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Infrared thermal emission from metals has important energy applications in thermophotovoltaics,

radiative cooling, and lighting. Unfortunately, the emissivity of flat metal films is close to zero

because the screening effect prevents metals’ fluctuating currents from emitting to the far field. As

a result, metal films are often used as reflecting mirrors instead of thermal emitters. Recently,

nanostructured metals, such as metamaterials, have emerged as an interesting way to enhance and

to spectrally control thermal emission based on plasmonic resonant effects. However, they require

sophisticated lithography. Here, we proposed and experimentally demonstrated a completely

different mechanism to achieve spectrally selective metallic emitters based on a tunneling effect.

This effect allows a simple flat metal film to achieve a near-unity emissivity with controlled spec-

tral selectivity for efficient heat-to-light energy conversion. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4914886]

A blackbody radiates in a wide spectral range. Such

broadband emission is often undesirable in many energy

applications that rely on radiative heat as the primary mode

of energy exchange. For example, in thermophotovoltaics,

an ideal emitter should have a sharp cut-off in the near-

infrared spectral range.1–3 In passive radiative cooling,4 the

emitter should only radiate in wavelength range between 8

and 13 lm.5 Driven by these energy applications, there has

been a great amount of recent interests in spectrally selective

thermal emitters.6–13

There are two approaches to achieve the spectral selec-

tivity. The first relies on the intrinsic dielectric property of

materials. For example, SiC is used for thermal emission in

the selected spectral range between 10 and 13 lm14 based on

its phonon polaritons. Generally, this approach requires min-

imal amount of nanofabrication because the spectral selectiv-

ity is offered by the intrinsic properties of the material. The

main drawback is the lack of spectral tunability and potential

material incompatibility. The second approach is based on

nanostructured materials.15,16 This approach offers greater

flexibility in tuning the emission spectra because the spectral

features are determined by the structure instead of any intrin-

sic dielectric properties. Metals are often the favorite choice

of materials because they can be made to selectively emit at

any wavelength from visible to THz.17,18 This capability is

enabled by the fact that metals’ thermal emission mainly

comes from free carriers instead of transitions in quantized

energy levels. However, due to the strong screening effect, a

flat metal film has very low emissivity. To overcome such

issue, recently metamaterial emitters have emerged as a very

interesting solution based on the plasmonic resonances of met-

als. A variety of metallic structures have been demonstrated,

including nanoparticles, gratings, and hyperbolic metamateri-

als,19–24 to name a few. Despite its great spectral tunability,

using nanostructures to control emission imposes a significant

barrier for practical applications because it often requires

expensive lithography. It is therefore highly desirable to

achieve spectrally selective emitters without nanostructure

patterning. In this paper, we report a spectral selective emitter

based on flat metallic films. Instead of plasmonic resonance,

we rely on the tunneling effect in extremely thin films. The

tunneling effect enhances the emissivity of metal film over

extremely broadband range. A simple Fabry-Perot cavity can

be used to accomplish the spectral selectivity. This method

allows the large-area low-cost fabrication of spectrally selec-

tive thermal emitter, which could be used in a variety of

energy applications.

Metals have great potential to become efficient thermal

emitters because of their high density of free charges. This

potential is also reflected by the large value of the imaginary

part of the dielectric constant, particularly in the infrared

regime. However, the strong screening effect prevents the

fluctuating currents inside the metal from radiating to the

free space. As a result, flat metal films typically have a low

emissivity below 5%. To illustrate such screening effect in

simulations, Figure 1(a) shows the emission by an electric-

current point source, which can be considered as the building

element of a thermal source. The point source emitting at a

wavelength of 10 lm is placed 0.5 nm below the air-silver

interface, a distance much shorter than the skin depth

(�10 nm for silver). The simulation is performed by solving

the Maxwell’s equations with a finite-element method. The

dielectric constant of silver is taken from Ref. 25. One can
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see that despite being close to the surface, the point source

radiates weakly. The bulk Ag material below the point cur-

rent effectively prevents the far-field emission. Conventional

approaches of enhancing the emission in metals exploit the

plasmonic resonances in nanostructures, such as metamate-

rial emitters, which inevitably requires nano-patterning.

Here, we explore a completely different mechanism based

on the tunneling effect in flat and continuous ultra-thin metal

films. To briefly illustrate the idea, Figure 1(b) shows the

same current source placed in the center of a 1-nm-thick sil-

ver film. Due to the thin thickness, the film does not have

enough charges to screen the oscillating current. The emis-

sion is drastically enhanced in ultra-thin flat film, which can

be directly visualized by comparing Figures 1(a) and 1(b),

where the same color map is used. Moreover, unlike the plas-

monic resonant enhancement, the tunneling enhancement is

a non-resonant effect, meaning that it has extremely broad

spectral bandwidth. The classical model studied here does

not include the effect of quantum plasmon,26 which could

introduce additional correction without affecting the main

conclusion.

The enhanced emission can also be understood by con-

sidering the light absorption of ultra-thin films because the

absorption is the reciprocal process of thermal emission. The

absorption by a material is linearly proportional to both the

imaginary part of the dielectric constant �img and the inten-

sity of electric field jEj2 inside the material. Metals normally

have very large �imag in the infrared spectral range. But the

electric field inside metals is extremely weak when light

shines on a thick metal slab. The electric field can be

described as E exp½2pð�i n� kÞx=k�, where n and k are the

real and imaginary parts of the refractive index of the metal,

respectively. Normally, k is much larger than n for infrared

light. The amplitude jEj � 2jE0j=k, where E0 is the ampli-

tude of the incident light. As an example, n¼ 7 and k¼ 73

for silver at the wavelength of 10 lm, resulting in an ampli-

tude jEj that is only 2.7% of the incident field jE0j. Figure

1(c) shows the field distribution for a light normally incident

upon a thick slab, where the field goes to nearly zero instan-

taneously in the metal. The resulting absorption and emissiv-

ity is extremely weak despite silver’s large �img value. On

the other hand, for ultra-thin films of a few nm thickness,

metals are no longer good mirrors, which allow photons to

tunnel through. The electric field strength inside the metal is

significantly enhanced. In the infrared regime, where the

wavelength k � 103 � 104 nm, the film thickness d=k � 1

and the amplitude inside the film are comparable to the inci-

dent field. Figure 1(d) shows the field distribution for light

tunneling through a 1-nm-thick Ag film. The amplitude

jEj ¼ 47%jE0j. Figure 1(e) shows the simulated values of jEj
for films of different thicknesses. The tunneling effect is

most prominent when the thickness is below 10 nm. As the

thickness increases, the tunneling becomes weaker and the

amplitude of the field inside silver decreases. When the d is

thick enough, e.g., thicker than a few tens of nm, we can

treat it as a bulk metal and jEj becomes a small constant in-

dependent of the film thickness. Therefore, to obtain an

enhanced electric field inside the metal, an ultra-thin film is

desired where its absorption and thermal emission can be

enhanced.

Figure 2(a) compares the spectra of the emissivity of a

thick (dashed) and a 1-nm-thick (dotted) silver film in the

FIG. 1. (a) Radiation by an electric-

current point source placed 0.5 nm

below the interface between air and a

semi-infinite silver slab. (b) Radiation

by an electric-current point source

placed in the center of a 1-nm-thick

silver film. (c) and (d) Electric field

distributions of light incident normally

upon a semi-infinite silver slab (c) and

a 1-nm-thick silver film (d). (e) The

strength of the electric field at the

air-silver interface for silver films of

different thickness. The incident field

jE0j ¼ 1.

101104-2 Wang et al. Appl. Phys. Lett. 106, 101104 (2015)
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direction normal to the surface. One can see that the emissiv-

ity of the thick film is always less than 1% in the infrared re-

gime. In great contrast, the emissivity of the 1-nm-thick film

is up to 16%. More importantly, the emissivity is enhanced

over an extremely broad range of spectrum because the tun-

neling effect does not rely on any optical resonance.

The enhancement due to the tunneling effect is not sen-

sitive to the direction of the thermal emission. To evaluate

the total thermal emission in all angles, we calculated the

angle-integrated emissivity defined by

eT ¼
1

2

X
s;p

1

p

ðp=2

0

dh
ð2p

0

due h;uð Þcos hð Þsin hð Þ;

where eðh;uÞ is the angle-dependent emissivity. The sum-

mation is performed for the two polarization states s and p.

The result for the 1-nm-thick film is shown by the solid line

in Figure 2(a). It is almost the same as the emissivity in the

normal direction, indicating excellent isotropic emission.

The tunneling effect leads to stronger fields in the metal

when we reduce the thickness of a film. However, the emis-

sivity will not grow monotonically with a decreasing thick-

ness because the thermal emission also scales with the

volume of the materials. For example, for the wavelength of

10 lm, a maximum emissivity of 16.3% is achieved when

the film is 0.6 nm thick. Figure 2(b) shows the dependence of

emissivity on the thickness of the silver film for the wave-

lengths of 5 lm (dashed), 10 lm (solid), and 20 lm (dotted).

They all reach peak emissivity at certain finite thicknesses.

Another interesting trend can be identified in Figures 2(a)

and 2(b): ultra-thin films emit more thermal energy in the lon-

ger wavelength range. This trend is somewhat counterintuitive,

considering that silver slabs are considered as better mirrors

and weaker emitters in the longer wavelength range. Here, in

ultra-thin films, the amplitude of the field inside metals is on

the same scale for different wavelengths, owing to the tunnel-

ing effect. However, the imaginary part of the dielectric con-

stant eimag increases when the wavelength increases, resulting

in stronger thermal emission in the long wavelength range.

Figs. 1 and 2 show that the tunneling effect in ultra-thin

films can enhance the emissivity over extremely broad spectral

range. To achieve spectral selectivity, the simplest approach is

to use a Fabry-Perot cavity in a salisbury screen design,27,28 as

shown in Figure 3(a). The cavity consists of three layers: a thick

Ag layer as the bottom mirror, a Si layer as the transparent

spacer, and an ultra-thin Ag film as the active thermal emitter.

The resonance of this cavity further enhances the emissivity at

the resonant frequency and suppresses the emissivity at off-

resonant frequencies. The wavelength of the emission is pri-

marily determined by the thickness of the spacer.

Figure 3(b) shows the calculated emissivity for different

Si spacer thicknesses. The thickness of the silver film is 2 nm.

The emissivity is close to unity around the resonant wave-

lengths. The resonant wavelengths increase as the spacer

thickness increases. Higher order cavity modes start to appear

with a thicker spacer. As an example, to achieve a selective

emitter at the wavelength of 10 lm, we choose a Si spacer of

1.22 lm thick. For a 2-nm-thick top layer of silver, the peak

emissivity reaches 98.2% (Figure 3(c) dashed line). The band-

width of the selective emitter can also be tuned. The band-

width is primarily determined by the reflectivity of the top

silver film and the length of the cavity. A thinner film leads to

a weaker reflectivity and a broader bandwidth. A longer cavity

leads to higher quality factor and thus narrower bandwidth.

As an example, when we reduce the thickness of the silver

film from 2 nm to 1 nm, the emission bandwidth is signifi-

cantly broadened (Figure 3(c) solid line). The cavity also pre-

serves the angular response of ultra-thin film very well. The

emissivity for different emission angles at the wavelength of

10 lm is plotted in Figure 3(d), showing high emissivity for

broad angular response and for both polarization states.

Next, we experimentally demonstrate spectrally selec-

tive emitters based on ultra-thin flat films. We started with a

Si substrate with root-mean-square (RMS) roughness of

<0.02 nm. Silver films were deposited on Si substrates with

a 1-nm-thick Ge film as the wetting layer using electronic

beam evaporation. The deposition rate is set to 0.1 A/s to

control the thickness accurately. The slow deposition rate is

important to minimize roughness growth. All films were de-

posited at room temperature with electron beam thermal

evaporation with a typical base pressure of 5� 10�7 Torr. A

100-nm-thick Ag mirror layer is followed by an 870-nm-

thick amorphous silicon layer and finally a 3-nm-thick Ag

film. Figure 4(e) shows the photo of a fabricated sample.

This 3-nm-thick Ag film was also deposited on a control

glass sample for spectroscopic ellipsometry characterization,

which is used to confirm the thickness of the deposited

Ag. The thickness and optical constants of the film are fitted

in the spectral region from 0.285 to 1 lm. The ellipsometry

fit was obtained using Drude model and Tauc-Lorentz

FIG. 2. (a) Dotted line: the emissivity

of the 1 nm silver film in the direction

normal to the surface; dashed line: the

emissivity of a bulk silver slab in the

normal direction; solid line: the angle-

integrated emissivity of 1 nm silver

film. (b) The emissivity as a function of

the thickness of the ultra-thin silver film

at the wavelengths of 5 lm (dashed),

10lm (solid), and 20 lm (dotted).

101104-3 Wang et al. Appl. Phys. Lett. 106, 101104 (2015)
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FIG. 4. (a) Spectroscopic ellipsometry

parameter tan(u) for a ultra-thin Ag

film on a glass substrate. Measured val-

ues for incident angles of 60� and 70�

are shown by the open-circle and star

markers, respectively. The solid lines

are the fitted value based on Drude

model and Tauc-Lorentz oscillator. (b)

Fitted dielectric constants of the silver

film. Blue and red curves represent the

real and imaginary parts of the dielec-

tric constant, respectively. (c)–(e) SEM

(c) image, AFM (d) image, and photog-

raphy (e) of the sample. (f) Measured

emissivity (black line) and absorption

(red line) for the spectrally selective

emitter. Dashed line is the simulated

absorption. (g) Tuning the emission fre-

quency by varying the length of the

cavity. The measured emissivity (black

solid), measured absorption (red solid),

and the simulated absorption for a cav-

ity with a Si spacer that is 874 nm thick.

The top layer is 3 nm thick silver. The

inset shows the photograph of the fabri-

cated sample.

FIG. 3. (a) The structure of the cavity.

(b) The emissivity of the top layer

2 nm silver in this cavity as a function

of both wavelength and Si thickness.

(c) The emissivity of the cavity as a

function of wavelength. Dashed line:

the emissivity of the cavity with 2 nm

Ag on top and 1227 nm Si in between;

solid line: the emissivity of the cavity

with 1 nm Ag on top and 1077 nm Si in

between. (d) The emissivity of the top

layer 1 nm silver as a function of

incident angle at k¼ 10 lm. Dashed

(solid) line is for s (p) polarized light.

101104-4 Wang et al. Appl. Phys. Lett. 106, 101104 (2015)
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oscillator, which is used to describe the interband absorption

in the UV spectral region. Figure 4(a) shows the measured ra-

tio tanðWÞ ¼ j rp

rs
j between the reflected amplitudes of s and p

polarization lights. Excellent fitted curves are obtained for two

different incident angles. The thickness was determined to be

3 nm, agreeing perfectly with our pre-set deposited thickness.

The fitted dielectric constants are shown in Figure 4(b).

Sharp rise in curves shown in Figure 4(a) in the short

wavelength is a result of sharp transition of dielectric to metal-

lic behavior, a good indicator of high quality silver film.

Moreover, the lack of pronounced drop in the spectral feature

shown in Figure 4(a) provides evidences that the film can be

considered continuous. There is also no hint of localized sur-

face plasmon absorption feature in the visible region caused

by islanding effect of Ag film. The continuity of the thin film

is also supported by the atomic force microscopy (AFM) and

scanning electron microscope (SEM) measurements shown by

Figures 4(c) and 4(d). The SEM image of the top surface indi-

cates the excellent flatness of the surface of a continuous

ultra-thin metal film. The RMS roughness measured in the

AFM is 0.8 nm, much smaller than the film thickness of 3 nm.

For the characterization of the thermal emission, we

employ a heating stage (Linkam, TS1500) installed in a Fourier

Transform Infrared spectroscopy (FTIR, Bruker Vertex 70) to

accurately control the temperature of the sample. The sample is

heated to 100 �C in the chamber filled with nitrogen. In order to

calculate the emissivity, an area of the emitter is coated with

carbon black29 which has very high emissivity (i.e., �0.9 of

ideal blackbody emissivity) and is used as the normalization

reference. By having the black carbon on the emitter directly,

we ensure that it is at the same temperature as our selective

emitter. A FTIR microscope (Bruker, Hyperion 1000) is used

to selectively characterize different regions of the sample with

the area of 400 lm� 400 lm.

Figure 4(f) shows the experimentally measured emissiv-

ity for a cavity with a 653 nm thick Si spacer. The emissivity

has a peak value close to unity at the wavelength around

9 lm. The emission is suppressed away from the resonant

frequency. The Fabry-Perot cavity works very well for the

spectral selectivity. The simulation based on fitted dielectric

constants is shown by dashed line in Figure 4(f), which

agrees very well the experiment. The emissivity also agrees

very well with the measured absorption of the sample, which

is indicated by the red solid line.

Thus, we can easily tune the wavelength of thermal

emission by controlling the thickness of Si slab. For this pur-

pose, we fabricate another cavity with an 874-nm-thick Si

spacer and a 3-nm-thick silver film. The same characteriza-

tion is performed. The results are shown in Figure 4(g). The

wavelength of the second order Fabry-Perot mode is around

4 lm. Indeed, we observe enhanced thermal emission at this

wavelength with an emissivity close to unity. The measured

absorption agree very well with the measured emissivity as

well as simulation result.

In conclusion, large-area spectrally selective thermal

emitters are a critical component in energy conversion appli-

cations. The existing methods based on metamaterial metal-

lic structures are not suitable for low-cost large-area

applications because of the expensive lithography processes.

Here, we proposed and experimentally demonstrated an

emission mechanism based on the tunneling effect, which

enables a flat metallic film to efficiently emit thermal energy

at selected wavelengths. Without involving any nano pattern-

ing, the tunneling-enabled emission offers an extremely sim-

ple and low-cost method to obtain large area spectrally

selective emitters.
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