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A nanoplasmonic biosensor chip with integrated electrical detection is presented. The concept is based
on the local refractive index sensitivity of nanoplasmonic gold nanodisks (110 nm in diameter and 20 nm
in height) that are fabricated, through a parallel method, directly on an array of silicon solar cells or
photoactive diodes. The nanoplasmonic properties of the sensor chip were investigated both optically and
electrically, with excellent agreement between the two. We show that local changes in the refractive index
of the surrounding environment gives changes in the nanoplasmonic properties of the gold nanodisks,
which induce corresponding changes in the photocurrent at single wavelengths of the nanoplasmonic
solar cells. With a simple light-emitting diode as light source, and together with a material-specific
modification protocol, the photocurrent output of the nanoplasmonic sensor chip was successfully used
to monitor a specific biorecognition reaction in real-time.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The development of small, cheap and robust bioanalytical sen-
sors is important, for example, with respect to medical diagnostics
and in particular for use at point-of-care. Preferably, the sensor
method should not require neither pre- nor post-modification
with fluorophores or other labels. Instead, the presence of a target
molecule should be measured directly through changes in the elec-
trical (Grieshaber et al., 2008), mechanical (Janshoff et al., 2000) or
optical (Liedberg et al., 1983) properties of the sensor device. Apart
from such label-free sensing, it is valuable to be able to measure
in real-time, as this will provide both a rapid detection and kinetic
information on the interactions under investigation.

With respect to label-free and real-time bioanalytical sensing,
metal nanostructures have shown great promise (Jonsson et al.,
2008a; Stewart et al., 2008). Noble metal nanostructures scatter
and absorb light efficiently at certain wavelengths, because photons
can be converted into localized surface plasmons. These nanoplas-
mons are coherent oscillations of the conduction electrons in the
metal and they are excited at specific resonance wavelengths. For
gold and silver nanoparticles, the resonances typically lie within the
visible wavelength range. This gives the particles distinct colours,
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which for instance have been used to stain glass for centuries. The
localized surface plasmon resonance (LSPR) is highly dependent on
the refractive index (RI) of the local environment surrounding the
particles, which can be utilized for label-free and real-time bioan-
alytical sensing (Englebienne, 1998). This is based on the fact that
target molecules binding to receptors on the surface of a nanoplas-
monic structure will induce changes in the local RI. The reaction
may therefore be followed through the nanoplasmonic resonance
by, for example, monitoring of the temporal variation in the wave-
length at maximum extinction (peak position).

Nanoplasmonic sensors have the potential to be used for rapid,
simple and low-cost medical diagnostics. Apart from being com-
petitive with respect to sensor performance (Svedendahl et al.,
2009), one main reason for this expectation is simplicity. For exam-
ple, in contrast to conventional surface plasmon resonance (SPR)
sensors based on flat metal films (Liedberg et al., 1983), nanoplas-
monic sensors do not require a prism to couple light to plasmons.
Instead, the LSPR can be excited without any restrictions on the
angle of incidence, including at normal incidence. Apart from mak-
ing the instrumentation less complicated, this also facilitates the
direct combination of nanoplasmonic sensing with sensor tech-
niques that rely on other physical transduction principles (Dahlin
et al., 2008; Jonsson et al., 2008b). Furthermore, the sensitivity is
highly confined to the surface of nanoplasmonic sensors. In fact,
the field decay length of LSPR sensors is around one order of mag-
nitude shorter compared with that of SPR sensors (Jonsson et al.,
2008a). This means that LSPR sensors are less sensitive to varia-
tions in the bulk medium outside the region of interest and that,
for example, temperature control is typically not needed. While
the short decay length of nanoplasmonic sensors can also be uti-
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lized for other purposes, such as to study biomolecular structural
changes (Hall et al., 2008; Jonsson et al., 2007, 2008b), a longer plas-
monic field penetration depth, as that for conventional SPR sensors,
may be preferable for certain applications where many and/or very
thick biomolecular layers are used. It should be noted that the sim-
plicity of LSPR sensors also includes their fabrication. This is owed
to recent development of cheap and scalable methods that allow
for highly controllable and reproducible fabrication of plasmonic
structures on large (>1 cm?2) areas (Fredriksson et al., 2007; Hanarp
et al., 2003; Hendren et al., 2008; Henzie et al., 2007; Hulteen and
van Duyne, 1995; Malyarchuk et al., 2005; Nagpal et al., 2009).

A typical nanoplasmonic sensor setup is based on a white light
source, a flow cell with the sensing structure and a photospectrom-
eter, where mainly the latter is rather bulky and costly and limits
the use of nanoplasmonic sensing for, for example, point-of-care
diagnostics. However, as shown in the very first nanoplasmonic
biosensor report by Englebienne (1998), it is possible to monitor
plasmon shifts through the change in light extinction at a single
wavelength. This is promising with respect to reduced size and
cost of the experimental setup considering that there are small
and low-cost high-intensity light-emitting diodes (LED) available
on the market. Further, instead of a spectrometer, one or several
photosensitive diodes can be used as detectors. For example, Neuzil
and Reboud (2008) used four-pulsed powered LEDs, a photodiode
and a lock-in amplifier to develop a small LSPR sensor device.

With the aim to simplify the LSPR sensor concept even further,
we here present a nanoplasmonic biosensor with integrated elec-
trical detection. As schematically depicted in Fig. 1a, the sensor
is based on a chip with an array of four small (2 mm x 0.14 mm)
photoactive diode regions. These regions are silicon p/n junctions
and act as four independent photo detectors. On two of these
diodes, a short-range ordered array of nanoplasmonic gold nan-
odisks were made by hole-mask colloidal lithography, a parallel
nanofabrication method based on the self-assembly of nanocolloids
(Fredriksson et al., 2007). The shift in the plasmon resonance of
the gold nanodisks, as induced by a biomolecular binding reaction,
will give a shift in the extinction (and transmission) at a wave-
length where the slope of the LSPR peak is high (Fig. 1b). This
modulates the light intensity in the photoactive regions of the pat-
terned diodes, and thereby induces changes in their photocurrent
outputs (Fig. 1c). The two unpatterned diodes are used as refer-
ences to account for potential variations in the light source and
other experimental parameters. With the aim to minimize the cost
and size of the setup, a small high-intensity LED was used as light
source. After optimization of the dimensions of the nanoplasmonic
structure with respect to the optical properties and the correspond-
ing sensitivity to RI changes, nanoplasmonic diode sensor chips
were characterized both optically and electrically. Finally, the on-
chip electrical detection concept was used to monitor a specific
biorecognition reaction in real-time.

2. Materials and methods
2.1. Materials

Unless otherwise stated, materials and chemicals were pur-
chased from Sigma-Aldrich AB, Sweden.

2.2. Fabrication of nanoplasmonic diode sensor chips

The sensor chips were made from 380-m thick n-doped silicon
wafers (Si (100), Si-Mat, Germany). lon implantation was used to
define arrays of four p-doped regions, each 2 mmx 0.14 mm in size.
These will be the photosensitive diode regions in the final device.
Thin aluminium (Al) electrodes were fabricated by conventional

photolithography (MA/BAG6, SUSS MicroTec, Germany) and sputter
deposition (MS150, FHR Anlagenbau GmbH, Germany) along the
diode areas. These electrodes were designed to end as larger con-
tact pads around 5 mm away from the p/n junctions. The whole
wafer (except from on the contact pads) was coated with a thin
layer of 30 nm silicon dioxide (SiO, ) and 60 nm silicon nitride (SiN)
by plasma enhanced chemical vapour deposition (PECVD, Surface
Technology Systems, Newport, UK) for electrical insulation. Tita-
nium and gold (Ti/Au) were sputter deposited on the backside of
the wafer to act as backside electrode. The wafer was then cut into
smaller sensor chips, each with four separate photodiodes.

Nanoplasmonic gold nanodisks were fabricated on two of the
four diodes using hole-mask colloidal lithography, as described
in detail by Fredriksson et al. (2007). In brief, a thin layer of
poly(methyl methacrylate) (PMMA) was spin coated onto a sensor
chip. After oxygen plasma treatment to reduce the hydrophobicity
of the PMMA, the surface was functionalized with an electrolyte
(Aluminum Chlorohydrate, Reheis, US). Next, 110 nm in diameter
polystyrene nanoparticles (Interfacial Dynamics corporation, US)
were allowed to adsorb in a self-assembled short-range order on
the surface. The colloids were then removed by tape stripping from
all areas, except from on two of the four diodes. Next, a chromium
(Cr) etch mask was created by e-beam assisted evaporation (AVAC
HVC600, Applied Vacuum Scandinavia AB, Sweden) and subse-
quent tape stripping of the rest of the colloids. The holes in the Cr
mask on the two diodes were transferred into the PMMA by oxy-
gen plasma (Batch Top RIE, Plasma Therm, US). Finally, short-range
ordered gold nanodisks were created on the diodes by e-beam
assisted evaporation of 1 nm Cr and 20 nm gold (Au) and subse-
quent PMMA lift off. The Cr was used to enhance the adhesion
between the Au disks and the SiN layer in order to improve the
quality and reusability of the sensors chips.

2.3. Fabrication of test structures

Test structures were fabricated on SiN-coated (same type of
SiN as for the sensor chips) 1-in. glass slides (0.2 mm in thick-
ness, Menzel-Gldser, Germany) according to the protocol described
above, but using varying diameter of the polystyrene colloids and
varying Au thickness.

2.4. Characterization of test structures

Extinction spectra of gold nanodisks on the SiN-coated glass
samples were acquired using a transmission-based LSPR sensor
setup based on a white light source (tungsten-halogen lamp, HL-
2000, Ocean Optics, US) and a photodiode array spectrometer
(BRC711E, B&WTek, US). The extinction (absorption +scattering)
is measured in absorbance units (Abs) and defined as extinc-
tion = —logyo(intensitysampie /intensityreference)- The corresponding
percentage of light that is transmitted through the sample can
then be directly obtained as transmission = 100 x 10-extinction (traps-
mission =100 x intensitysample/intensity eference )- The transmission-
based setup was also used to investigate the influence from small
changes in RI on the optical properties of the test structures by
immersion in different glycerol concentrations of known refractive
indices (Hoyt, 1934).

2.5. Characterization of the nanoplasmonic sensor chip

Because the Si-based sensor chip is not transparent, the optical
properties of the final sensor could not be probed in transmission-
mode. Instead they were investigated in reflection-mode using a
conventional microscope equipped with a spectrometer (QE65000,
Ocean Optics, US). The reflected light from both an unpatterned
diode without gold nanodisks (R.f) and one with gold nanodisks
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Fig. 1. Illustration of the sensor device and the sensing principle. (a) The bottom image shows a schematic illustration of the sensor chip with four photoactive diodes
(2mm x 0.14mm) of which two are references and two (circled) are patterned with gold nanodisks. The top image shows a cross-section of one of the diodes with gold
nanodisks. (b) The graph illustrates how a redshift (1-2) of the extinction peak results in both a change in peak position and a change in the extinction at a given wavelength.
(c) This graph illustrates how the change in extinction (1-2) and corresponding change in light reaching the nanoplasmonic diodes, is expected to be converted into a change
in the photocurrent of the sensor device that can be measured in real-time. The schematics are not to scale.

(Rplasmon) Were measured and the influence of the disks was eval-
uated as the reflection ratio = Rpjasmon/Rref-

The spectral photovoltaic response of the sensor chip was
measured using a potentiostat (FAS1, Gamry, US), a white light
source and a set of bandpass filters (400-900, 10 nm full-width
at half-maximum) (Hagglund et al.,, 2008b). The photocurrent
of a nanoplasmonic diode (Ijjasmon) and a reference diode (Irer)
was measured and the influence from the gold nanodisks was
evaluated as the photocurrent ratio=Ipjasmon/lref, at each filter
wavelength.

2.6. Functionalization of the sensor chip

The surface of the chip was modified to promote subsequent
selective and specific binding of NeutrAvidin on the Au disks only.
First, a drop containing a 0.3 mg/mL 4:1 (by weight) mixture of
3 kDa thiol-modified poly(ethylene glycol) (thiolPEG) and 5 kDa
biotinylated thiolPEG (thiolPEGbiotin) (Rapp Polymere GmbH,
Germany) dissolved in 10 mM Hepes buffer (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid) with 150mM NaCl at pH 7.4,
was placed on the diodes and allowed to bind on the Au disks
for 2 h. After rinsing thoroughly with MilliQ water (Millipore, US)
and blow drying with nitrogen, a drop of the same buffer con-
taining 0.01 mg/mL PEG grafted to poly-L-lysine (PLL-g-PEG, SuSoS
AG, Switzerland) was instead placed on the sample and allowed
to bind to the SiN. As addressed below and previously shown
(Jonsson et al., 2010), PLL-g-PEG binds only to the SiN and not
to the functionalized gold surface. After 1h incubation, the sen-
sor device was again rinsed thoroughly with MilliQ water and
blow-dried.

2.7. Biosensing with the nanoplasmonic sensor chip

For photocurrent ratio sensitivity measurements and biosens-
ing experiments, the sensor chip was mounted in a custom-made
titanium flow cell allowing for liquids to be flown over the
diodes using a peristaltic pump (Ismatec, Switzerland). The con-
tact pads were located outside the flow cell and one plasmonic

and one reference diode were connected to a homemade elec-
tronic board functioning as a current-voltage converter. Note that
even though a current-voltage converter was used and the output
was given in volts (V), the output is still denoted “photocurrent”
and “photocurrent ratio” to avoid confusion. This board was con-
nected to a data-acquisition pad (LabJack Corporation, US) and
the signals were finally recorded and plotted using a custom-
designed LabVIEW program (National Instruments, US). The flow
cell had a glass lid to allow light from a high-intensity, narrow-
angle LED at 780 nm (LED780E, Thorlabs, UK) to reach the diodes.
The measurements were performed without any temperature
control.

3. Results and discussion
3.1. Optimization of the nanoplasmonic structure

The main aim with the nanoplasmonic test structures was to
establish the optimal gold nanodisk dimensions to be used on the
photodiode sensor chips. To mimic the final sensor chip design, the
test structures were fabricated on SiN-coated glass slides instead
of directly on glass. The extinction spectra in air for 20 and 40 nm
high gold nanodisks with diameters 51,80 and 110 nm (six different
structures) are shown in Fig. 2a. Overall, the maximum extinction
increased with diameter, while it was influenced less by the height
of the disks. As expected from previous reports on plasmonic gold
nanodisks (Hanarp et al., 2003), the peak position redshifted with
increasing aspect ratio. That is, the peak redshifted with increas-
ing diameter and blueshifted with increasing height of the disks.
This makes it possible to tune the peak throughout the visible
wavelength range. The use of nanoplasmonic structures for sens-
ing stems from the sensitivity of the optical properties to changes
in RI of the local environment. This was investigated for the test
structures by immersing them in different concentrations of glyc-
erol with known refractive indices. As exemplified for 110 nm in
diameter and 20 nm high disks (red curve in Fig. 2b), the position
of the LSPR peak shifted linearly with changes in RI. The peak posi-
tion sensitivity (defined as peak shift versus change in bulk RI) of
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Fig. 2. Characterization of the test structures. (a) Extinction spectra in air. The disk dimensions are shown as diameter/height in the legend. The variation in peak position for
disks with the same geometry was less then 1% (relative standard deviation) as measured for five different samples (from three different batches) with 110 nm in diameter
and 20 nm high disks (data not shown). (b) The graph shows the change in both peak position (red) and transmission (blue, at 772 nm) versus the change in RI for 110 in
diameter and 20 nm high disks on SiN-coated glass slides. The full lines are linear fits to the experimental data. (c) The bar plot shows the sensitivity in peak position (red,
left bars) and transmission (absolute values, blue, right bars) to changes in RI for all structures investigated. The dimensions are shown as diameter/height in nanometers.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

each plasmonic structure could then be calculated as the slope of
linear fits to the experimental data. The corresponding sensitivities
for all structures are displayed as the red bars in Fig. 2c. It is clear
thatthe 110 nmin diameter and 20 nm high gold disks had the high-
est peak position sensitivity with a value of around 133 nm RIU-!
(RIU =refractive index units). This was also the structure with the
peak position at the longest wavelength (full green line in Fig. 2a), in
agreement with previous reports (Hanarp et al., 2003; Miller and
Lazarides, 2005). Although disks at peak positions at even longer
wavelengths are expected to provide higher sensitivity (Miller and
Lazarides, 2005), we choose to stick to these six different geome-
tries in this study, primarily to stay within the wavelength range
of our setups. Note that the nanoplasmonic sensor chip will not
measure changes in peak position, but the signal will be directly
related to the absolute change in the intensity of light that reaches
the plasmonic diode at the wavelength of the LED. The blue curve
in Fig. 2b shows the change in light transmission versus change in
RI at 772 nm (the wavelength corresponding to the highest slope
to the right of the peak) for the 110nm in diameter and 20 nm
high gold disks. It is clear that there is also in this case a linear
relation. The slope of the linear fits to these types of curves could
then be used to calculate the transmission sensitivity (defined as the
change in transmission versus change in bulk RI) for each struc-
ture. This was done at the highest slope on both sides of the peak
(in water) and the largest absolute values for all structures are pre-
sented as the blue bars in Fig. 2c. Interestingly, the peak position
sensitivity and transmission sensitivity do not correlate perfectly.
For example, the 110 nm in diameter and 40 nm high disks have a
lower peak position sensitivity compared with the 80 nm in diam-
eter and 20nm high disks, but significantly higher transmission
sensitivity. This is due to the fact that the transmission sensitiv-
ity is not only related to shifts in the peak position, but it is also
dependent on the peak width and the height of the peak (absolute
extinction). It can be concluded that the 110 nm in diameter and
20 nm high disks are superior also with respect to transmission sen-

sitivity and this geometry was therefore chosen for the photodiode
sensor chips.

3.2. Optical and electrical characterization of the nanoplasmonic
sensor chips

Sensor chips with 110nm in diameter and 20 nm high short-
range ordered gold nanodisks were fabricated as described above.
The ratio between the reflected light from a diode with nanodisks
and a reference diode region without nanodisks is shown as the
red trace in Fig. 3a. A clear increase is observed in the reflection
ratio at around 730 nm. This wavelength is in reasonable agree-
ment with the extinction peak position at 710 nm in air for the
corresponding test structure. The around 30% increase in collected
light at the plasmon resonance for the nanopatterned region com-
pared with the non-patterned region is attributed mainly to light
backscattered by the nanodisks. This is supported by around 30%
light being backscattered at the plasmon resonance for the corre-
sponding test structure, as measured using an integrating sphere
(data not shown).

For the nanoplasmonic diodes to function as biosensors with
direct electrical read-out, it is essential that the plasmonic prop-
erties can be probed electrically. This was evaluated as the ratio
(at different wavelengths) between the photocurrents of one of
the two plasmonic diodes and one of the reference diodes. As
shown in Fig. 3a (blue markers), there is a clear dip in the pho-
tocurrent ratio around the plasmonic resonance, with a minimum
between 720 and 760nm, close to 740nm. This in is perfect
agreement with the peak position in the reflection ratio for the
same sensor chip. The dip is attributed to less light reaching
the diode patterned with gold nanodisks due to absorption and
back scattering (Hdgglund et al., 2008b). Note that the mini-
mum value of around 0.4 in the current ratio is in agreement
with around 40% light transmission at the plasmon resonance, as
observed for the corresponding test structure (see green full line
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in Fig. 2a, 0.4 in extinction corresponds to 40% light transmis-
sion).

Because the plasmonic properties were observed in the electri-
cal properties of the sensor chip, a change in Rl is expected to result
in a change in the photocurrent ratio at a given wavelength (similar
to the transmission sensitivity measured for the test structures). In
this respectitisimportant to choose alight source at an appropriate
emission wavelength. For the test structure with 110 nm in diame-
ter and 20 nm high disks, the transmission sensitivity was 78%/RIU
to the left (at 712nm) and —70%/RIU to the right (at 772 nm) of
the peak. The different signs can be explained from the fact that
a red shift of the plasmon peak gives an increase and decrease in
transmission to the left and to the right of the peak, respectively.
Because the values are comparable and a high-intensity LED with
emission at 780 nm was commercially available, such an LED was
chosen to probe changes in the photocurrents and the current ratio.
Similarly to the optimization of the test structures, the sensitivity
of the nanoplasmonic sensor chips was investigated by immersion
in different concentrations of glycerol. From Fig. 3b it is seen that
the current ratio decreases linearly with changes in RI. The pho-
tocurrent ratio sensitivity, defined as the change in photocurrent
ratio versus change in bulk RI, was determined to be —0.29 RIU- 1,
The reproducibility of the method was investigated by performing
bulk sensitivity measurements for three different sensor chips (see
inset in Fig. 3b). The variation in sensitivity in terms of standard
deviation was determined to be less than 0.01 RIU~!, correspond-
ing to a relative standard deviation of around 3.5%. Note that the
sign of the photocurrent ratio sensitivity is in agreement with the
negative value of the transmission sensitivity obtained to the right
of the peak for the test structure. If the photocurrent is assumed
to be directly proportional to the intensity of light that reaches the
diodes, the photocurrent ratio x 100 should give a rough estimate
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on the transmission (compare the definition of photocurrent ratio
and the definition of transmission above). The values of the sensitiv-
ities for the sensor chip and corresponding test structure can then
be compared directly, yielding —29%/RIU and —70%/RIU, respec-
tively. The difference of more than a factor 2 will be investigated
in future work and is tentatively attributed to small differences
in the plasmonic properties of the sensor chip and the test struc-
ture. The difference may also be a result from differences between
the experimental setups, such as the fact that the reference was
acquired before each measurement for the test structures, while
it was acquired continuously using the built-in reference for the
sensor chips. The important point, however, is that changes in the
nanoplasmonic properties, induced by changes in the bulk RI, could
be directly measured electrically using these sensor chips. Below,
we investigate if also local changes in RI can be measured with a
sufficient signal-to-noise ratio to probe biomolecular binding reac-
tions.

3.3. Electrical detection of specific protein binding

Finally, the sensor chips were evaluated with respect to real-
time investigation of a specific biomolecular binding reaction. In
this respect it is important not only to control the surface chem-
istry of the gold disks, but also of the surrounding SiN. The reason
is mainly that unspecific adsorption to SiN regions close to the gold
disks may induce false shifts in the plasmon resonance. Also, both
the binding rate and the limit of detection of nanosensors can be
improved by restricting molecules to bind to areas with high sen-
sitivity only (i.e. the gold disks in this case) (Feuz et al., 2010). This
motivates the use of material-specific surface modifications, where
PEG-based (poly(ethylene glycol)) chemistry has previously shown
successful for Auand SiN (Jonsson et al., 2010). PEG is known to pre-
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vent unspecific binding of biomolecules in general (Kenausis et al.,
2000) and by having one end modified with a thiol (thiolPEG) it will
bind preferentially to Au, while it will not adsorb on SiN. Further-
more, by having a fraction of the thiolPEG modified with a bioactive
group (biotin in this study) it is possible to activate the Au disks for
subsequent biomolecular binding (NeutrAvidin in this study). After
functionalizing the gold disks, the surrounding SiN was passivated
with PEG grafted to poly-L-lysine (PLL-g-PEG). PLL-g-PEG binds to
SiN, but not to the functionalized Au surface (Jonsson et al., 2010).
The resulting structure promotes specific binding of NeutrAvidin
on the Au disks, while unspecific adsorption on SiN is prevented, as
depicted schematically in Fig. 4a (see Section 2 for detailed infor-
mation on the surface modification scheme). The sensor chip was
then mounted in the measurement setup and exposed to 10 mM
Hepes buffer followed by a solution of 100 g/mL NeutrAvidin dis-
solved in 10 mM Hepes buffer. The resulting sensor signals were
normalized and plotted in the same graph for comparison (Fig. 4b).
The NeutrAvidin was added at around 13 min. In agreement with
the expectations, the photocurrent of the plasmonic diode (red)
decreases upon NeutrAvidin binding. In contrast, the signal from
the reference diode (blue) was not influenced by the addition of
NeutrAvidin. Note, in particular, that there was no detectable shift
in the reference signal even when the SiN was not passivated with
PLL-g-PEG, i.e. under conditions promoting NeutrAvidin binding
to SiN (data not shown). This is a strong indication that the shift
observed in the plasmonic response upon NeutrAvidin binding is
due to the redshift of the plasmonic peak and the corresponding
decrease in light intensity that reaches the diode p/n junction. Note
that there is a small, but clear drift in both the plasmonic and the ref-
erence response. This could be due to driftin the intensity of the LED
or other experimental parameters. This drift is not seen in the ratio
between the two signals (green), illustrating the benefit of having
a built-in reference that can be used to distinguish the nanoplas-
monic response from other effects. The signal-to-noise ratio was
approximately 20 (at an acquisition rate of around 0.8 Hz) for the
photocurrent ratio response, slightly better than when using the
nanoplasmonic signal only. For the present sensor design, buffers
with a salt concentration lower than that corresponding to physi-
ological conditions were used in the real-time measurements. The
reason was that drifts and/or spikes were observed when buffers
with additional salt were used, which could be a result from the
conductivity of such buffers influencing the diodes via cracks or
other defects in the SiO,/SiN coating. This will be improved in the
next generation of the sensor design, for example, using a spacer
layer between the nanoplasmonic structure and the diodes.

4. Concluding remarks

In conclusion, a nanoplasmonic biosensor with integrated elec-
trical read-out was developed. With simple means, it was shown
capable of recording the selective and specific binding of protein to
receptors immobilized on gold nanodisks placed directly on a pho-
toactive diode. Moreover, a built-in reference signal was shown
to improve both the stability and the signal-to-noise ratio of the
sensor. While more complicated and expensive LSPR sensor setups
may still provide a better signal-to-noise ratio, we believe the sim-
plicity of the presented system is essential and that the concept
has a potential for the development of, for example, hand-held
devices and point-of-care medical instruments. We also anticipate
that the performance of the concept may benefit from the use of
multiple LEDs or other light sources, together with photodiodes
that are sensitive at different regions of wavelengths (for exam-

ple, a colour-CCD [charged coupled device]). Further, the use of
commercially available high-density photodiode arrays also points
towards the potential for extending the concept to high-throughput
multiplex sensing. The possibility for miniaturization is further
supported by the fact that signals even from single plasmonic par-
ticles can be detected electrically, as demonstrated by De Vlaminck
etal. (2007). As mentioned above, the next generation of nanoplas-
monic sensors with on-chip detection may benefit from having
a spacer layer between the photo diodes and the sensing struc-
tures. In this way, the nanoplasmonic structure could potentially
be a consumable, while the photodiodes could be reused. How-
ever, it may also be interesting to investigate near-field effects by
instead having the nanoplasmonic structure in direct contact with
a semiconductor layer, as was previously investigated both the-
oretically and experimentally with respect to plasmon-enhanced
photovoltaic efficiency (Hagglund and Kasemo, 2009; Hagglund et
al., 2008a,b). Finally, aiming for a portable and cheap LSPR sensor
device, the potential of integrating not only the detector, but also
the light source directly on the chip would be a natural extension
of this work (Hedsten et al., 2010).
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