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In this work, we demonstrate an integrated sensor combining a grating-coupled plasmon resonance

surface with a planar photodiode. Plasmon enhanced transmission is employed as a sensitive refractive

index (RI) sensing mechanism. Enhanced transmission of light is monitored via the integrated

photodiode by tuning the angle of incidence of a collimated beam near the sharp plasmon resonance

condition. Slight changes of the effective refractive index (RI) shift the resonance angle, resulting in

a change in the photocurrent. Owing to the planar sensing mechanism, the design permits a high areal

density of sensing spots. In the design, absence of holes that facilitate resonant transmission of light,

allows an easy-to-implement fabrication procedure and relative insensitivity to fabrication errors.

Theoretical and experimental results agree well. An equivalent long-term RI noise of 6.3 � 10�6

RIU=
ffiffiffiffiffiffiffi
Hz
p

is obtained by using an 8 mW He–Ne laser, compared to a shot-noise limited theoretical

sensitivity of 5.61 � 10�9 RIU=
ffiffiffiffiffiffiffi
Hz
p

. The device features full benefits of grating-coupled plasmon

resonance, such as enhancement of sensitivity for non-zero azimuthal angle of incidence. Further

sensitivity enhancement using balanced detection and optimal plasmon coupling conditions are

discussed.
Introduction

Surface plasmon resonance (SPR) can be exploited as a sensitive

refractive index (RI) sensing mechanism and SPR is one of the

most common label-free biosensor technologies with a vast

variety of applications in biology, food safety, medical diag-

nostics, agricultural and environmental monitoring.1 The main

concern in the development of SPR is geared toward designing

easy to fabricate, cheap and sensitive biosensors with high inte-

gration densities.

SPR sensors mainly differ in the optical platforms they are

based on. Prism couplers2,3 result in comparable higher sensi-

tivity values4 than grating assisted coupling in plasmon reso-

nance excitation. However, the bulky nature of prisms makes

them unsuitable for applications in integrated sensing devices.

Waveguide couplers5 employing fibres appear to present the

highest degree of miniaturization in SPR sensors, but require

expensive high index prisms for the resonant coupling between

a surface plasmon and a waveguide mode and suffer from

instable sensitivity responses due to deformations in the fibre.

Due to their compact size, planarity and stability, grating

couplers6 have benefits in integrated applications.

In this work, we present a device that eliminates the traditional

far field detection (CCD/CMOS detector) mechanism7,8 by using

an integrated photodetector design. The device structure is

illustrated in Fig. 1a and Fig. 1b. The detection mechanism
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works by monitoring the plasmon enhanced transmission of light

through a thin metal grating that acts as the plasmon resonance

sensing surface. Integrating the photo-diode substrate below the

grating structure enables the planar geometry and compact

integrity of the sensor. As in other SPR sensors, the resonant

shifts are only affected by the changes of optical properties

within the close vicinity of the surface.

Transmission of electromagnetic waves through thin metal

films via plasmons has been widely studied in the literature.9

Plasmon enhanced transmission through sub-wavelength

holes,10,11 nano-hole arrays12,13 or periodically corrugated metal

surfaces14 have been investigated theoretically and experimen-

tally.15 Although plasmon enhancement through nano-hole

arrays appears to offer agreeable sensitivity, their realization

requires fabrication of holes with high uniformity. Despite the

localized nature of plasmon modes in such sub-wavelength

aperture arrays and resulting sensitivity to refractive index

changes, the overall sensitivity of plasmonic sensors also depends

on how sharp the resonances are. Due to fundamental relations

between the Fourier components of spatial structure of the

surfaces and the SPR, it is difficult to achieve sharp and deep

resonances using hole arrays in a simple low-cost fabrication

process. In contrast, our approach uses a grating to obtain

a plasmonic enhancement of transmission through the silver-

metallized grating structures. Lack of holes in our design

simplifies the fabrication procedure and increases repeatability.

Utilizing a bi-harmonic grating topography16,17,18 rather than

a sinusoidal one, observation of higher order resonant coupling

is also possible in our devices. The bi-harmonic grating structure

allows better excitation of the second order resonance18,19,20

which also produces an enhancement of light transmission. Such

multiple resonances allow SPR detection at a fixed angle of

incidence (AOI) for multiple different wavelengths.
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 (a): Photograph of the sensor device with a PMMA fluidic chamber

and in/outlet tubing. (b): Cross-sectional schematic view of the device

structure. (c): Simulation results of the reflection, transmission and

absorption data for TM polarization in the case of a 30 nm deep sinusoidal

grating, deposited with a 45 nm thick Ag layer and illuminated by a 632.8

nm light source. The working medium is water with nd ¼ 1.33. (d): The

operational principle of the device is schematically shown. The illumination

is kept at a fixed angle Qi and a small perturbation (DQR) of the resonance

condition (QR) results in a change (DT) in the transmitted intensity.
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Theoretical aspects of grating coupling to the plasmon mode and

estimation of SPR sensitivity

The momentum mismatch between the in-plane wave vector of

impinging photons and the wave vector component of the excited

surface plasmons disables a natural momentum coupling at

planar surfaces. On a smooth planar interface of a metal and

a dielectric, the surface plasmon polariton (SPP) wave vector,
This journal is ª The Royal Society of Chemistry 2011
kSPP, is found to be always greater than the wave vector of

incident light in air, k0, as given by

kSPP ¼
u

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3m3d

3m þ 3d

r
$ k0 ¼

u

c

ffiffiffiffiffi
3d

p
(1)

where 3m is the permittivity of the metal layer and 3d is that of the

dielectric layer (fluid). One of the techniques for satisfying this energy

and momentum match condition is to employ grating schemes. The

presence of a metal planar surface that is patterned with a shallow

grating of grooves with some periodicity modifies eqn (1) as follows

kSPP ¼ m
2p

L
þ k0;InPlane (2)

where m is an integer denoting the diffraction order, k0,InPlane ¼
k0Sin(QR) is the in-plane vector of the incident light and L is the

grating period. And thus a plane wave approaching the surface

can resonantly couple to the plasmonic excitation at a particular

angle of incidence defined by

QR ¼ arcsin

�
Re

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3m

3m þ 3d

r �
� mlffiffiffiffiffi

3d

p
L

� �
(3)

If the measurement is performed inside a fluidic channel with

a transparent planar top window, the incidence angle Qi inside

the fluidic chamber will be different than that in air, and must be

corrected according to Snell’s law.

When an organic thin film is applied to the surface the change

in the plasmon wave vector21 can be approximated by

dkSPP y
k3

SPP

k2
0n3

d

½1� expð� 2gdhÞ�Dn (4)

where gd ¼ ik03d=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð3m þ 3dÞ

p
, and the plasmon mode field

penetration depth into the dielectric is LPD¼ 1/Re{gd}. Also, Dn

is the refractive index difference of the fluid and the organic thin

film and h is the thickness of the organic thin film. In the presence

of an organic film thickness h � LPD, the resonance angle shift

can be approximated through eqn (2), (3) and (4) as

dQR ¼
k3

SPP 2Dn

k3
0n3

d LPDCosðQRÞ
h (5)

Overall sensitivity depends on the interrogation method

(intensity, wavelength or angular). The sharpness of the reso-

nance peak also is a factor in determination of the sensitivity,

most evident in the intensity measurement schemes. When a thin

metal layer (� 30 to 100 nm) is used in the grating coupler,

whenever the plasmon is excited, it is partially re-radiated

(transmitted) into the substrate (Fig. 1c). This plasmon enhanced

transmission takes place for higher order resonant coupling or

for non-zero azimuth excitation as well. Therefore, the trans-

mission type device features the full benefits of grating coupled

plasmon resonance.

Sensitivity optimization of transmission type devices are the

same as reflection type grating coupled plasmon resonant

devices. However, metal thickness has to be optimized as well.

Near a resonance condition, the transmitted intensity can be

approximated by

TðQi;QRÞy
T0

1þ 4ðQi �QRÞ2=DQ2
(6)
Lab Chip, 2011, 11, 282–287 | 283
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Fig. 2 Fabrication steps of a grating coupler-integrated photodiode

((a)–(f)). (a): n-type Si wafer, amorphous Si, aluminium (from bottom to

top). (b): Amorphous Si is aluminium doped during thermal curing. (c):

Contact pads on top-side are patterned by lithography of an additionally

deposited Al layer. Photodiode substrate is completed by the deposition
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where Qi is the angle of incidence, QR is the resonance angle and

DQ is the full-width at half-maximum (FWHM) of the resonance

(Fig. 1d). In the intensity interrogation scheme, the illumination

is incident at a fixed angle Qi and transmitted intensity is

monitored. Maximum SPR sensitivity is achieved when | vT/vQR|

� 2T0/DQ, which takes place when Qi�QR� DQ/4. Theoretical

refractive index sensitivities of the first and second order reso-

nances are 50�/RIU and 81�/RIU for 740 nm period grating in

nd ¼ 1.33 fluid with an excitation wavelength of 632.8 nm.

Optimal grating depth is 30 nm and calculations assume 45 nm

silver film. The FWHM of both the first and second order

resonances are DQ � 2� with a peak transmission of T0 ¼ 0.3114

for the first order and T0 ¼ 0.167 for the second order. Under

these optimal conditions, assuming a 1 mW illumination and

0.4 A W�1 responsivity of the silicon readout photodiode, the

first order resonance yields a current sensitivity of 6.2 mA/RIU.

In this configuration, the photodiode current is calculated to be

62.3 mA and the corresponding shot noise current is

4.46 pA=
ffiffiffiffiffiffiffi
Hz
p

. Therefore, shot noise limited minimum detectable

refractive index is calculated to be 7.19 � 10�10 RIU=
ffiffiffiffiffiffiffi
Hz
p

. This

sensitivity level would require the measurement of current to 1

part in 1.4 � 107. If the precision of measurement is limited by

electronics to 1 part in 65536 (16 Bits), the minimum detectable

refractive index is calculated to be 1.53 � 10�7 RIU=
ffiffiffiffiffiffiffi
Hz
p

. If the

second order resonance is used, the reduction in the peak

transmission compensates for the greater angular sensitivity (81

Deg/RIU for the second order compared to 50 Deg/RIU for the

first order), and a similar refractive index resolution is obtained.

of gold–palladium at the bottom-side to form the contact pads. (d):

Grating profile is replicated from a surface modified DVD disc. PDMS is

poured on the master mold and cured at 70 �C for 5 h. Cured PDMS is

peeled off from the master mold and used as elastomeric stamp. (e):

Photoresist polymer is spin-coated on the photodiode substrate. Elasto-

meric stamp is released gently on the polymer film and hard-baked.

Stamp is mechanically removed from the sample. (f): Contact mask is

defined by the optical lithography. Thin Ag film is thermally evaporated

to be used for plasmonic coupling.
Experimental

The sensor assembly, photographed in Fig. 1a and schematically

illustrated in Fig. 1b, has a sandwich structure of three integrated

layers. On top, there exists a polymethyl methacrylate (PMMA)

cover forming the flow channel. A photodiode substructure lying

at the bottom serves as a detector and in between there is the

patterned and metallised transparent polymer, i.e. the grating

structure, to function as the surface plasmon (SP) coupler.
Photodiode substrate fabrication

In order to demonstrate that the device can be realized on

standard silicon substrates with low-cost and widely available

manufacturing equipment, the photodiode was fabricated using

a metal induced crystallization procedure as described previ-

ously.22 First an amorphous silicon layer is deposited (in bare-

brown colour) on to an n-type silicon wafer (in purple) by using

plasma enhanced chemical vapour deposition (Fig. 2a). An

aluminium layer (with a mass thickness of 50 nm) was deposited

on-top using thermal evaporation and it was then annealed (in

a N2 atmosphere at 500 �C for 30 min) for partial crystallization

and p-type doping of the n-type Si-wafer substrate (Fig. 2a). The

aluminium residue on the surface, i.e. the unreacted aluminium

after the partial induced crystallisation (due to thermal anneal-

ing), was cleaned by using hydrofluoric acid (HF) rinse (Fig. 2b).

Then, an additional aluminium layer was deposited by thermal

evaporation and the deposited layer was lithographically

patterned for making contact pads for the p-type (aluminium,

top) region (Fig. 2c). The contact pad for the n-type region was
284 | Lab Chip, 2011, 11, 282–287
made by deposition of a gold–palladium layer on the backside of

the wafer (Fig. 2c). The device has also been fabricated using

commercial photodiodes and it was observed to produce

a similar performance.
Nano-imprinted mould fabrication

Gratings were replicated using the elastomeric molding tech-

nique by nano-imprinting.23,24 Previously, we have shown that

modified optical disc surface profiles can be used to excite sharp

and well defined plasmon resonances.25 Various tuned grating

profiles were studied experimentally and theoretically (using

rigorous coupled wave analysis, RCWA26). For nd�1.33, the

optimum grating structure has a groove depth of 30 nm with

a tuned Ag film thickness of 45 nm. The optimal topography and

metal thickness produce the desired sharp resonance curves with

high transmission. Thicker films reduce the transmission of stray

light at the expense of reduced transmission of the signal.

Gratings derived from Digital Video Disc (DVD) surfaces had

a similar topographic corrugation (45 nm) and were used as the

master mold. Polydimethylsiloxane (PDMS) (Slygard 184, Dow
This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 (a) AFM line profile of the grating structure with a depth of

35 nm is depicted compared to a sinusoidal grating profile. Inset figure

illustrates AFM topography of the corresponding grating structure with

a groove depth of 35 nm and 45 nm thick silver coating. (b) Reflection

behaviour of the grating structure is depicted in water medium under

incidence of a 632.8 nm wavelength light source. Solid lines show the

reflection measurement results whereas the dashed lines show theoretical

results. (c) Measured photocurrent response of the integrated sensor as

a function of the angle of incidence for water and NaCl solution. Bias

angles used in the time-resolved measurements are shown by arrows.
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Corning) was poured on the substrates and cured at 70 �C for 5 h

(Fig. 2d). After curing, PDMS was peeled off from the master

mold and used as an elastomeric stamp. A photoresist (AZ5214,

AZ Electronic Materials) diluted 1 : 3 by a photoresist thinner

(AZ1500, AZ Electronic Materials) was spin-coated at 8000 rpm

in order to form the grating material. Elastomeric stamp was

then released softly on the thinned photoresist film and hard-

baked on a hotplate at 120 �C for about 5 min. Finally, the stamp

was mechanically removed from the sample (Fig. 2e). Metalli-

zation is done by thermally evaporation of silver onto the

imprinted grating (Fig. 2f). The described procedure does not

require external pressure to be applied to the PDMS stamp and

results in uniform and distortion free gratings over large areas

(greater than 10 cm2).

Measurements

Measurements were performed on an optical table with various

He–Ne laser sources (2 mW and 8 mW nominal power) and

a 650 nm laser diode (5 mW nominal power) was used to excite

surface plasmon polaritons. Both TE and TM polarizations were

measured, plasmon coupling is seen to occur for TM mode only.

The grating direction is kept perpendicular to the plane of inci-

dence and zero azimuthal angle was chosen. The angle of inci-

dence (AOI) was stepped in the angular range of �50 and +50

degrees. In order to test the refractive index sensitivity of the

device, distilled water (nominal refractive index 1.33) and a 5%

NaCl solution (nominal refractive index 1.342) were used. Liquid

samples were streamed into the fluidic channel utilizing gravity.

Photodiode outputs were monitored using precision current

meters (Keithley 2400).

Results and discussion

Grating profiles

Grating surfaces were characterized by using atomic force

microscopy (AFM) (Fig. 3a). In comparison to a uniform profile,

a bi-harmonic surface profile enhances the second order coupling

to the plasmon mode. Both resonances were observed in the

reflection (in Fig. 3b) and transmission mode measurements

(Fig. 3c). Plasmonic properties of silver coated gratings were

characterized by measuring the reflection spectra using variable

angle spectroscopic ellipsometry (using a J. A. Woollam, VASE

system).

Plasmon resonance characteristics and sensitivity

We calculate the resonance angles for 632.8 nm excitation on

a L ¼ 740 nm grating surface, using silver as the metal layer. The

first and second order resonances are calculated to occur at

QR ¼ 33.9� and 17.4� for nd ¼ 1.33 (after correction for refrac-

tion at the air/cover interface). Theoretical resonance angles are

shifted to 34.8� and 16.6� for nd ¼ 1.342 (representing NaCl

solution). Experimentally measured resonance angles closely

match the theoretical values. In DI water, the first and second

order resonances are measured to occur at QR ¼ 34.1� and 17.9�,

while the angles shift to QR ¼ 35.2� and 16.9� for NaCl solution.

Both resonances have FWHM of DQ � 1.5�. Contrary to theo-

retical calculations, the angular sensitivities of the resonance are
This journal is ª The Royal Society of Chemistry 2011 Lab Chip, 2011, 11, 282–287 | 285
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observed to be 91 Deg/RIU and 83 Deg/RIU. The discrepancy

may be due to systemic measurement errors of the resonance

angles in our measurement setup. In time resolved measure-

ments, DI water and NaCl solution were streamed through the

fluidic channel and photocurrents were monitored (Fig. 4a and

4b). The bias angles are chosen such that an increase of the

refractive index causes an increase of the photocurrent

(Qi¼ 35.6� and Qi¼ 17.1�, See Fig. 3c). The current sensitivity at

the highest slope of the transmission curve is experimentally

determined to be vi/vQR ¼ 7.37 mA/Deg for the first order and

vi/vQR¼ 2.92 mA/Deg for the second order. The resulting overall

sensitivities can be then calculated as vi/vn ¼ 6.11 � 10�4 A/RIU
Fig. 4 Sensor responses to fluid exposures: (a) around the 2nd order

resonance peak biased at 17.1� and (b) around 1st order resonance peak

biased at 35.6� respectively. A 632.8 nm HeNe laser source is used,

resulting in an equivalent refractive index noise of 6.6 � 10�6 RIU=
ffiffiffiffiffiffiffi
Hz
p

.

(c) Stability of the measurement set-up using a 2 mW HeNe source and

(d) using a power stabilized 650 nm laser diode. Further noise reduction is

demonstrated using balanced detection. In (d) a reference photodiode

monitors the light intensity at the source while the device is biased near

the first order resonance. Normalized intensities for the reference diode

(dotted) and SPR diode (dashed) are shown as well as the ratio of the two

(solid). In the balanced measurement, the SPR intensity signal can be

measured with a % 0.01 =
ffiffiffiffiffiffiffi
Hz
p

relative intensity noise. Resulting detec-

tion noise floor is 1.2 � 10�6 RIU=
ffiffiffiffiffiffiffi
Hz
p

. Histograms of current readings

are shown with corresponding Gaussian curve fits.

286 | Lab Chip, 2011, 11, 282–287
for the first order and vi/vn ¼ 2.42 � 10�4 A/RIU for the second

order. The main reason for the observed reduced value of vi/vn

(compared to vi/vn ¼ 6.2 � 10�3 A/RIU for the optimal design

with 1 mW laser power) is that the thickness of the silver layer is

about 130 nm (greater than the optimal value of 45 nm). For the

present device and assuming a shot-noise limited measurement,

the minimum detectable refractive index change is estimated as

5.61 � 10�9 RIU=
ffiffiffiffiffiffiffi
Hz
p

. However, due to laser source dominated

noise during measurements (Fig. 4c), this value was determined

as 6.3 � 10�6 RIU=
ffiffiffiffiffiffiffi
Hz
p

. The measured photocurrent noise level

near DC is around 1.7 nA=
ffiffiffiffiffiffiffi
Hz
p

as opposed to a theoretical shot

noise level of 1.8 pA=
ffiffiffiffiffiffiffi
Hz
p

. Using a laser diode and an external

reference photodiode, the transmitted intensity can be measured

to an accuracy of 1 part in 104, yielding a sensitivity of about

1.2 � 10�6 RIU=
ffiffiffiffiffiffiffi
Hz
p

(Fig. 4d).
Discussion

We demonstrated detection of changes in the RI of the streamed

solutions (DI water and 5% NaCl solution) with reversible,

repeatable and stable sensor response, yielding an equivalent RI

noise of 6.3� 10�6 RIU=
ffiffiffiffiffiffiffi
Hz
p

(limited by the laser intensity noise

and instrumental drifts). For the present device, optimization of

the coupling condition may further enhance the sensitivity. It is

well known that as the coupling angle QR approaches grazing

angles, the angular sensitivity increases.27 This fact is also pre-

dicted in eqn (5), as the angular sensitivity is dependent on QR,

i.e. dQR/dNd a 1/Cos(QR). The sensitivity can be further

enhanced by about an order of magnitude, by choosing

a different grating period or excitation wavelength, so that

Cos(QR) � 0.1. Also, recently Romanato et al.28,29 reported that

azimuthal rotation of the grating results in a larger resonance

angle shift (up to 800 Deg/RIU compared to 50�100 Deg/RIU

for our present configuration). For optimal azimuthal excita-

tions, a sensitivity improvement of more than an order of

magnitude should be achievable in our device, compared to the

same grating excited with zero azimuth angle. In such a case, the

sensitivity is expected to be �10�7 RIU=
ffiffiffiffiffiffiffi
Hz
p

for a relative

readout accuracy of 10�4. The shot noise limited detection limit

also benefits from such an improvement and can be on the order

of 1 � 10�10 RIU=
ffiffiffiffiffiffiffi
Hz
p

using 1 mW illumination. Although

systemic errors lead to slight discrepancies between theory and

experiment, the sensitivity is estimated to be on the correct order.

The device we present here is particularly appropriate for array

detection and balanced detection. For example, by integrating

the grating coupler onto an array detector (such as a CCD),

multiple sensing spots can be monitored simultaneously. Using

differential functionalization, balanced detection can be done

within the same chip. Such an in situ balanced detection poten-

tially eliminates temperature related drifts and renders the device

insensitive to refractive index fluctuations of the working fluid.

Another way of performing array sensing is by using focused

illumination. Such area-selective illumination allows a single

large-area photodiode to be used to detect the resonance signal

from a multitude of individually functionalized sensing spots.

The well known relation between the focal spot size (D) and

beam divergence (qd) in diffraction limited focusing (D ¼ 2l/

pndsin(qd)) determines the minimum allowed beam divergence

for a given spot size. If a focused beam is used, an effective
This journal is ª The Royal Society of Chemistry 2011
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broadening of the resonance peak is observed, which reduces the

sensitivity. For a divergence angle of about 1 degree, a spot

diameter of about 20 mm is achievable with 632.8 nm light in

water. Such an angular dispersion is seen to degrade the sensi-

tivity only by about a factor of two.
Conclusion

Using a straightforward, easy-to-implement fabrication proce-

dure, we demonstrated the possibility of achieving very prom-

ising sensitivity and sensor responses through integration of the

grating coupled plasmon detection mechanism with the optical

sensor. Our approach yielded a low cost, SPR sensor which could

offer a high level of miniaturization. The device features the full

benefits of grating coupled plasmon resonance, with room for

sensitivity enhancements to levels comparable with prism

coupled sensing. The detection scheme can find applications in

integrated lab-on-chip designs where label free detection is

desirable.
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