capacitance of the
nanogap was then calculated. When the gap size is smaller
than the EDL thickness, the potential on the electrode sur-
face decreases as the ionic strength decreases while the
potential in the middle of the gap increases. This reduces the
potential difference and increases the capacitance. On the
other side, the accumulated charge decreases and reduces
the capacitance. The result of these two competing effects
causes the capacitance to be essentially independent of the
ionic strength. The effects of the EDL are that the effective
permittivity is proportional to the permittivity of sample
solution within the nanogap ((εe/ε) ∼ 2.3). The measured
capacitance of a 22 nm gap filled with various ionic strength
electrolytes confirms our theoretical prediction.

The dielectric response of target molecules in DI water
was measured using a 22 nm gap. The sensitivity of a 20 nm
× (10)1.5�m × 4 mm gap in detecting the existence of the
target molecules was tested. A capacitance change from 3.5
to 4.1 nF at 200 Hz was recorded between DI water and a
100 nM target molecules solution (about 70,000 molecules
inside the gap for equilibrium state). Future work will
be determining DNA hybridization events by capacitance
change.
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