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Abstract An effective strategy to avoid the Ag oxidized problem of the ultra-narrow band

grating absorbers as sensors was proposed and demonstrated theoretically by introducing a

thin Al2O3 layer above the upmost Ag grating layer. We theoretically and numerically

study the influence of the Al2O3 layer on the plasmoinc absorbers. The resonant wave-

length of the sensor is easily tunable via geometrical scaling of the Ag grate structure and

thickness of the Al2O3 layer. The introduced Al2O3 layer does not influence the underlying

mechanism of the ultra-narrow absorber, so it remains the high sensitivity of the Ag-based

plasmonic absorbers by keeping the sensitivity 507 nm/RIU and FOM about 160. The

introduced anti-oxidized layer is an effective and harmless anti-oxidized strategy, which

has great potential to improve the performance of sensors in practical applications.
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1 Introduction

Plasmonic sensors are sensitive to the refractive index change, which can detect small

concentration of the molecule due to the surface plasmon resonance (SPR) mechanism (Lal

et al. 2007; Anker et al. 2008; Guo et al. 2013; Miao et al. 2015; Ahmadian et al. 2013;

Azzam et al. 2016; Kim et al. 2016). Metal nano-particles with different shapes were

usually used to be the plasmonic sensors by localized SPR (Anker et al. 2008; Becker et al.

This article is part of the Topical Collection on Numerical Simulation of Optoelectronic Devices 2016.

Guest edited by Yuh-Renn Wu, Weida Hu, Slawomir Sujecki, Silvano Donati, Matthias Auf der Maur and
Mohamed Swillam.

& Yulian Li
ylli@shmtu.edu.cn

1 College of Information Engineering, Shanghai Maritime University, Shanghai 201306, China

123

Opt Quant Electron (2016) 48:530
DOI 10.1007/s11082-016-0798-1

http://orcid.org/0000-0002-7314-6399
http://crossmark.crossref.org/dialog/?doi=10.1007/s11082-016-0798-1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11082-016-0798-1&amp;domain=pdf


2010; Stewart et al. 2008; Qiu and Hu 2015). Recent advances show that more complex

plasmonic sensors have also been explored, such as the electromagnetically induced

transparency (Liu et al. 2010, 2009) and the plasmonic absorbers (Meng et al. 2014; Li

et al. 2015b; Liu et al. 2015). Especially, the plasmonic absorbers show powerful ability to

be sensors due to the near unity and controllable absorption characteristics (Li et al.

2015b).

The sensitivity of the plasmonic sensors can be improved through narrowing the res-

onance band and enhancing the resonance intensity (Becker et al. 2010). For the plasmonic

absorbers, it is rather challenging to realize ultra-narrow absorption bands due to inherent

large optical losses in metals, which decreases the quality factor of optical resonators (Li

et al. 2014). Recent advances on the plasmonic absorbers show that it is amazing to use Ag

for realizing ultra-narrow band plasmonic absorbers (Li et al. 2014, 2015b; Liu et al. 2015;

Zhao et al. 2014; Chen et al. 2013b). However, the oxidized problem of the Ag material

still influences the stability and working life of the Ag-based plasmonic sensors, which puts

a limit on the practice application of the Ag-based plasmonic absorbers. Recent devel-

opments on the thin film deposition show powerful ability to anti-oxidization realization.

Particularly, the atom layer deposition (ALD) method has shown great ability on the tuning

plasmonic area (Zhang et al. 2014a, b; Chen et al. 2013a; Ciracı̀ et al. 2014), which can

control the thin film thickness at the Ångstrom using sequential, self-limiting surface

reactions (George 2009).

In this paper, we propose and theoretically demonstrate an effective strategy to avoid

the Ag oxidized problem of the plasmonic absorbers by introducing a thin Al2O3 layer

above the upmost Ag grating, which does not influence the high sensitivity of the plas-

monic absorbers simultaneously. The thin Al2O3 layer can be deposited accurately and

conformally by ALD at the Ångstromon level. Furthermore, the resonant wavelength is

easily tunable via geometrical scaling of the Ag grate structure and thickness of the Al2O3

layer. The plasmonic absorber is ultrasensitive to the refractive index of the environmental

dielectric with its FWHM as narrow as 3.2 nm and the FOM as high as 163. Introducing

such thin Al2O3 layer on the Ag grating surface is a promising route for avoiding the

oxidized problem and achieving ultra-narrow band high sensitivity absorbers, which can

immensely promote the practical application of sensors based on plasmonic absorbers. It

may also be extended to be used in the area of absorption filters or narrow thermal emitters.

2 Numerical investigation

The plasmonic absorber is based on one-dimensional Ag grating constructed on a silver

film, which is an old structure but still a hot topic today (Li et al. 2015b; Laroche et al.

2005; Popov et al. 2008; Sharon et al. 1997; Kravets et al. 2008; Hu et al. 2013; Liao and

Zhao 2015). In order to avoid the Ag oxidized problem, we introduce a thin Al2O3 layer

above the upmost Ag surface with its thickness as d as illustrated in Fig. 1a, which presents

the schematic diagram’s cross section of a unit cell of the plasmonic absorber. The grey

region is silver and the blue region is Al2O3. The height and the width of the Ag grating

ridges are denoted as t and w, respectively. The thickness of the Ag film is denoted by

h and the lattice constant is assumed to be a.

The spectral characteristics of the plasmonic absorbers are calculated by performing

electromagnetic wave finite difference time domain method (FDTD, available from

Lumerical software package) (Lumerical FDTD Solutions). A plane wave light source is

530 Page 2 of 8 Y. Li et al.

123



used for illumination with its propagation direction and polarization along the negative z-

axis and x-axis, respectively, as indicated in Fig. 1a. The permittivity of Ag is extracted

from Johnson and Christy’s work (Johnson and Christy 1972) in 1972 and simulated by

Drude mode (Hao et al. 2011). The refractive index of Al2O3 is 1.75. All materials are

assumed to be nonmagnetic (i.e., l = l0). The absorption spectrum (A) of the device is

retrieved from scattering parameters as follows: A = 1-T-R, where A, R and T denotes the

absorption, reflection and transmission, respectively. In this work, the optically thick

(100 nm) bottom silver film prevents the light transmission (T = 0) and therefore the

absorbance is A = 1-R.

In Fig. 1b, the reflectance spectrums are plotted for the structure with the parameters as

follows: a = 500 nm, w = 100 nm, t = 28 nm, h = 100 nm and d = 0 nm or 2 nm. An

extremely suppressed reflection dip is observed at the wavelength 671.1 nm with the

maximum absorption over 99% at d = 0 nm, which is shown in Fig. 1b in the black line.

The bandwidth, the full width at half maximum (FWHM), is 3 nm. As the thickness of

Al2O3 d = 2 nm, the maximum absorption remains near unity and the FWHM maintains at

3 nm, while the absorption peak redshifts to 673 nm, as shown in Fig. 1b in the red line.

Now we study the optical properties of the absorber under different structural param-

eters and acquire the optimal structure. Figure 2a shows the reflection spectrum evolution

of plasmonic absorbers as the height of grating ridge t increasing with w = 100 nm and

d = 2 nm. When t increases from 10 to 100 nm, the absorption peaks show a continuous

blue-shift and the intensity of the absorption peaks increase at first and then reduce. The

biggest absorption peak intensity occurs as d is 28 nm. We find that the absorption peaks

stay over 97% across a wide d range from 24 to 40 nm. Figure 2b shows the reflection

Fig. 1 a The cross section of a unit cell of the plasmonic absorber. The grey region is silver and the blue
region is Al2O3. The thickness of the thin Al2O3 layer is denoted as d. The height and the width of the
grating ridges are denoted as t and w, respectively. The thickness of the Ag film is denoted by h and the
lattice constant is assumed to be a. A plane wave light source is used for illumination with its propagation
direction and polarization along the negative z-axis and x-axis, respectively. b The reflection spectrum for
the plasmonic absorber with d = 0 or 2 nm, shown in the black and the red line, respectively. The other
parameters are set as follows: a = 500 nm, w = 100 nm, t = 28 nm and h = 100 nm. (Color figure online)
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spectrum evolution of plasmonic absorbers versus the width of grating ridge w. As w in-

creases from 50 to 200 nm, the absorption peaks blue-shift first and then red-shift with the

intensity increasing at first and then reducing. The biggest absorption peak intensity occurs

as w is 100 nm. The absorption peak intensity remains over 97% across a wide w range

from 94 nm to 114 nm. The performance of the plasmonic absorbers is insensitive to the

height t and width w of grating ridge, which makes the fabrication of the above optimized

plasmonic absorbers easily. Furthermore the optimal performance occurs at the parameters

t = 28 nm and w = 100 nm.

To reveal the mechanism of the unchanged near-unity sharp absorption peak after

adding the Al2O3 dielectric layer on the Ag grating structure, the normalized electric field

intensity and normalized magnetic field intensity distribution were extracted from the

simulated peaks on the x–z plane of the plasmonic absorbers with the thickness of the

Al2O3 layer 2 nm, as shown in Fig. 3a, b, respectively. The magnetic intensity distribution

shown in Fig. 3b is paralleling the Ag grating. The calculated electric field intensity

distribution pattern indicates that the highest absorb power intensity is located along the

grating in the groove, which is due to interactions of strong diffraction and excited surface

plasmon polaritons (SPP) at resonance wavelength (Le Perchec et al. 2008; Zayats et al.

2005). Under light incidence, the excited SPP wave is partially dissipated in metal as

resistive heat described by resistive damping rate cres, and the other is radiated into free

Fig. 2 The reflection spectrum as the functions of the Ag grating ridge a thickness t varying from 10 to
100 nm with w invariant and b width w varying from 50 to 200 nm with t invariant

Fig. 3 a The electric field intensity distribution and b the magnetic field intensity distribution from the
resonant absorption peak on the x–z plane of the plasmonic absorber with 2 nm Al2O3 layer in thickness
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space denoted by radiative damping rate crad. For grating resonant systems, maximum

absorption of electromagnetic waves occurs at the condition of critical coupling (Sharon

et al. 1997; Yoon et al. 2010; Kurihara et al. 2002; Bliokh et al. 2006; Fan et al. 2003). At

critical coupling condition, the resistive damping rate cres equals the radiative damping rate

crad. In Fig. 3a, b, the excited SPP field is distributed above the grating with a very slow

decay and only a little electromagnetic field penetrates into the metal, which indicates that

the resistive damping rate cres is small. So at the absorption peaks, the total damping rate

under critical coupling condition is ultra-small, that is ctot = cres ? crad = 2cres, resulting
in ultra-narrow band light dissipation of the near unity absorber. The electric field intensity

distribution in Fig. 3a is similar with the electric field intensity distribution without Al2O3

layer, which indicates that the Al2O3 anti-oxidized layer does not affect the absorption

mechanism of the plasmonic absorbers.

Here we study the performance of the plasmonic absorbers at various Al2O3 layer

thicknesses while the refractive index of the surround environment changes from 1.312 to

1.32. Figure 4a presents the reflection spectra with the thickness of the Al2O3 d varying

from 0 to 5 nm with a step of 1 nm at n = 1.312. At n = 1.32, the spectrum is similar, so

we do not show it here. As d varies, the maximum absorption intensity stays over 99% and

FWHMs remain 3 nm too, which verify that the thickness of Al2O3 layer almost does not

influence the absorption intensity and FWHMs, but affects the peak position of the plas-

monic absorber. As d increasing, the resonant peak wavelength redshifts. The redshift is

due to extra phase shift from the Al2O3 layer, and has a linear correlation with the thickness

of Al2O3 layer, as shown in Fig. 4b.

The resonant wavelength difference dk between n = 1.312 and 1.32 declines from 4.08

to 3.92 nm, down about 4%. Figure 4b reveals the FOM of the plasmonic absorbers

decreases from 169 at d = 0 nm to 157.4 at d = 5 nm, falling about 6.8%, which is almost

unchanged and still has a wonderful value. The value of FOM indicates that the perfor-

mance of the plasmonic absorber is insensitivity to the thickness of the Al2O3 layer.

For nano-metallic structure, resonant wavelength depends on the refractive index of the

environmental dielectric, which is utilized to evaluate the performance of different types of

plasmonic absorbers. The FWHM is another factor determining the performance of plas-

monic sensors. Thus an overall performance parameter of the plasmonic sensor is defined

as sensitivity (S = dk/dn) and figure of merit (FOM), FOM = dk/dn/FWHM, introduced

Fig. 4 a The reflection spectra as the functions of the thickness of the anti-oxidized Al2O3 layer varying
from 0 to 5 nm. b The resonant peak wavelength at n = 1.312 and n = 1.32, and the parameters FOM
(FOM = Max|dk/dn/FWHM|) of the plasmonic absorber as the functions of the thickness of the Al2O3 layer
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by (Becker et al. 2010), where dk is resonant wavelength shift, dn is the refractive index

change and FWHM is the full width of the half maximum at the absorption peak. Under

normal incidence, the dependence of absorption spectra on the refractive index of the

environmental dielectric n is shown in Fig. 5a with the structure parameters set as follows:

a = 500 nm, w = 100 nm, t = 28 nm, h = 100 nm and d = 2 nm. As n varies, the

maximum absorption intensity remains near unity and FWHMs stay at 3 nm. At the same

time, the resonant wavelength increases linearly as presented in Fig. 5a in the blue star. So

according to the definition of S and FOM, the sensitivity and FOM of the plasmonic

absorbers remain unchanged, which is about 507 nm/RIU and 160, respectively. Figure 5b

shows the S in the slop of the blue star and the FOM in the green triangle. The charac-

terized wavelength in our work mainly focuses on the visible region which is compatible to

the current data of the plasmonic sensor (Meng et al. 2014; Tong et al. 2014; Li et al.

2015a), only being less than some of them (Meng et al. 2014). Thus, the plasmonic

absorber has an excellent performance for detecting the refractive index fluctuation of the

surround environment after introducing the Al2O3 layer.

3 Conclusion

In summary, we proposed an effective strategy to avoid the oxidization of the Ag based

plasmonic absorbers by introducing a thin Al2O3 layer above the upmost Ag surface and

achieve an ultra-narrow band highly sensitive sensor, simultaneously. The interaction of

strong diffraction and excited SPP at resonance wavelength is proposed to explain the near

unity absorbance. The expected perfect absorption (100% absorbance), narrow FWHM

about 3 nm, high sensitivity about 507 nm/RIU, and high FOM about 160 are achieved.

They are independent of the thickness of the introduced Al2O3 layer and the refractive

index fluctuation of the surround environment, which makes the sensor stable working at

various environments. This wok may greatly promote the practical application of sensors

based on plasmonic absorbers.
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Fig. 5 a The reflection spectra as the functions of the refractive index of the environmental dielectric
varying from 1.31 to 1.36; b The resonant peak wavelength and FOM (FOM = Max|dk/dn/FWHM|) of the
plasmonic absorber as the functions of the refractive index of the environmental dielectric varying from 1.31
to 1.36 in the blue star and green triangle, respectively. (Color figure online)
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