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Planar metasurfaces and plasmonic resonators have shown great promise for sensing applications

across the electromagnetic domain ranging from the microwaves to the optical frequencies.

However, these sensors suffer from lower figure of merit and sensitivity due to the radiative and

the non-radiative loss channels in the plasmonic metamaterial systems. We demonstrate a metama-

terial absorber based ultrasensitive sensing scheme at the terahertz frequencies with significantly

enhanced sensitivity and an order of magnitude higher figure of merit compared to planar metasur-

faces. Magnetic and electric resonant field enhancement in the impedance matched absorber cavity

enables stronger interaction with the dielectric analyte. This finding opens up opportunities for per-

fect metamaterial absorbers to be applied as efficient sensors in the finger print region of the elec-

tromagnetic spectrum with several organic, explosive, and bio-molecules that have unique spectral

signature at the terahertz frequencies.VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4906109]

The quest to bridge the terahertz (THz) gap in the elec-

tromagnetic spectrum has ushered enormous amount of

research activities in the recent years.1–5 With the nonioniz-

ing property of the so called “T-rays,” the THz devices have

attracted tremendous attention due to the broad applications

in imaging, remote sensing, astronomical radiation detection,

high resolution spectroscopy, and biomedical analytics.6–11

In the recent times, artificially designed metamaterial devi-

ces12–14 have emerged as an important tool to manipulate

electromagnetic waves at the subwavelength scales due to

the artificially engineered optical properties based on a peri-

odic array of unit cells which are typically called “meta-

atoms” and form the basis of many fascinating and exotic

effects like negative refraction,15,16 perfect lenses,17 and

cloaking.18 Metamaterials and plasmonic based devices have

also shown significant applications in chemical and biomedi-

cal sensing,19 surface enhanced spectroscopy,20 and near-field

scanning optical microscopy.21 The collective excitation of

subwavelength metamaterial and plasmonic structures lead to

localized electric and magnetic resonances which provide

excellent platform for electromagnetic sensing.22,23

There has been several previous works that demonstrate

sensing with planar metamaterial split ring resonators

(SRRs).24–34 However, either the sensitivity or the figure of

merit (FoM) of such planar metamaterial sensors is relatively

lower due to the low quality factor resonances caused by the

losses35 and the lack of strong electromagnetic

interaction.36,37 The substrate with relatively higher permit-

tivity usually bounds most of electric field flux in the capaci-

tive gap of the SRR that results in a weaker interaction of the

analyte with the resonant electric field. Perfect metamaterial

absorbers (PMAs) have emerged as strong candidates for

absorbing electromagnetic waves,2,38–46 which are typically

three layered structures that consist of a micro/nanofabri-

cated planar metasurface layer, a dielectric spacer, and a

ground plane layer in the direction of propagation. It has

been recently shown that such a tri-layer configuration forms

a Fabry-Perot (F-P) cavity and the absorption effect occurs

due to the interference between the multiple reflection inside

the cavity,42,47,48 which leads to significant field trapping

and enhancement. Additionally, the ground plane isolates the

interaction between the metamaterial device and the sub-

strate, eliminating the detrimental effect of electric field

decay in typically high dielectric substrates. We exploit these

two distinct features of a PMA for enhanced light matter

interaction and demonstrate ultrasensitive thin-film sensing

of dielectric analyte layer deposited on PMAs.

In this manuscript, we present two different PMA

designs for sensing application through detailed experiment

and simulation at the technologically relevant THz frequen-

cies. Terahertz PMA based sensors could have potential

applications due to the unique spectral signature behavior of

several explosives and organic materials in the THz regime.4

We also compare the performance of PMA sensors with pla-

nar metasurface sensors with identical resonator design

where the PMA sensor shows much superior performance ina)Email: ranjans@ntu.edu.sg
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terms of sensitivity and the FoM. The significance of bio-

sensing in THz domain lies in the fact that biomolecules

have vibrational resonances in the THz domain such as bo-

vine serum albumin.49 The refractive index of biomolecules

can vary from 1.4 to 1.6 in DNA and 1.6 to 2.0 in RNA and

the rotational-vibrational degrees of freedom, binding state,

degree of hydration, and conformation can all induce the de-

tectable shifts of the absorber resonance frequency.

A cross shaped absorber (CSA) and its complementary

cross shaped absorber (CCSA) design with 4-fold rotational

symmetry was chosen to investigate the sensitivity in terms

of the shift in resonance frequency of the reflection spectra

and the FoM. As shown in Figs. 1(a) and 1(c), we designed

CSA and CCSA unit cells with the length of cross shaped

structure as l¼ 130 lm, and width w¼ 15 lm. We deposited

200 nm thick aluminum layer (r¼ 3.56� e7 S/m) for both

the structured top layer and the bottom ground plane layer.

The thickness of polyimide (e¼ 2.96þ 0.27i) spacer in CSA

was chosen to be h¼ 18 lm (h¼ 31 lm for CCSA) in order

to match the impedance for perfect absorption. A silicon

(e¼ 11.9þ 0.0476i) substrate with thickness of 500 lm was

used for fabrication. With the incident electric field and

wave vector direction shown in Fig. 1, the resonant electric

fringing field above the absorber surface and the resonant

magnetic field is artistically illustrated in Fig. 1(e). These

electric and magnetic fields play key roles in sensing analy-

tes that fall in the vicinity of the PMA sensor; when the ana-

lytes with different refractive indices are deposited on the

top surfaces of CSA and CCSA sensors, the redistribution of

electric and magnetic fields lead to a strong modulation of

the absorber resonance frequency and amplitude.50

Terahertz time-domain spectroscopy system in the reflec-

tion mode was used to measure the response of the absorber

sensor devices. Different thicknesses (t) of photoresist (refrac-

tive index, n¼ 1.6) were spun coated on the absorber surface,

and their response was measured as shown in Figs. 1(b) and

1(d). The black curves represent the amplitude reflection spec-

tra for the bare CSA and CCSA without any analyte coating.

When 11lm thick analyte was coated on the PMAs, we

observed strong red shifts of 77GHz and 68GHz for CSA

and CCSA sensors, respectively. A series of measurements

were performed for both PMAs by coating photoresist of dif-

ferent thicknesses, t¼ 0lm, 3lm, 6lm, and 11lm. The

results consisting of different resonance frequency shift are

shown as insets in Figs. 2(a) and 2(b). We define the fre-

quency shift (FS) as FS ¼ ðft � fRefÞ=fRef � 100%, where ft is

the resonance frequency of PMA with analyte thickness t and

fRef as the resonance frequency of PMA without any analyte

coating. We plotted the measured frequency shifts of the CSA

and CCSA sensors for different analyte thicknesses in Figs.

2(a) and 2(b). A full-wave finite-element frequency-domain

FIG. 1. (a) Cross shaped absorber (CSA) design and (b) amplitude reflection

spectra of bare sample (black) and with 11 lm thick photoresist (red) (Inset:

Image of the fabricated CSA sample). (c) Complementary cross shape

absorber (CCSA) design and (d) amplitude reflection spectra of bare sample

(black) and 11 lm thick photoresist (red) (Inset: Image of fabricated CCSA

sample). (e) Artistic illustration of the electric and the magnetic field across

the absorber sensor cross section with molecules from the top representing

the analyte. Periodicity of CSA and CCSA is 150lm by 150lm, the arm

width and length are 15lm and 130lm, respectively.

FIG. 2. Frequency shift versus the analyte thickness for (a) CSA and (b)

CCSA with experimental (stars) and simulated (dots) data. The insets in (a)

and (b) show the measured amplitude reflection spectra with varying analyte

thicknesses for CSA and CCSA sensors. The dotted lines show the exponen-

tial fits to the experimental and simulation data.
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Maxwell equation solver was used to simulate the results

under conditions identical to the experiments have also been

plotted in Figs. 2(a) and 2(b) along with the experimental

results, where dashed lines show the exponential fits for the

experimental and the simulated data indicating that the fring-

ing fields decayed exponentially from the top surface of the

PMA sensors. We observe from Figs. 2(a) and 2(b) that the

experimental and simulated data matched reasonably well with

the exponential functions. The fitting functions are described

by FS ¼ 14:0� 14:0e�
t
6:5 and FS ¼ 13:4� 13:4e�

t
10:3, where

the total frequency shift saturated at about 14.0% and 13.4%

for CSA and CCSA sensors, respectively. The fringing fields

determine the volume of the analyte required for the maximum

frequency shift of the absorber resonance.

We also investigated the effect of different refractive

index analyte on the absorber sensor through rigorous simu-

lations. The absorber resonance frequency for a fixed analyte

thickness while varying the refractive indices from n¼ 1.0 to

n¼ 1.8 in incremental steps of 0.1 was calculated. The index

dependent change in the resonance frequency for the CSA

and the CCSA absorber sensors with two different analyte

thicknesses of t¼ 4lm and t¼ 48lm was studied as shown

in the insets of Figs. 3(a) and 3(d). The sensitivity (S) was

defined as the slope of the linear fitting function. A signifi-

cant increase in the sensitivity was observed when the ana-

lyte thickness was increased from t¼ 4 lm to t¼ 48 lm. The

enhancement in sensitivity with the change in analyte thick-

ness was plotted in Figs. 3(a) and 3(d). The exponential

enhancement followed the forms S ¼ 24� 18:7e�
t
8:9 (CSA)

and S ¼ 24� 21:4e�
t

13:1 (CCSA) with the highest sensitivities

of 23.7% RIU�1 for CSA and 23.5% RIU�1 for CCSA

sensor.

In order to visualize the electric fields in the absorber

structures, we simulated the electric field distribution in the

x-z plane for CSA and y-z plane for CCSA as shown in Figs.

3(b) and 3(e), respectively. It clearly showed the electric

field within the absorber structures as well as the spatial

extent of the fringing fields. Figure 3(b) shows the longitudi-

nal cross section of electric field distribution at y¼ 0 cut-

plane for CSA, and Fig. 3(e) shows the cross-section at

y¼ 7.5 lm cut-plane for CCSA, where the centers of CSA

and CCSA lie at x¼ 0 and y¼ 0 in the coordinate system.

We observed the enhanced resonant fields in the spacer layer

and above the structured resonator layer. The electric field in

CSA was about twice stronger than that in the CCSA, which

lead to higher sensitivity of thinner analyte layers (see the

insets of Figs. 3(a) and 3(d)) in CSA as compared to CCSA.

The extent of the spatial fringing field was also observed in

both the absorbers. Figures 3(c) and 3(f) showed the electric

fields in CSA and CCSA in the presence of 50 lm thick ana-

lyte layer with refractive index of 1.6. The fringing fields

above the structured resonator layer and the fields in the

absorber spacer layer were observed to be more confined in

presence of the dielectric analyte layer in CSA and CCSA

sensors.

The electric field resonant enhancement in absorbers ori-

ginated from the multi pass light cycles within the F-P cavity

that enabled a strong interaction between the analyte with

the concentrated fields within the spacer layer as well as

fringing fields that extend above the absorber surface. As

observed in Figs. 3(b), 3(c), 3(e), and 3(f), the sensed analyte

affects the field within the spacer region as well as above the

absorber surface. Due to the presence of the analyte layer,

the overall electric field was squeezed to a smaller spatial

extent in the z-direction. Thus, the enhanced field in the

absorber cavity (spacer layer) along with the fringing field

above the absorber surface played a significant role in sens-

ing of the analyte layers. This explained the highly sensitive

nature of the PMA designs which has tremendous potential

to be exploited for sensing applications.

For comparison, we also studied the sensing perform-

ance of the corresponding single layer planar metasurface

fabricated directly on identical silicon substrate as used for

the absorbers. The metasurface structures were identical to

the top structured layer of both the absorber designs. We

address the two planar metasurfaces as cross shaped metasur-

face (CSM) and the complementary cross shaped metasur-

face (CCSM) that correspond to the respective CSA and

CCSA designs. Different thicknesses of the same photoresist

(n¼ 1.6) was spun coat on top of the planar metasurfaces.

The measured transmission spectra are shown in the insets of

Figs. 4(a) and 4(d) for CSM and CCSM, respectively. The

results show that the shift in the resonance frequency is not

as strong as that in PMAs when the different thicknesses ana-

lyte were spun-coated on the metasurfaces. In case of planar

metasurfaces, it is the electric field of the dipolar resonance

and the fringing field above the metasurfaces that causes the

shift in the resonance frequency. The simulated fields in the

planar CSM and CCSM were shown in Figs. 4(b) and 4(e)

(the same cut-planes as shown in Figs. 3(b) and 3(e) in case

of absorbers). The electric field strengths in these planar

metasurfaces have been found to be an order of magnitude

FIG. 3. The refractive index sensitivity versus the analyte thickness for (a)

CSA and (d) CCSA. The insets in (a) and (d) show the refractive index sen-

sitivity for 4 lm and 48lm thick analyte. The electric field distribution in

the z-direction in CSA absorber (b) without analyte and (c) with analyte at

y¼ 0 cut-plane. The electric field distribution in the z-direction in CCSA

absorber (e) without analyte and (f) with analyte at x¼ 7.5 lm cut-plane.
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weaker than their absorber counterparts. Apart from rela-

tively weaker field strengths, there is no spacer layer in pla-

nar metasurfaces that would enhance the interaction time of

the analyte with light that gets trapped in the F-P cavity

formed by the three layered absorber structures. Thus, we

found the absorbers to be much more efficient sensors as

compared to the metasurfaces. Figures 4(c) and 4(f) showed

the fields that penetrated the analyte layer (n¼ 1.6) deposited

on top of the metasurface where the fields in the silicon sub-

strate do not undergo any significant change. However, the

fringing fields on top of the metasurfaces showed decrease in

their spatial extent as they confined tightly in the analyte

layer.

For a quantitative description of the sensing perform-

ance parameter, we estimated the FoM, defined here as

FoM ¼ S� Q, where S represented the sensitivity and Q

referred to the quality factor of the resonance. The calculated

FoMs of absorbers (CSA, CCSA) and metasurfaces (CSM,

CCSM) sensors are plotted in Fig. 5. The best FoM¼ 2.30 of

the CSA sensor was observed at optimal analyte thickness of

16 lm and the best FoM¼ 1.98 of CCSA sensor was

observed at optimal analyte thickness of 32 lm. The FoM

values of absorber sensors have been found to be signifi-

cantly higher than those of planar metasurface resonators.

The detailed performance comparison in terms of Q factor

and FoM for different sensors that we studied in this work is

summarized in Table I.

In conclusion, we present two different engineered

designs of perfect metamaterial absorbers as sensors in the

THz regime and compared their performance with planar

metasurface counterparts. We found that the sensitivity as

well as the FoM values of the absorber sensors were signifi-

cantly higher than the planar metasurfaces. The enhanced

sensitivity of the absorbers is mainly attributed to the intense

resonant electric and magnetic field enhancement in the

absorber cavity and the fringing fields that extend out of the

absorber plane. The field enhancement in metasurfaces is an

order of magnitude lower than the absorbers which results in

lower sensitivities and FoM values. In planar metasurface

and plasmonic resonator structures, the sensing of analyte is

performed by exploiting only the capacitive/dipolar fringing

fields extending out of their surface planes. The absorber

cavity offers an extremely attractive avenue for sensing ana-

lytes through their resonant electric as well as magnetic

fields. Metamaterial absorber as a sensor would be an impor-

tant addition to the device starved THz regime that holds sig-

nificance due its finger print spectral range for several

explosive, organic, and bio-molecules.
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