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Abstract: Photonic and plasmonic refractive index sen-

sors are able to detect increasingly smaller refractive

index changes and concentrations of clinically relevant

substances. They typically exploit optical resonances

and aim to maximise the field overlap with the analyte in

order to achieve high sensitivity. Correspondingly, they

operate on the basis of maximizing the bulk sensitivity,

which favours spatially extended modes. We note that

this strategy, counter-intuitively, is not necessarily

suitable for detecting biomolecules and one should

focus on the surface sensitivity instead. Here, we show

that by confining light tightly in metal-insulator-metal

(MIM) nanoresonators, the surface sensitivity is signifi-

cantly increased despite a clear decrease in bulk sensi-

tivity. In particular, we experimentally show the

operation of third order MIM resonators which support

both extended surface plasmon polariton (SPP) modes

and localized MIM modes. We are able to demonstrate

that the MIM mode has a sensitivity of 55 nm/RIU to a

10 nm layer, which is approximately twice as high as that

of the SPP mode. Overall, our work emphasizes the

importance of the surface sensitivity over the more

commonly used bulk sensitivity and it shows a novel

approach for improving it. These insights are highly

relevant for the design of next generation optical

biosensors.

Keywords: nanocavities; plasmonics; refractive index

sensing; surface sensitivity.

1 Introduction

Biosensors have applications in detecting and measuring

pollutants, monitoring food quality, early disease detec-

tion and drug discovery [1]. The majority of optical bio-

sensors use fluorescencemethods,which provide excellent

signal-to-noise ratio but are mainly confined to the labo-

ratory setting [2, 3]. Label-free methods are intrinsically

simpler and more suited for point-of-care or in-field ap-

plications. Label-free methods typically rely on photonic

resonances to enhance the sensitivity. The light confined to

the resonance is sensitive to its surroundings via the

evanescent field of the resonant mode which overlaps with

themedia on the sensor surface [4]. When themedia on the

sensor surface experiences changes in refractive index, the

resonance condition changes and the peak wavelength of

the spectrum shifts, which is detected. The sensor surface

can be functionalized such that only specific biological

molecules can bind to the surface.

Many photonic and plasmonic biosensors have

already been presented in the literature. The classical

surface plasmon resonance (SPR) method has a high bulk

sensitivity of 2500 nm/RIU [5, 6] and has been commer-

cialized as the Biacore system for studying DNA, proteins,

cells and viruses [7]. Classical SPR requires coupling light

via a prismand careful control of the input angle. Localized

surface plasmon resonance, e. g. using gold nanoparticles,

relaxes the coupling requirement but compromises the

sensitivity down to 500 nm/RIU [8]. A related option is to

excite an SPR by patterning the metallic layer, a strategy

that can reach a sensitivity of 700 nm/RIU [9] for gold

nanohole arrays. Using periodic nanostructures also al-

lows designing them such that they can operate without

the need for a spectrometer, i. e. by spatially encoding

spectral information [10, 11] or by monitoring the intensity

of the transmitted signal [12].

The overlap of the resonant mode with the analyte and

related changes provides the sensing information. Based

on this understanding, an obvious consequence is to use

extended modes that carry the majority of their field in the

analyte. Surface plasmon modes are an ideal example for

this strategy. Being modes that are bound to the interface
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between the metal and the analyte, the majority of their

electric field does indeed overlap with the analyte, result-

ing in their high sensitivity. Unfortunately, the sensitivity

that is usually quoted is the “bulk” sensitivity [13–15], i. e.

the sensitivity to refractive index changes in the bulk of the

analyte, mainly because it is easy to measure. Many au-

thors then implicitly assume that the bulk sensitivity is

proportional to the surface sensitivity; for example,

Homola et al. [6] state that “This suggests that the surface

refractive index sensitivity is proportional to the bulk

refractive index sensitivity … ”. Here, we show that this

extrapolation does not generally hold. Instead, we high-

light that a higher surface sensitivity can be achieved with

tightly confined modes in the same structure, even though

their bulk sensitivity is much lower.

We use themetal-insulator-metal (MIM) geometry as an

alternative sensing modality to illustrate this strategy.

Remarkably, our MIM structure supports both confined and

extendedmodes, which allows for a direct comparison. The

MIM geometry is a textbook plasmonic system [16] and has

already been studied in a variety of contexts [17]. For

example, Baumberg et al. have studied the coupling be-

tween waveguide and antenna modes supported by the

nanoparticle system [18] and have enhanced light emission

[19]. Mikkelsen et al. have explored MIM modes in the

context of controlling radiative processes [20, 21] and have

used the MIM geometry to enhance the electric field and

amplify third harmonic generation [22].MIM structures have

also been used for bulk refractive index sensing [14, 23] and

as thermal emitters for optical gas sensing [24]. Their

remarkably high surface sensitivity remains unexplored,

however, which is the focus of this work, and we show

values of 55 nm/RIU for a mode confined to a 10 nm thick

dielectric layer, which is twice the surface sensitivity of the

extended surface plasmon resonance in the same system.

2 Design

Our design is inspired by Lalanne et al. who recognized

that MIM resonators can support modes of high effective

index and low group velocity [25]. Such modes are tightly

confined such that their evanescent tail is short and

strongly overlaps with surface-bound biomolecules.

The operation of the MIM resonator (dip 2 in Figure 1b)

can then be understood using a Fabry–Perotmodel [25, 26],

in which the slow gap plasmon is reflected at either end of

the top metal feature. The three layers forming the MIM are

an optically thick gold layer on the bottom, an SiO2 insu-

lating layer and the gold island on top, which defines the

resonator. The SiO2 layer is formed as a continuous film

which simplifies fabrication and reduces surface rough-

ness. The choice of a continuous insulator layer as opposed

to a discrete insulator layer has little impact on the

confinement properties of the resonator. The field distri-

bution shown in Figure 1c–e were simulated using a 3D

finite element code (COMSOL®) using rounded corners to

more accurately represent the fabricated resonators shown

in Figure 2b. We note the strong spatial confinement of the

E field to the resonator and hotspots at the edges of the top

metal/dielectric interface for the MIM mode in Figure 1d.

3 Materials and methods

Our fabrication process is shown schematically in Figure 2a. The base

plane is fabricated by template stripping [27] using 150 nm of gold

deposited by electron beam evaporation onto an atomically flat silicon

wafer. We found that template stripping provided a much smoother

gold surface thandirect evaporationonto the substrate. The 20 nm thick

SiO2 insulator layer is deposited using a bespoke pulsed-DCmagnetron

sputterer (100W, 2.9 µS, 120 kHz, gas flow 17.5 sccm Ar, 10 sccmO2). To

define the resonator, we pattern a single PMMA layer (50 keV Raith

Voyager, dose 300 µC/cm2), evaporate 20 nm of gold (MBraun electron-

beam evaporator) and lift-off the PMMA. Figure 2b shows an overview

and a detail SEM micrograph of the fabricated structures.

4 Results and discussion

Figure 3a shows the mode spectrum of the resonators,

measured by illuminating the array of Figure 2b with the

collimated beam of a halogen lightbulb through a mono-

chromator. We note three spectral features, i. e. dips around

630, 730 and 850 nm. We identify the 630 and 850 nm dips

as extended SPR modes (Figure 1). From the COMSOL®

model, we note that the optical field is not confined to the

resonator in both cases and also that their spectral position

depends on period. In contrast, the field distribution of the

730 nm feature is strongly confined to the metal nano-

structure and the spectral position of the mode is indepen-

dent of period. This MIM mode has an effective index of

approximately 3, which we calculate by applying a simple

Fabry Perot model to the resonator or by using MIM

dispersion relations [16, 26]. We note that [25] predicts

effective index values around neff = 7 for a 20 nm thick

dielectric layer by using a value n = 3.5 for the insulator,

while we use SiO2 with n = 1.45; the ratio in effective index

can therefore be explained by the ratio of the refractive

indices of the insulator material.

We first measure the bulk sensitivity (Figure 3a,b),

then the surface sensitivity (Figure 3d,e). The bulk sensi-

tivity is determined by applying DI water with varying salt

concentrations to the surface and fitting Lorentzian
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functions to dips in the spectra (Figure 3a). We measure

540 nm/RIU sensitivity for dip 3, the extended SPRmode at

850 nmwavelength, which is close to the expected value of

500–700 nm/RIU [8, 9]. TheMIMmode (dip 2), on the other

hand, only shows 60 nm/RIU sensitivity in this measure-

ment, which appears disappointing.

When it comes to surface sensitivity, however, the

strong confinement of the MIM mode turns into a real

advantage. We measured the surface sensitivity by sputter-

ing a 10 nm silica layer onto the resonator surface and

comparing thepeakwavelength fromtheLorentzian curvefit

before and after sputtering. The MIMmode overlap with the

Figure 1: (a) Schematic of the structure showing topmetal thickness, tm, insulator thickness ti resonator width,w, and period. (a, b) Spectrum

and identification the variousmodes supported by the structure. (d) Plot of the electric field of the confinedMIMmode. E field plots (c) and (e)

are of the SPR modes at 640 and 840 nm respectively.

Figure 2: Fabrication of the MIM resonators. (a) Schematic of the fabrication process showing key steps. Adhesion layers are omitted for

clarity. (b) SEM micrographs of the fabricated structures of 300 nm size.

G. Duffett et al.: Metal-insulator-metal nanoresonators 1549



10 nm layer is very large due to its strong confinement, so

essentially all of the evanescentfield overlapswith the 10nm

layer. This large mode overlap causes a peak wavelength

shift of 7 nm. Taking the RI of DI water as 1.33 and sputtered

silica as 1.45, the RI change is 0.12, which yields a surface

sensitivity of 55 nm/RIU. By contrast, the extended SPRhas a

much lower overlap with the 10 nm layer since it extends

much further into the analyte layer, resulting in a surface

sensitivity of only 25 nm/RIU. This measured value is com-

parable to the value of 31 nm/RIU for a plasmonic nanohole

array which we determine from the data shown in ref. [28].

We use the COMSOL model to better understand the

origin of thehigh surface sensitivity.Weplaceblocksof silica

into various places, i. e. a) onto the top of the entire surface,

b) only onto the top gold feature and c) only onto the side of

the gold feature. We note that the simulated surface sensi-

tivity for a) of 59 nm/RIU is in good agreement with the

experiment (55 nm/RIU). The MIM also retains its high sur-

face sensitivity when only the gold surface is coated with

silica (Figure 4b),mimicking the case where the gold surface

would be functionalized using standard procedures [29]. The

fact that the surface sensitivity stays high in Figure 4c

Figure 3: Sensitivity results comparing dips 2 and 3, i. e. the confined MIM and extended SPP mode, respectively. (a) MIM and (b) SPP bulk

sensitivity spectra and (c) bulk peak wavelength shifts. (d) MIM and (e) SPP surface sensitivity spectra, before and after depositing 10 nm of

silica onto the resonator. (f) Comparison of simulated surface sensitivity and experimental surface sensitivity in terms of wavelength shift.

Figure 4: Comsol modelling highlighting the source of theMIM peak surface sensitivity. (a) Wavelength shifts resulting from coating different

areas of the sensor surface (b–e). Covering only the edges of the resonator as in (d) results inmuch larger wavelength shifts than only covering

the edges as in (e). Covering only the top surface as in (e) further highlights that the edges are the most sensitive part of the structure
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highlights the fact that the majority of the sensitivity derives

from the field overlap at the edges of the resonator. The field

overlap between the MIM mode and the analyte, here rep-

resented by the thin film, can be determined as follows [30],

OI �
∫
VAnalyte

ϵ r,ω( )Ẽ r( ) · Ẽ r( )d3
r

∫
VTotal

Ẽ r( ) · ∂[ωϵ(r,ω)]∂ω Ẽ r( )d3
r

where the overlap integral OI is the resonant electric field’s

overlap with the analyte volume (Vanalyte) on the sensor

surface, normalized by the electric field on resonance in-

tegrated over all space (Vtotal) The electric field normal-

isation is described in more detail in refs [31, 32].

In order to verify that the mode overlap is the key

quantity to explain these results, we calculate the overlap

integrals between the respective modes and the analyte.

For the case of full surface coverage (Figure 4a), we find

that 9% of the MIM E-field overlaps with the analyte on

the sensor surface, as opposed to 6% for the surface

plasmon mode. This 1.5× ratio corresponds reasonably

well to the ratio (55 nm/RIU vs. 25 nm/RIU) observed

experimentally.

5 Conclusions

We have shown that metal-insulator metal (MIM) modes

have a significantly higher surface sensitivity than other

sensing modalities based on the tight confinement they

offer. We note that surface sensitivity is the key figure of

merit for biomolecular applications because surface-

bound molecules are typically located within 5–10 nm of

the sensor surface. Importantly, we show that surface

sensitivity is not directly related to bulk sensitivity, which

is the quantity usually measured. In particular, we show a

surface sensitivity of 55 nm/RIU for the particular MIM

mode considered here while we only measure 25 nm/RIU

for the SPR mode in the same structure. Conversely, the

SPR mode exhibits a bulk sensitivity of 540 nm/RIU, while

the MIM mode only shows 60 nm/RIU.

We believe that a number of further improvements are

possible. The effective index of the MIMmode studied here

broadly agrees with the model of [25], but the depth of the

resonance does not. This suggests that deeper and sharper

resonances are possible that can e. g. be achieved by

improving the surface roughness of the resonator. Sec-

ondly, reducing the size of the resonator down to that of the

first order mode will increase the mode overlap with the

analyte and further increase the surface sensitivity. The

first order mode would require resonator sizes of order 70–

80 nm for the same wavelength window, which is realistic

but more difficult to realise reproducibly. Preliminary

simulations suggest that surface sensitivities in excess of

100 nm/RIU for a 10 nm layer may be possible, which is a

very exciting prospect.

Overall, it is clear that increasing the surface sensi-

tivity allows us to detect more binding events to a func-

tionalized surface, in turn leading to lower limits of

detection. We trust that the discussion of surface vs. bulk

sensitivity and the demonstration of high sensitivity MIM

resonators will inform the design and evaluation of the

next generation of biosensors.
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