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We propose a broadband, efficient, ultra-thin metal-insulator-metal (MIM) absorber with a simple

single-sized disk configuration by utilizing metals with high imaginary part of permittivity (e00).
The physics behind this is that field dissipation is remarkably enhanced in MIM absorbers with

high-e00 metals, significantly extending the absorption bandwidths, which are conventionally limited

by magnetic resonances of MIM absorbers with low-e00 metals. The experimentally demonstrated

MIM absorber based on tungsten with high-e00 yields broadband absorption from visible to near-

infrared range (400–1700 nm) with an average measured absorption of 84%. The ultra-thin and

single-sized nanostructure with broadband efficient absorption facilitates the scalability to large-

area photonic applications. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4977860]

Plasmonic metamaterial absorbers have garnered signifi-

cant interest due to their unique ability to trap light beyond

diffraction limit and potential applications in energy-

harvesting and information processing.1–5 Especially, the

broadband absorbers show fascinating applications in photo-

voltaics and thermophotovoltaics,6 bolometers,7 thermal

emitters,8,9 and photodetectors.10 So far, a lot of strategies

have been demonstrated to realize broadband optical absorp-

tion with metallic nanostructures, including planar film

stacks consisting of alternating metal/dielectric layers,11,12

anodized aluminum oxide templates filled with metallic

nanoparticles,13 arrays of tapered structures including metal

pyramids14 and convex grooves,15 and hyperbolic metamate-

rial arrays.16 These strategies all show respective merits.

However in these schemes, the effective thicknesses of the

devices are generally above 400 nm, which are close to or

even larger than the optical wavelength.

The metal-insulator-metal (MIM) absorber,17–22 where

metallic nanopatterns and a metallic film are separated by one

thin dielectric film, can achieve extreme absorption by con-

centrating the electromagnetic field in the dielectric gap based

on magnetic-resonances. The most prominent feature of the

MIM absorber is that its thickness (�100 nm for absorption in

the optical region17) is well below the wavelength. However,

the absorption based on the magnetic response is accompa-

nied by a comparatively narrow bandwidth (�200 nm in the

near infrared).17,18 Two methods have been proposed to effi-

ciently extend the bandwidth of the MIM absorber. One is to

introduce complicated metallic nanostructures since the reso-

nant wavelength is predominantly dependent on the size of

the top metallic nanostructures.23–26 Another method is to

combine the magnetic resonances with the broad Mie reso-

nance of the nanoparticles, which originates from the ran-

domly shaped particles with a large size distribution.27,28

These methods present advances towards broadband, efficient,

ultra-thin MIM absorbers; they yet suffer the problem of

either comparatively narrow bandwidth (only covering the

visible spectrum) or requiring randomness in nanostructures

(such as size, shape, and arrangement variation), which

increases fabrication complexity. Besides, compared with

noble metals with low stability at high temperature,29,30

refractory materials with high melting points are much more

attractive for the MIM broadband absorber for energy harvest-

ing techniques such as solar thermophotovoltaics. The refrac-

tory material-based MIM absorbers with high absorption have

been numerically demonstrated from visible to near infrared

regions31 or experimentally at either visible or near infrared

spectrum.32,33 Therefore, it is of vital importance to realize

refractory material-based MIM absorbers with simultaneously

broadband absorption (covering both visible and near infrared

regions) and simple configuration (such as only one size, one

shape, and one arrangement for the top nanostructure).

In this paper, we propose a broadband, efficient, ultra-

thin MIM absorber with a simple single-sized disk configura-

tion by utilizing metals with high imaginary part of permittiv-

ity (e¼ e0þie00 represents relative permittivity throughout this

paper). Much broader absorption bandwidth can be realized

with high-e00 metals compared with conventional low-e00 met-

als in the MIM absorber. The physics behind is that field dis-

sipation is significantly enhanced in MIM absorbers with

high-e00 metals, remarkably extending the absorption band-

width dependent on the conventional magnetic resonances.

As a proof-of-concept demonstration, a high-e00 tungsten

based MIM absorber with one consistent disk size is fabri-

cated, which shows an average measured absorption of above

80% from visible to near-infrared range (400–1700 nm). This

MIM absorber with high-e00 metals presents several advan-

tages: (1) broadband and efficient absorption from visible to

near-infrared can be realized by combining enhanced field

dissipation at both non-magnetic resonances and magnetic

resonances; (2) the total thickness of the MIM triple layer

is only 215 nm, which is smaller than the light wavelength;

(3) although the device demonstrated in this manuscript is

still based on e-beam lithography, the simple single-sizeda)E-mail: qiangli@zju.edu.cn
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nanostructure configuration can potentially enable cost-

effective large-scale fabrication (such as printing lithography3

and colloidal lithography21,34); (4) the high-e00 metals are usu-

ally refractory, paving the way for high-temperature applica-

tions. This broadband, efficient, ultra-thin MIM absorber with

a simple single-sized disk configuration presents an outstand-

ing candidate for efficient energy-harvesting applications.

The structure of the MIM absorber is illustrated in

Fig. 1(a). It consists of three layers: a bottom metal film, an

insulator spacer layer, and a top nanostructured metal layer.

The thickness of the bottom metal layer is generally larger

than its skin depth to prevent leaky transmission. The loss-

less dielectric layer (Al2O3) has a thickness of d (¼70 nm).

The top structured metallic layer is composed of periodical

nanodisks with uniform thickness, radius, and periodicity

of t, r, and a, respectively. Numerical simulations are

performed by using commercial software COMSOL

Multiphysics based on finite element methods. In the simula-

tion, radius r, thickness t, and periodicity a (in both x- and

y-directions) of metallic disks are set as 116 nm, 15 nm, and

320 nm, respectively. The refractive index of Al2O3 is set as

1.75. Two kinds of metals in terms of the permittivity are

considered: one is conventional low-e00 metal (such as gold

(Au)) and the other is high-e00 metal (such as titanium (Ti),

tungsten (W), and nickel (Ni)). The MIM absorbers made of

these two kinds of metals are termed as “low-e00 MIM

absorber” and “high-e00 MIM absorber,” respectively. The

real parts (e0) and imaginary parts (e00) of the complex permit-

tivity for the metals considered here are provided in supple-

mentary material Figs. S1 and 1(b), respectively. The

complex permittivities of Au, Ti, and Ni are derived from

the tabulated data from Johnson.35,36 The complex permittiv-

ity of W is obtained by variable angle spectroscopic ellips-

ometry in our experiment. At 1060 nm, the e00 for Ti, W, and

Ni is 28.14, 32.58, and 31.42, respectively, far larger than

that for Au (3.86).

The absorption spectrum (400–1700 nm) of both the

“high-e00 MIM absorber” and “low-e00 MIM absorber” with

the same geometrical parameters for normal x-polarized

excitation is calculated (Fig. 2(a)). From the absorption spec-

trum, we can see that the high-e00 MIM absorbers show high

absorption from 400 nm to 1700 nm. The average absorption

for Ni, Ti, and W MIM absorbers is 82%, 81%, and 84%,

respectively. In comparison, low-e00 (Au) MIM absorbers

only show high absorption at obvious resonances: one is at

the magnetic resonance (�1400 nm) and the other is at the

anti-reflection resonance (�560 nm). The fractions of the

light absorbed in the top metallic disk and the bottom metal-

lic film for the W and Au MIM absorbers are shown in Figs.

2(b) and 2(c).

To investigate the physics behind the remarkable differ-

ence in the absorption bandwidth between the high-e00

and low-e00 MIM absorbers, electromagnetic field profiles

(Figs. 3 and S2) and heat power density (Fig. 4) are further

calculated for the Au and W MIM absorbers. The heat power

density q is related to the metal loss and the local electric

field by q ¼ 1
2
e0xe00jEj2, where e0, x, and E are vacuum per-

mittivity, angular frequency of the light, and relative permit-

tivity of the metal (em¼ em
0þiem

00) and local electric field,

respectively. Here, three wavelengths with typical resonan-

ces are analyzed to unveil the underlying light absorption

mechanisms as follows.

(1) At long wavelengths (1690 nm for the W MIM absorber

and 1420 nm for the Au MIM absorber), strong magnetic

fields are confined in the dielectric gap between the top

metal disks and the bottom metal film (Figs. 3(c) and

3(f)), which are typical magnetic resonances contributing

FIG. 1. (a) Three dimensional schematic view of the MIM absorber.

(b) Imaginary parts of permittivity for high-e00 (Ni, Ti and W) and low-e00

(Au) metals.

FIG. 2. (a) Comparison of simulated absorption between high-e00 (Ni, Ti,

and W) and low-e00 (Au) metal based MIM absorbers. (b) and (c) Total

absorption, absorption in the top disk and bottom layer for the W MIM

absorber and the Au MIM absorber.

FIG. 3. The magnetic field distributions in the x-z planes bisecting the top

nanodisks for the W MIM absorber and Au MIM absorber at typical wave-

length. The color contour shows the magnitude of the magnetic field and the

vectors denote direction and magnitude of the electric displacement vector.
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to high absorption (76% and 52% for W and Au MIM

absorbers, respectively) (Fig. 2(a)). This magnetic reso-

nance originates from the excited antiparallel currents in

the gold disk and the bottom gold layer, forming a closed

displacement current loop and bringing about a magnetic

moment strongly interacting with the incident magnetic

field. For the W MIM absorber, 50% is absorbed by the

top metal disk while 26% by the bottom metal film (Fig.

2(b)); while for the Au MIM absorber, 44% is absorbed

by the top metal disk and 8% by the bottom metal film

(Fig. 2(c)). The heat power density in the top metal disk

is much larger than that in the bottom metal film, indicat-

ing the role of the bottom metal film as a mirror to reflect

light back (Figs. 4(c) and 4(f)).

(2) At short wavelengths (560 nm for both W and Au MIM

absorbers), both W and Au MIM absorbers have high

absorption (98% and 82%, respectively) (Fig. 2(a)).

Strong magnetic fields are confined in the interface

between the dielectric and the bottom metallic film, sig-

nifying that typical anti-reflection resonances are gener-

ated. Conventionally, when an insulator with an optical

thickness of one quarter wavelength is coated on a metal-

lic film, the reflected electric field from the metal surface

exhibits an opposite phase to the incident electric field

and they two negate each other in the thin dielectric film

and the reflectance sharply decreases. For the W MIM

absorber, the total absorption is 98%, of which 53% is

absorbed by the top metal disk and 45% by the bottom

metal film (Fig. 2(b)). For the Au MIM absorber, the

total absorption is 92%, of which 50% is absorbed by the

top metal disk and 42% by the bottom metal film (Fig.

2(c)). The strong absorption in the bottom metal film can

also be seen from high heat power density distribution

shown in Fig. 4(a).

(3) At medium wavelength (1060 nm for the W MIM

absorber and Au MIM absorber), high absorption can be

obtained for the W MIM absorber but not for the Au

MIM absorber. The absorption is as high as 88% for the

W MIM absorber (67% in the top disk and 21% in the

bottom film) (Fig. 2(b)) and only 15% in the Au MIM

absorber (all in the top disk) (Fig. 2(c)). At this

wavelength, it is evident that electric dipoles are excited

in the top metallic disks for both the W and Au MIM

absorbers (supplementary material Figs. S2(b) and

S2(e)). Weak dipoles with opposite orientation can also

be identified in the bottom metallic layer; however, they

do not strongly couple with the excited dipoles in the top

disks and no magnetic resonance can be formed.

Although the electric field inside the top metallic disks is

weaker in the W MIM absorber than that in the Au MIM

absorber (supplementary material Figs. S2(b) and S2(e)),

the total absorption in the W MIM absorber is much

stronger than that in the Au MIM absorber. This is

because e00 of W (32.58) is much larger than that of Au

(3.86) at the wavelength of 1060 nm (Fig. 1(b)), which is

the dominating factor for the high absorption in the W

MIM absorber even if the electric field is not so strong.

For metal with high-e00 (Ni, Ti, and W), the high field dis-

sipation in metals is further enhanced by the electric

dipole resonance. Therefore, high absorption can still be

obtained where magnetic resonances and anti-reflection

resonances do not exist. Much higher absorption is

located in this top metal disk because of the excited

dipole resonance (67% in the top metal disk and 21% in

the bottom film for the W MIM absorber) (Fig. 2(b)). For

metal with low-e00 (Au absorber), the low field dissipa-

tion prevents strong absorption at 1060 nm.

For the low-e00 absorber, only the magnetic resonances

and the anti-reflection resonances contribute to the absorp-

tion at resonant wavelength, limiting the available absorption

bandwidth. While for the high-e00 absorber, high field dissipa-

tion in the high-e00 metals induces huge absorption and sig-

nificantly extends the absorption bandwidth. This field

dissipation is further enhanced by the electric dipole reso-

nances since the absorption significantly declines if the top

metal disks are replaced by a metal film with the same thick-

ness (Fig. S3). Although the structural parameters of the Au

MIM absorber with simple disk nanostructures can be further

optimized (changing d from 70 nm to 20 nm) to achieve high

absorption at the fundamental magnetic resonance (1630 nm)

(Fig. S4), the absorption bandwidth is limited because of the

absence of the strong field dissipation at wavelengths where

the magnetic resonances and the anti-reflection resonances

do not exist.

The low-e00 (such as gold) MIM absorbers with simple

disk nanostructures as the top layer have been well experimen-

tally demonstrated with limited absorption bandwidth.17,18 As

a proof-of-concept demonstration of the high-e00 absorber, a W

MIM absorber with simple single-sized disks as the top layer

is fabricated (Figs. 5(a) and 5(b)).

Figure 5(b) depicts the measured and simulated absorp-

tion of the W MIM absorber at normal incidence. In compar-

ison, the absorption spectrum of the insulator-metal (IM)

double layered film and a single metal layer (M) with the

same metal and insulator thickness is provided. The experi-

mental results are in agreement with the simulated results.

From 500 nm to 1700 nm, the absorption is maintained above

80%, demonstrating a broad absorption bandwidth. At

790 nm, the measured absorption for the MIM, IM, and M

absorbers is 98%, 55%, and 26%, respectively. By adding

FIG. 4. The heat power density in the x-z planes bisecting the top nanodisks

for the W absorber and Au absorber at typical wavelength.
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the 15-nm-thick W nanodisks to form a MIM absorber, the

absorption gets much higher, demonstrating that the field dis-

sipation in the MIM absorber is enhanced by the resonances.

The MIM absorber demonstrates more than twice the absorp-

tion of the IM structure at 1700 nm. The smoother experi-

mental absorption spectrum, compared with the simulated

spectrum, can be attributed to the additional loss of the nano-

disks with rough edges incurred from fabrication, which

causes broader resonances. Thus, by combining the magnetic

resonances and non-magnetic resonances with high-e00 met-

als, broadband, efficient, ultrathin absorption can be realized

in the MIM absorber.

In conclusion, we propose a broadband, efficient, and

ultrathin MIM absorber with a simple single-sized disk con-

figuration by utilizing high-e00 metals. The key requirement

for the realization of such broadband efficient absorption is

identified as the high-e00 of the metallic materials, which con-

tribute to the high field dissipation and extend the absorption

bandwidth dependent on the magnetic resonances and anti-

reflection resonances. Compared with the carbon-based

absorber, which usually shows large thickness and high

emissivity in the middle infrared region, this ultra-thin and

simple nanostructure to achieve broadband efficient absorp-

tion can facilitate energy-harvesting applications such as

solar thermophotovoltaics.

See supplementary material for the procedure of device

fabrication, optical simulations, optical characterizations,

real part of relative permittivity (for W and Au), electric dis-

tribution, and absorption result.
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