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Efficient detection of specific or nonspecific interactions at
solid ± liquid interfaces is becoming increasingly important for a
wide variety of applications and technologies, which range from
industrial and biomedical applications to basic research.[1, 2] The
most prominent example of applications in basic research is the
label-free detection of biomolecular interactions. There is
growing need for new detection schemes, as the common
fluorescent labeling techniques are limiting the applicability of
DNA or protein arrays.[3] Increasingly sophisticated techniques
are being developed to provide versatile techniques for label-
free detection methods.[4, 5] The main requirement for new
technologies is the highly sensitive and specific detection of
molecules. At the same time, for the applicability of the
technique towards screening of biomolecular interactions, the
potential of simultaneous parallel detection is mandatory.
Several different approaches have been developed to address
these requirements. For the electrical detection of molecular
interactions, physical principles of field-effect transistors are
used in most cases: Variations of the surface potential induce
changes in the charge carrier concentration and thus in the
conductivity of the semiconductor. The most extensively studied
technique to date is the technology of ion-sensitive field-effect
transistors (ISFETs), which have been shown to be versatile tools
for detecting chemical and enzymatic reactions.[6] The direct
electrical detection of cell signaling was realized with recently
developed semiconductor chips.[7, 8] The capacitive detection of
inversion layers in silicon structures has successfully been used
to monitor the hybridization of DNA molecules.[9] A similar
approach with a biofunctionalized, porous silicon electrolyte ±
insulator ± semiconductor (EIS) structure as a sensing device was
used to detect biomolecules, such as penicillin, with a sensitivity
down to 10 nM.[10]

Here, we present a device based on silicon-on-insulator (SOI)
substrates that enables the detection of changes of electrolyte
concentrations and of small numbers of charged biomolecules.
In the SOI substrates the conducting layer is limited to a thin
surface layer, covered by a thin native oxide layer. Hence, the
conductivity of this thin conductive layer is strongly dependent
on variations of the surface potential and the distribution of the
surface states, which results in variations of the space charge

region. We utilized a four-point resistance measurement in a
hallbar geometry to determine the conductivity of the sensing
layer. A variation of the salt concentration of the electrolyte
could be detected over five magnitudes and an excellent
agreement with the Grahame equation was found. The unspe-
cific adsorption of poly-L-lysine was detectable at concentrations
of 1 nM (80 ngmL�1). The measurements showed that variations
of surface charges of 0.01 e� per nm2, or one electronic charge
per 100 nm2, could be detected by the device.
For the experiments, commercially available SOI wafers

(ELTRAN, Canon) were used. The silicon layer in these wafers
was 30 nm thick and was slightly doped with boron (1016 cm�3).
To control the concentration of charge carriers in this layer, a
voltage was applied to the backgate of the substrate. For some
experiments, this upper silicon layer was overgrown by molec-
ular beam epitaxy (MBE) with a 50 nm thick, single crystalline
layer of doped silicon. The p-doping concentration of boron was
1018 cm�3 or 1019 cm�3. A sketch of the SOI device is given in
Figure 1. In the subsequent steps, the silicon layer was patterned

Figure 1. Sketch of the SOI device used to measure the changes in surface
potential. A constant current was applied between the source and drain contacts
of the hallbar. The measured voltage drop between two adjacent contacts directly
yields the area normalized sheet resistance. A Ag/AgCl reference electrode was
used to control the potential of the electrolyte solution above the device. The SOI
layer sequence, from top to bottom is: 2 ± 3 nm natural Si oxide (not shown),
optional 50 nmMBE regrown p-doped Si on top of 30 nm low-doped Si (dark gray,
sensing layer), 200 nm buried oxide (light gray), 675 �m Si handle wafer (dark
gray).

using standard lithographic methods and wet chemical mesa-
etching in a mixture of HF and H2NO3 for 60 to 90 s, depending
on the dopant concentration. The obtained hallbar-like structure
was chosen to miniaturize the sensitive area and to separate the
ohmic contacts from the electrolyte solution, while allowing
four-point resistance measurements at the same time. After
exposing the surface for 30 s to HF vapor, to remove the native
oxide, 50 nm thick Al contacts were deposited in a thermal
evaporation chamber at 5� 10�6 mbar. The metal contacts were
annealed in a mixture of H2/N2 for 2 s at atmospheric pressure
and at a temperature of 250 �C, which resulted in ohmic contacts
with satisfying low contact resistance. Figure 2 shows an optical
micrograph of a processed active hallbar together with a picture
of the complete sensing device.
A current was applied between the source and drain contacts

of the hallbar (in Figure 2 left and right) and the voltage drop
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Figure 2. Optical micrograph of the sensing device. Bright regions indicate
conducting silicon, insulating silicon dioxide appears dark. The dimensions of the
active hallbar in the middle are 240 �m� 80 �m. The inset shows the complete
chip with the sensing area in the middle and the metal contacts at the outer part
of the chip. For the electrolyte measurements, a flow chamber was put on top of
the chip, limiting the contact of liquids to the active hallbar structure.

was measured between two adjacent contacts. The current was
varied to determine the current ± voltage characteristics, which
were found to be linear. A linear fit was applied, yielding the
resistivity of the conducting layer. In order to relate the sheet
resistance to the potential at the oxide surface, calibration
measurements in a buffer solution with an Ag/AgCl reference
electrode were carried out. The surface potential and the voltage
of the reference electrode add linearly to the total applied
voltage at the oxide/electrolyte interface. Thus, the relation
between the square resistance (Rsquare) and the potential of the
reference electrode is the same as the relation between surface
potential and the square resistance, except for a constant offset
originating from the potential drop at the solid/liquid junction of
the electrode. Additionally, the dependence of the sheet
resistance from an applied backgate voltage Vbg was deter-
mined, yielding the working point of the device. The backgate
voltage with the highest dRsquare/dVbg was chosen to get the
highest possible sensitivity.
The surface potential of a solid substrate in contact with an

electrolyte solution has been well-studied and is best described
by the Grahame equation.[11] The charge density of the silicon
oxide surface depends primarily on the pH value of the
electrolyte solution. A variation of the surface charge due to
the complexation of alkali ions at the surface will strongly
depend on the nature of the oxide. This has been discussed very
actively in the literature, and different models have been used to
explain the mechanism of surface complexation of alkali
ions.[12,13]

The potential at a surface with a constant charge density is
controlled by the salt concentration of the electrolyte solution.
Hence, any change in salt concentration will alter the surface
potential. In our setup, a specially designed fluid cell allowed the
rapid exchange of the solutions at the solid interface by
turbulent flow conditions.
As can be seen in Figure 3, changes of the electrolyte

concentration were easily detected by the SOI device. The
surface charge density of the device was kept constant by
controlling the pH (6.4) of the solution tightly. In the example
shown, we used KCl solutions, buffered with 10 mM phosphate
buffer (PB). The Grahame equation for the dependence of the
surface potential on the concentration of a 1:1 electrolyte, such

Figure 3. The exchange of the buffer solutions with varying salt concentration
(KCl) resulted in variations of the sheet resistance. The experimental data (solid
symbols) are in very good agreement with theoretical curve (solid line) after
Equation 1, using calibration measurements as described in the text. The error
bars were determined by calculating the standard deviation of the sheet
resistance over 15 min. The total change in resistance can be related to a change
in surface potential of ��� 50 mV by the calibration measurements. Specific
alkali ion adsorption was neglected in the fit.

as KCl, in the presence of an additional amount of divalent ions
and the surface charge density � is given by Equation (1)
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where [n0] is the bulk concentration of monovalent ions, [d0] is
the bulk concentration of the divalent ions far away from the
surface, e is the elementary charge, � is the dielectric constant of
water, �0 is the vacuum dielectric constant, k is Boltzmanns
constant, T is the temperature, and �0 is the potential at the
surface. The calibration measurements enabled us to fit the
inversion of Equation (1) directly to the experimental data, using
only the surface charge density � and the dissociation of the
divalent HPO4

2� buffer ions [d0] as fit parameters (Figure 3).
The theoretical curve corresponds to a surface charge density

of 0.036 Cm�2 and a dissociation of the divalent buffer ions of
30%; both are in good agreement with the literature values.[14, 15]

The resistance measured with our device is a superposition of
the contributions by the diffuse double layer and is partly due to
the specific adsorption of alkali ions. An average response of
10 mV per decade of alkali ion concentration could be incorpo-
rated into Equation (1) by a linear term and the data could still be
fitted, changing the surface charge density from 0.036 Cm�2 to
0.023 Cm�2. Our measurements do not enable us to distinguish
between the two contributions.
The sensors capability to detect variations of the surface

charge density was studied by adding increasing amounts of the
positively charged polypeptide poly-L-lysine to the buffer
solution. In order to test the sensitivity of the sensor in
physiological buffers, an electrolyte concentration of 500 mM

was used (10 mM phosphate buffer plus 490 mM KCl). These
measurements were done with a sensor that was not overgrown
by MBE. The working point was chosen at a backgate voltage of
�16 V. This positive bias of the substrate with respect to the
electrolyte also reduced the drift of the signal due to diffusion of
alkali ions into the oxide.[16] Figure 4 shows the change in
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Figure 4. Change of square resistance for different poly-L-lysine concentrations
in 490 mM KCl solution buffered with phosphate buffer. For 0.1 nM, no change was
recorded, whereas for 1 nM, a clear decrease of the resistance was obtained. A
linear drift of the device, which could be caused by the diffusion of ions into the
oxide layers, was subtracted.

resistance after exposure to different poly-L-lysine concentra-
tions.
Injection of a solution of 0.1 nM poly-L-lysine into the fluidic

chamber was not detectable, whereas a solution of 1 nM poly-L-
lysine (80 ngmL�1) resulted in a clear change in the conductance.
Additional injection of buffer solution did not alter the measured
conductivity, which indicates the stability of the adsorbed poly-L-
lysine layer. The calibration measurement can be used to relate
the observed jump in resistance of �R�100� to a change in
the surface potential of ��� 2.2 mV. Using the Grahame
equation, this computes to a charge density of around
0.025 e�nm�2, neglecting screening effects in the electrolyte
solution and assuming that the charge sits directly at the native
oxide surface. The typical signal-to-noise ratio would already
allow the detection of resistance changes of 50� per square or
0.01 e�nm�2. Using a rough estimate of an average diameter of
3 ± 5 nm for a typical biomolecule such as a protein, this would
mean that the SOI device is able to detect approximately
between 0.3 and 0.8 net charges, in physiological solutions, per
molecule. When used as a sensor for specific molecular bindings,
a passivation of the interface with linker molecules will be
necessary. This biofunctionalization willhelp to reduce the drift
of the signal and will also eliminate the sensor response towards
the ion concentration of the electrolyte.
In conclusion, we have shown that an SOI device can be used

to detect changes of the surface potential caused by changes in
the electrolyte concentration and also to detect changes in the
surface charge density. The high surface sensitivity of the device
can be attributed to the surface near quasi-two-dimensional
electron gas (2DEG) of the SOI. The ability to detect an average
charge variation of 1 e� per 100 nm�2 is promising for the
detection of specific interactions of charged molecules such as
DNA or proteins in future experiments. Standard SOI technology
allows the structuring of the sensitive area; this can not only be
used to decrease the sensitive area but also to parallelize the
detection scheme. The former and the high sensitivity could
enable the detection of single molecules, the latter will result in
applicability to biomedical research.
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