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We experimentally demonstrate electrical tuning of plasmonic mid-infrared absorber resonances

at 4 lm wavelength. The perfect infrared absorption is realized by an array of gold nanostrip

antennas separated from a back reflector by a thin dielectric layer. An indium tin oxide active

layer strongly coupled to the optical near field of the plasmonic absorber allows for spectral

tunability. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4809516]

Metallic nanostructures support localized surface plas-

mons that can be excited resonantly by suitably matching

the excitation wavelength to the size of the plasmonic reso-

nator. On resonance, plasmonic nanoantennas can localize

the freely propagating radiation and produce very high opti-

cal currents in the metal.1 Due to the free electron absorp-

tion in metals, electromagnetic energy is efficiently

converted to heat similar to generation of heat in a resistor

at radio frequencies. Various types of resonant plasmonic

absorbers utilizing this effect have been demonstrated for

radiation absorption across the electromagnetic

spectrum.2–4 The electrical tunability of a plasmonic

absorber that enables electro-optical switching is highly de-

sirable, however, has not been achieved previously.

Recently, it has been reported that significant voltage-

tunable changes in the refractive index of indium tin oxide

(ITO) can be achieved through accumulation of carriers

through the electric field effect when utilizing ITO in a

metal-oxide-semiconductor capacitor configuration.5–7 In

this work, we demonstrate an electrically tunable plasmonic

absorber with near unity absorption enabled by ITO as the

active material.

The schematic of the electrically tunable plasmonic

absorber is shown in Fig. 1. Periodic gold nanostrips are fab-

ricated on top of a free standing silicon nitride membrane

with a silicon frame using standard electron beam lithogra-

phy and lift-off processes. The backside of the nitride mem-

brane spacer is coated with a 100 nm thick gold layer, acting

simultaneously as the back electrode and the back reflector

allowing for near unity absorption in the plasmonic absorber

design first proposed by Shvets et al.3 The gold nanostrips

and back plate also act as the top and bottom contact electro-

des for carrier injection and electrostatic gating, respectively.

For electrical tunability, a thin layer of ITO is then deposited

directly on the nanostrip antennas, where the near field inten-

sity is maximum. Figure 1 also shows the scanning electron

microscope (SEM) image of the fabricated nanostrip plas-

monic absorber.

The carriers injected into the ITO create an accumula-

tion layer and modulate the optical refractive index in the

near field of the plasmonic absorber, which in turn leads to

the tuning of the plasmonic absorption resonance.5,6

We first numerically analyze the two-dimensional peri-

odic absorber structure using an electromagnetic solver

(COMSOL). Figure 2(a) shows the schematic diagram of a unit

cell of the studied periodic structure. We find that the spec-

tral position of the peak absorption depends predominantly

on the width (Wg) of the nanostrips, since the nanostrips act

as resonators for light polarized along their width. The

absorption efficiency can be maximized for an optimal filling

factor, F � Wg/D, defined by the ratio between Wg and the

array period D. For each Wg, there is an optimal period for

the resonant absorption to reach unity. For example, for

Wg¼ 200 nm, the peak absorption approaches unity at

kplasmon¼ 2 lm corresponding to Fopt¼ 0.14, while

Fopt¼ 0.67 for D¼ 1000 nm, kplasmon¼ 5.7 lm. For a certain

Wg, if the filling factor F is not at its optimal value, then

peak absorption will deviate from unity. As shown in Fig.

2(d), for Wg¼ 600 nm, when filling factor F is decreased

from the optimal value of F¼ 0.33 (D¼ 1800 nm) to F ¼0.2

(D ¼ 3000 nm), the peak absorption is moderately reduced

from unity to about 90%. From the numerical simulations,

we can see that unity absorption can be sustained even for

resonance wavelengths up to 6 lm and peak absorption

monotonically decreases above 6 lm. In the wavelength

range for which unity absorption can be achieved, the ratio

of plasmonic resonant wavelength, kplasmon, to the thickness,

t, of the dielectric spacer is gplasmon � kplasmon/t¼ 60.

Note that this corresponds to a much thinner spacer layer

compared to that in a conventional absorber based on wave

interference, where the wavelength of the first absorption

peak appears at kabs ¼ 4nnitridet � 8t, only 8 times the thick-

ness of the nitride spacer.3,4,8 Therefore, the unique advant-

age of such “nanostrip antenna/dielectric spacer/back

mirror” structure is that optically it can support plasmonic

resonances with a spacer thickness that is 60 times smaller

than the resonant wavelength,3 which is crucial for tuning

the optical spectra with a low applied gate voltage.

To demonstrate the electrical tuning of the absorption

spectrum, an ITO layer of �15 nm is deposited on top of the

gold nanostrip antennas and the nitride spacer, as shown in

Fig. 3(a). An identical ITO layer deposited on a silicon sam-

ple during the same sputtering process is used for optical

characterization. The refractive index, n, and the extinction

coefficient, j, of the ITO films measured by a spectroscopic

ellipsometer are shown in Fig. 3(b). We fitted our ellipsome-

try data using the Drude model:5,6
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e ¼ e1 �
x2

p

x2 þ ixc
: (1)

The following fitting parameters produced the best fit to our

index of refraction data; background permittivity e1¼ 2.17,

collision frequency c¼ 190 THz, plasma frequency xp

¼ 8.75� 1014 rad s�1. From the plasma frequency, xp, we

extracted the initial carrier concentration, nc, of the deposited

ITO film: nc¼ e0m*xp
2/e2, where m*¼ 0.35 � m0 is the

effective mass of electrons in ITO and m0 is the electron rest

mass, e is the electron charge, and e0 is the vacuum permit-

tivity. The initial electron concentration nc is found to be

8.8� 1019 cm�3.

We fabricated an array of nanostrip antennas using elec-

tron beam lithography on a 100 nm thick silicon nitride

membrane with 100 nm of gold back mirror evaporated on

the back side.

Then, 15 nm of ITO is sputtered as the active material

on the nanoantennas. A current source meter (Keithley 2400)

applied a voltage across the ITO/nitride spacer to inject car-

riers into the ITO layer. Figure 3(c) shows the leakage cur-

rent, Ig, through the dielectric spacer as a function of applied

bias voltage. It can be seen that the capacitor structure can

sustain an applied voltage, Vg, up to 20 V without dielectric

breakdown. This value (20 V/100 nm) is close to the typical

breakdown voltages of silicon nitride thin films.9 We meas-

ured the absorption spectrum of the plasmonic absorbers

under different applied bias voltages using a Fourier trans-

form infrared spectrometer (FTIR) coupled to an infrared

microscope equipped with reflective optics. Figure 3(d)

shows that the absorption spectrum is tuned by the modu-

lated refractive index in the near field region of the plas-

monic absorber where the injected carriers accumulated. For

an applied voltage of 10 V, a shift of �10 nm in the absorp-

tion spectrum is experimentally demonstrated (Fig. 3(d)).

In order to reproduce the experimentally obtained

results, we need to determine the carrier concentration in the

accumulation layer. The average thickness ta of the accumu-

lation layer created by the carriers injected into the ITO layer

in a standard metal-insulator-semiconductor structure as

shown in Fig. 4(a) is given by10

ta ¼
pffiffiffi
2
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBTe0es

ncq2

s
: (2)

Here, kB is the Boltzmann constant; T¼ 300 K is the absolute

temperature; q is the electron charge; e0 is the free space per-

mittivity, and es¼ 9.3 is the relative static permittivity of

ITO. Using the aforementioned nc¼ 8.8� 1019/cm3, the

thickness of the accumulation layer is found to be

ta¼ 0.9 nm. To verify the value of ta obtained by Eq. (2), we

also used a 2D simulation package11 to find the distribution

of the injected carriers in the ITO and the result is shown in

FIG. 2. (a) Schematic of the plasmonic absorber.

(Top) Optical near field distribution for a unit cell.

The dimensions in our devices are: t¼ 100 nm,

Hg¼ 35 nm, and Hp¼ 200 nm. (b) The optimal opti-

cal spectra of nanostrip antenna with Wg of 200 nm

(�), 400 nm (�), 600 nm (�), 800 nm (�),

1000 nm (�), and 1200 nm ("). (c) The corre-

sponding optimal filling factor Fopt for each Wg. (d)

The optical spectra for Wg¼ 600 nm with different

filling factors.

FIG. 1. A schematic overview of the electrically tunable optical antenna

absorber. Plasmonic nanostrip antennas fabricated on a silicon nitride mem-

brane with a gold back reflector. A thin layer of ITO deposited on the nano-

strips acts as the active layer for electrical tuning. The gold nanostrips and

the gold back mirror are also used as the contact electrodes for carrier injec-

tion into the ITO layer. Inset: an SEM image of a typical absorber.
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Fig. 4(b). It can be seen that under 10 V of gate voltage, the

carrier concentration is 1.45� 1020/cm3 at the ITO/silicon

nitride interface and then drops exponentially to the intrinsic

carrier concentration of 8.8� 1019/cm3 after about 1.5 nm in

good agreement with the value from Eq. (2). Having calcu-

lated ta, we can find the injected carrier concentration nacc in

the accumulation layer. The total injected charge Q of the ca-

pacitor is Q ¼ Ci � Vg ¼ Vg � e0 � ei � A/t, where A is the

unit area of the capacitor and t¼ 100 nm is the thickness of

the silicon nitride spacer. ei¼ 4 is the static relative permit-

tivity of silicon nitride.5 Assuming a uniform carrier distribu-

tion in the accumulation layer, the injected carrier

concentration can, therefore, be calculated as

nacc ¼
Q=e

A� ta
¼ eie0Vg

t� ta � e
: (3)

Under an applied voltage of Vg¼ 10 V, the injected carrier

concentration in the accumulation layer nacc is found to be

2.2� 1019 cm�3 corresponding to a total carrier concentra-

tion (na ¼ nc þ nacc) of 1.1� 1020 cm�3. Although we under-

estimate the carrier density assuming a uniform distribution,

this agrees well with average carrier density in the accumula-

tion layer from the electrical simulations.

Using the estimated carrier concentration, we deter-

mined the changes in the real and imaginary parts of the

dielectric constant for ITO (Fig. 4(c)). We can see that the

dielectric constants in the accumulation region are changed

by the injected carriers at longer wavelengths. We calcu-

lated, by solving the 3D problem in COMSOL, the absorption

spectrum of the plasmonic absorber covered with the ITO

layer by inputting the calculated dielectric constant after car-

rier accumulation under 10 V bias. The accumulation layer is

modeled as a 1 nm thick layer at the ITO/nitride interface

with a uniform carrier concentration. The accumulation layer

lies within the strongest region of the plasmonic mode. The

absorption spectra before and after the carriers are injected

into the ITO layer are shown in Fig. 4(d). The simulated

FIG. 3. (a) A thin layer of ITO is placed at the opti-

cal near field region of the plasmonic nanostrip

antenna. Electrically a capacitor structure is formed

with the silicon nitride as the dielectric spacer. An

accumulation layer builds up in the ITO at the ITO/

silicon nitride interface. The carrier concentration at

the accumulation layer, na, is higher than that of the

initial ITO film nc. (b) The refractive index n and

extinction coefficient j of the as deposited ITO

layer measured by ellipsometry. (c) The leakage

current for the “ITO/dielectric spacer/gold back-

plate” structure under applied bias. (d) The tuning

of the measured absorption spectra by carriers

injected into the ITO layer.

FIG. 4. (a) The “metal-insulator-semiconductor”

capacitor structure used to calculate the injected

electron density in the ITO accumulation layer. (b)

The simulated distribution of the electron density in

the ITO layer. Here, x is the distance from the ITO/

nitride interface. (c) The real (red) and imaginary

(blue) parts of the dielectric constant in the accumu-

lation region before (solid lines) and after (dotted

lines) carrier injection by applied bias voltage. (d)

Numerical simulation of the absorption spectrum

tuning caused by the accumulation layer of the

injected carriers. The black solid line is the absorp-

tion spectrum without injected carriers, while the

red dotted line is the absorption spectrum with

injected carriers.
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spectral shift of around 8 nm agrees well with the measured

value.

The amount of spectral tuning strongly depends on the

injected carrier concentration in the accumulation layer,

which is limited by the breakdown field for the dielectric

spacer used, similar to gate oxide breakdown in metal-oxide-

semiconductor field effect transistors (MOSFETs). With

typical electrical breakdown fields, our calculations and

experiments show that the upper limit for injected carrier

density (nacc) is in the 1019 cm�3 range. For our initial carrier

concentration, this corresponds to a change of only 20%.

Since the upper limit for the injected carrier density is deter-

mined by the dielectric breakdown, it is not possible to

achieve higher injected carrier density by utilizing a thinner

dielectric spacer. Although this yields a much smaller volt-

age to reach similar injection concentrations, the limiting

factor is still the breakdown field, not the voltage, which is

independent of the dielectric thickness. Moreover, the spec-

tral tuning demonstrated here is also comparable to other

reported values of electrical tuning of the plasmonic resonan-

ces using active materials such as graphene.12,13

In summary, we demonstrated an electrically tunable

plasmonic “perfect” absorber. The “gold nanostrip antenna/

dielectric spacer/gold back plate” structure forms a plas-

monic resonator with unity absorption. Electrical tuning of

the absorption spectrum is realized by the modulated refrac-

tive index of a thin ITO layer strongly coupled to the plas-

monic absorber near field.
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