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Abstract—A differential measurement design employing two
nearly collinear optical beams can lead to surface plasmon
polariton (SPP) sensors of increased dynamic range and
signal-to-noise ratio. We demonstrate a differential measurement device that is based on wavelength interrogation, employs
a single incident polarization state, and is combined with a 2-D
nanohole array for operation at near-normal incidence, where this
approach offers a decrease in the measurement time.
Index Terms—Bioplasmonics, biosensors, gold nanohole array,
surface plasmon polariton (SPP), surface plasmon resonance
(SPR).

I. INTRODUCTION
HE development of disease-related biomarker panels
will require fast and efficient methods for obtaining multiparameter protein profiles [1]. Commonly used fluorescent
labeling processes are easy to implement, but they disrupt the
accurate measurement of kinetic constants and can lead to antibody cross-reactivity problems [2]. An alternative, label-free
biodetection method utilizes the phenomenon of surface
plasmon polariton (SPP) resonance. SPP based devices integrate microfluidic channels with metal-dielectric layer chips,
and measure transmittance or reflectance of light, hereafter referred to as Device Transfer Function (DTF), at the metal-fluid
interface [3]. The DTF exhibits a sharp resonant feature when
the probe wavelength and the angle of incidence satisfy the
condition for SPP excitation. The location of the resonance depends on the refractive index of the fluid, and therefore informs
on its biochemical composition. The SPP-based techniques
are broadly classified into wavelength interrogation, angular
interrogation, and intensity interrogation families [4]–[6]. In
wavelength (angular) interrogation, multiple measurements of
the DTF are made at different wavelengths (respectively, angles
of incidence), such that the location of the resonance may be
identified by a curve fit [Fig. 1(a), shift in point A to A’]. The
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Fig. 1. (a) Typical SPR schemes determine the location of the resonance by
monitoring a shift in point A to A’ or they monitor the shift in intensity at a
single wavelength/angle value B to B’ or C to C’. (b) In differential detection
the DTFs are constructed at different angles of incidence 1 and 2, such that
they overlap at their FWHM. When the refractive index changes both DTFs
shift in the same direction. (c) A difference of the two DTFs overlapped at their
FWHM allows for an extension of the dynamic range.

intensity interrogation method relies on a single measurement
at a fixed angle and wavelength [Fig. 1(a), shift in points B to B’
or C to C’]. Intensity interrogation devices are thus simpler than
wavelength and angular interrogation devices, but typically
less accurate. This is because changes of the magnitude and
width of the DTF cannot be distinguished from a change in its
location [7].
Here, we describe a differential intensity interrogation
method, where two measurements of the DTF are made simultaneously at nearly equal incident angles, and their difference
is constructed [Fig. 1(b) and (c)]. The zero-crossing of the
difference signal can be tracked with a tunable light source
in a closed-loop system, similarly to the way in which beam
position is tracked using quadrant detectors, resulting in a
robust measurement. Closed-loop tracking of the zero crossing
is performed continuously and does not require an end-to-end
wavelength sweep for each measurement. Our device also
utilizes a metal film perforated with a 2-D array of nanoholes,
as in Tetz et al. [8]. With this technique, SPP resonance can
be achieved at normal or near-normal incidence, permitting
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measurement over a large area not limited by the focal depth of
the imaging optics.
The rest of this paper first goes through a short review of
the theory and concepts associated with plasmonic detection
and differential measurement. Fabrication methods used for the
nanohole arrays and the fluidic chambers are then discussed in
full detail. Finally, our optical setup, the measurement method
and the measurement results for our differential detection
scheme are presented.
II. PRINCIPLES
In our plasmonic nanosensor design, the shape of a DTF
curve most closely resembles that of a singly peaked normalized Lorentzian function, which can be described by [8]
(1)

points to the location where the
where is the wavelength,
maximum of the DTF occurs, and is the parameter specifying
the Full Width at Half Maximum (FWHM). The centerpoint
and the FWHM of each DTF excited through a nanohole array
depend on the permittivity of the metal, the refractive index of
the dielectric material, the period of the grating array, and the
angle of incidence [9].
The width of the surface plasmon resonance (SPR) DTF curve
(the FWHM of the Lorentzian) is directly related to the fill factor
of the nanohole array, since a large size hole diameter increases
surface wave scattering and broadens the resonance linewidth
[8]. Our Rigorous Coupled Wave Analysis (RCWA) simulation
results for a 1-D gold nanohole array show a 72% decrease in
the FWHM of DTF when the gold fill factor is increased from
0.5 to 0.9 . It should be noted that while small diameter
holes give rise to a narrow FWHM, they are difficult to fabricate and they also do not allow for much light to pass through
the array in the transmission regime ensuing in a lower intensity
signal. For our experiment, we chose the gold fill factor to be
60% as a tradeoff between signal transmission and sharpness of
the DTF. However, other fill factors can also be used, depending
on the desired gain and linear range of the feedback signal and
the noise floor of the detection system. For example, an 85%
fill yields (according to our RCWA simulations) 2.35 times narrower DTFs in Fig. 1(b) than a 60% fill, and hence 2.35 times
steeper differential slope in Fig. 1(c), but it would also reduce
transmitted intensity by a factor of 2.5.
As noted, wavelength and angular interrogation methods require multiple measurements of the DTF, which increases measurement time. Our approach involves just two measurements,
one for each of the two DTFs , , corresponding to distinct angles of incidence, and the construction of their difference - . Unlike the individual DTFs, the difference signal
crosses zero [Fig. 1(c)] and this location of zero crossing depends only on the locations of the DTFs and not on their magnitude and width. The difference signal also has a greater linear
range than the individual DTFs. Both these features are advantageous in a measurement system that tracks the zero crossing
with a closed-loop controller.

= ( )0 ( )

T  T  when the DTF
Fig. 2. Derivative of the DTF differential T
curves are overlapped at the 0.5 transmittivity value (smooth curve), 0.75 value
(dashed line), and the 0.34 point (dotted line).
When the two Lorentzians , are centered respectively at
, which is a meawavelengths , ,the slope
sure of the linear region of the difference between two DTFs, is
expressed as

(2)
This slope is plotted in Fig. 2 for various separations between
the center of and . In a closed-loop control system, a steep
slope improves measurement sensitivity, while a wider linear region is desirable to make the controller more robust. Fig. 2 illustrates the tradeoff between these two parameters. In the present
as a reasonable compromise.
work, we chose –
Differential detectors have long been utilized in confocal microscopy [10], [11], range finding [12], etc. An advantage of differential measurement is the unique property of self-referencing
for optical source fluctuation, since any fluctuation of the intensity will impact the adjacent DTFs equally and thus cancel itself.
This concept has been widely adapted by the telecommunication
industry, where differential signals are used to carry the bits that
eliminate the cause of “ground” noise.
III. EXPERIMENTAL SETUP
The samples were fabricated using holographic lithography,
where two interfering UV laser beams were incident upon negative MicroChem SU8 photoresist placed on top of a 1.2 mm
substrate. In order to achieve a hole pattern, each
thick
sample was exposed and then rotated 90 for an additional exsubstrate was
posure step [13]. Prior to the exposure, the
) solucleaned in a Pirahna bath (1:1:5 of
tion for 30 min and the surface was dehydrated by baking on
a hot plate at 200 C for 5 min. A 2
layer of SU8-5 was
spin deposited at 3000 rpm. The samples were exposed with a
Coherent Innova 300 Argon-Ion laser centered at 364 nm with a
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Fig. 3. The differential setup used to measure SPR response to different concentration ethylene glycol solutions.

150 mJ dosage per exposure, and followed by a convection oven
soft bake for 1 min. The SU8 development time was 3 min and
it was followed by an IPA rinse. A 5 nm thick titanium adhesion
layer, followed by a 100 nm gold layer was sputtered onto the
samples using the Denton Discovery 18 Sputter System. Fluidic chambers made of Polydimethylsiloxane (PDMS) were affixed on top of each sample’s grating array using oxygen plasma
[14]. It should be noted that PDMS does not readily bond to
was left on each sample, surAu, hence a region of bare
gold grating array, in order to facilitate in the
rounding the 4
PDMS adhesion. The main portion of the fluidic chamber was
13 mm-by-2 mm in size, allowing for both beams to be easily
directed onto the grating portion of the sample.
The experimental setup, as shown in Fig. 3, consisted of a tunable New Focus laser in a range of 1520–1570 nm connected to
a polarization scrambler in order to randomize the polarization
state of input light and to minimize polarization dependent loss
associated with the components of the experimental setup. In
order to perform the differential measurement, the collimated
beams incident at different angles need to meet at the same spot
on the sample. This is accomplished by using two polarization
independent beam splitters positioned in a Mach–Zehnder configuration, where two beams separated by the first splitter are
multiplexed at the same spot onto the second splitter; then both
beams from the second splitter are imaged with a 4-F telecentric imaging system on to the sample surface, where the relative angle between the two beams can be fine adjusted by rotation of the second beam splitter. Equivalent beam path lengths
ensured spots from the two beams to be equal sized. To further ascertain similar spot sizes, each spot is normalized. Light
emerging from the sample is then spatially Fourier transformed
by a lens into two parallel beams, where each one is receipted
by a photodetector for the differential measurement. In lieu of
a pair of detectors, we used an Indigo Merlin CCD camera to

Fig. 4. Evolution of the SPP differential detection spectral response as a
function of time. (a) Different concentrations of ethylene glycol are introduced
at various time intervals. (b) A linear fit of the time evolution measurement,
where the sensitivity is represented by the slope. In this case, the sensitivity is
1390 nm/RIU, and the grating period is 1400 nm.

record light from the two beams and thus obtain the DTFs corresponding to the two angles of incidence at the sample. The
differential signal was then calculated by the computer. A pair
of polarizers was placed with one element in front and one element behind the sample, where their polarization state was set
to a cross position, to suppress directly transmitted light (nonresonant transmission) and isolate the observation of SPP resonance [8]. The sample along with the microfluidic delivery
system was mounted on a rotational stage. Prior to measurement, the laser wavelength was set to 1545 nm and the sample
was rotated to obtain equal power in the two detectors. In this
was positioned midway between the maxima
way,
of the two DTFs at the zero-crossing of the differential signal
[Fig. 1(c)]. Detector output was then monitored while fluids
of varying refractive indices were introduced into the fluidic
channel. Before a measurement was performed, methanol was
advanced into the PDMS chamber in order to clean the sample.
was used to flush the methanol and various concentrations
of an ethylene glycol solution, ranging from 1.9% to 9.1%, were
introduced into the chamber. The measurement process was automated via a Labview program with a GPIB interface to the
New Focus tunable laser and video grabbing card to the CCD.
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Fig. 5. Stability of the differential measurement system.
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