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This paper reports a free-standing plasmonic membrane as a thermal emitter in the near- and mid-
infrared regions. The plasmonic membrane consists of an ultrathin gold film perforated with a two-
dimensional array of holes. The device was fabricated using an imprint and transfer process and
fixed on a low-emissivity metal grid. The thermal radiation characteristics of the plasmonic mem-
brane can be engineered by controlling the array period and the thickness of the gold membrane.
Plasmonic membranes with two different periods were designed using electromagnetic simulation
and then characterized for their transmission and infrared radiation properties. The free-standing
membranes exhibit extraordinary optical transmissions with the resonant transmission coefficient
as high as 76.8%. After integration with a customized heater, the membranes demonstrate narrow-
band thermal emission in the wavelength range of 2.5 lm to 5.5 lm. The emission signatures,
including peak emission wavelength and bandwidth, are associated with the membrane geometry.
The ultrathin membrane infrared emitter can be adopted in applications, such as chemical analysis
and thermal imaging. Published by AIP Publishing. https://doi.org/10.1063/1.5017194

Designing the spectral features of metamaterials has been
a strong driving force to motivating much recent research in
the field of nanophotonics. In particular, metal micro- and
nano-structures support surface plasmon resonances (SPRs) as
a result of the collective oscillation of surface charges at metal-
dielectric interfaces.1 Surface plasmon resonances have been
utilized to enable a number of new optical phenomena, such as
extraordinary optical transmission (EOT), strong optical
absorption, and enhanced local electromagnetic fields. These
phenomena have been exploited in many applications, such as
chemical and biological sensors, plasmon-enhanced photode-
tectors, and on-chip optical components.2–5 Of particular inter-
est is the interaction of plasmonics and thermal radiation. The
plasmon-enhanced photothermal effect has been utilized in
photothermal therapy, solar water heating, and biomolecule
detection.6–9 The SPR can also be utilized to generate a selec-
tive thermal radiation in the infrared (IR) region.10–14

Conventional thermal emitters are broadband with emis-
sion spectra determined by the emissivity of the material of
the heated element. Recent advances in nanophotonics enable
the control of optical density of states and thus achieve the
selective IR radiation. For instance, photonic crystal structures
have been utilized to inhibit unwanted thermal emission.15–18

In contrast, plasmonic structures can enhance thermal emis-
sion near the SPRs.13,19 Previous plasmonic devices utilized
sub-wavelength metal structures fabricated on substrates, in
which the substrate had no active role, and contributed a large
thermal mass, with significant cooling and heating ramp-up
times.20,21 In addition to the fundamental air-metal SPR reso-
nance at a wavelength (kr), the use of substrates creates a sec-
ondary metal-substrate SPR peak at a wavelength nsubkt,
where nsub is the refractive index of the substrate. Multiple
resonances may exist owing to the coupling of the two SPR

modes. The use of a substrate thus creates unwanted complex
spectral features in the absorption and thermal emission.

Here, we demonstrate free-standing nano-hole arrays
without substrates for tailoring thermal radiation. The advan-
tages of free-standing nano-hole membranes include the sin-
gle emission peak without the multiple spectral features
induced by the substrate and the ability of rapid heating and
cooling, which is desirable in sensing applications. This
paper reports the design, fabrication, and characterization of
the free-standing gold film patterned with a two-dimensional
(2D) array of subwavelength holes.

As illustrated in Fig. 1(a), the membrane consists of a
2D array of holes in the ultrathin gold (Au) film. The geome-
try of the device, including its period (K), hole diameter (d),
and membrane thickness (tAu), can be designed to manifest
plasmon resonances in a desired wavelength range. An
imprint and transfer process has been developed to fabricate
the free-standing membrane device.22 The imprint step used
a Poly(dimethylsiloxane) (PDMS) featuring the negative
image of the 2D array pattern as the imprint mold. The pat-
tern on the PDMS mold was imprinted to a thin film of
Poly(vinyl formal) copolymer (Vinylec, Sigma-Aldrich) by
pressing the mold against the copolymer dip-coated on a
glass. The copolymer film was released to the water surface
and subsequently picked up using a nickel frame. The trans-
ferred copolymer film was fixed on the grid and became sus-
pended inside each 180 lm! 180 lm aperture as shown in
Fig. 1(b). After the copolymer film was dried, the top surface
was coated with gold using a sputter (Desktop IV, Denton
Vacuum LLC). Then, the device was immersed in dichloro-
methane solution to remove the copolymer layer. The scan-
ning electron microscopy (SEM) images in Figs. 1(c) and
1(d) show the fabricated free-standing membranes with
K¼ 2.5 lm and 4.0 lm and hole diameters of d¼ 1.2 lm and
2 lm, respectively.a)Author to whom correspondence should be addressed: menglu@iastate.edu
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Metal thin films with subwavelength periodic structures can
support surface plasmon-polariton (SPP) Bloch waves (BW).23

The resonant wavelength of a SPP-mode can be estimated using

the Bragg coupling equation, 2p
kr

ffiffiffiffiffiffiffiffiffi
emed

emþed

q
¼ jkjj þ pGx þ qGyj,

where x and c are the angular frequency and speed of light in
free-space, respectively, em and ed are the relative permittivity of
the metal and the surrounding medium, respectively, kjj is the

in-plane wave vector of incident light, Gx and Gy are the recipro-
cal vectors (jGxj¼ jGyj¼ 2p/K¼ jGj), and integer index pairs
(p, q) specify the order of SPP-BW modes. This work investi-
gates the mid-IR emission perpendicular to the membrane sur-
face when kjj ¼ 0 with the SPP resonance coupled to the
radiative mode by the 1st order Bragg diffraction with (p,
q)¼ (1, 0) or (0, 1) in the square lattice. To ensure that the plas-
mon resonance appears in the desired mid-IR wavelength range
of 2lm to 6lm, we used a finite difference time domain
(FDTD) simulation tool (FDTD Solution, Lumerical Inc.) to
design the membrane structure numerically. The simulation
domain was set to one-unit volume of the periodic membrane
structure with the periodic boundary conditions imposed along
the x and y directions defined in Fig. 1(a). Perfectly matched
layer boundary conditions were utilized to truncate the simula-
tion region along the z-direction to absorb outgoing radiations.
The refractive index of Au used in the simulation was based on
published data.24 The Au membrane structure was illuminated
with a normally incident, unit magnitude plane wave propagat-
ing in the z-axis with an electric field polarization along the
y-axis. Both polarizations degenerate at normal incidence.

Figure 2 shows the simulation results of the Au mem-
branes with different grating periods and membrane thick-
nesses. The reflection, transmission, and absorption spectra
are shown in Figs. 2(a) and 2(b) for the membranes with two
different grating periods. The plasmonic resonance wave-
lengths locate at kr¼ 2.85 lm and 4.45 lm for the device with
K¼ 2.5 lm and 4.0lm, respectively. Figure 2(b) shows the
well-known Wood’s anomaly associated with the 1st order
(1, 0) or (0, 1) SPP mode at which the transmission vanishes

FIG. 1. (a) Schematic diagram of the free-standing Au-membrane suspended
on a nickel frame (not to scale). (b) Transmitted light micrograph of the fab-
ricated Au-membrane device with K¼ 2.5 lm. The dark lines represent the
nickel frame. (c) and (d) SEM images of the Au-membrane devices with the
periods of K¼ 2.5 lm and K¼ 4.0 lm, respectively.

FIG. 2. Electromagnetic simulation of the reflection, transmission, and absorption characteristics of the membrane devices. (a) and (b) Reflectance, transmit-
tance, and absorbance of the device with periods of K¼ 2.5 lm and K¼ 4.0 lm, respectively. The membrane thickness of both samples is tAu¼ 50 nm. (c) The
linear relation between the resonance wavelength and the array period. (d) The change of FWHM of the sample absorbance as a function of the thickness of
gold membrane.
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at kr ¼ K, followed by the 2nd order (1,1) Wood’s anomaly at
kr ¼ K=

ffiffiffi
2
p

.20,21 The diffracted waves are parallel to the sur-
face at the Wood’s anomalies resulting in vanishing transmis-
sion and maximum reflectance. At the resonance wavelength,
the local electric fields are significantly enhanced as shown in
Fig. S1 (supplementary material). A linear relation between
the EOT peak and the device period is shown in Fig. 2(c).
Moreover, the bandwidth of the resonance peak can be tuned
by changing the gold thickness as demonstrated in Fig. 2(d).
For membranes with K¼ 2.5 lm and K¼ 4.0 lm both coated
with a 30 nm gold layer, full-width half-maximums (FWHMs)
are 0.54 lm and 0.72 lm, respectively. The FWHM values
reduce to 0.12 lm and 0.30 lm by increasing the gold layer
thickness to 500 nm. The increase in the gold film thickness
also causes a lower transmission coefficient and a higher
absorptivity at the resonance wavelength. Tuning the Au-
membrane period and thickness can generate a narrowband
plasmonic resonance in the desired IR range, which makes the
membrane device a promising selective IR emitter.

The optical response and mid-IR emission of the Au mem-
brane devices were characterized using a Fourier transform
infrared (FTIR) spectrometer (MB 155, ABB Bomem) as sche-
matically shown in Fig. 3. A spectrum in the range of 2 lm to
6 lm was produced following a Fourier transform of the inter-
ferogram with a spectral resolution of 8 cm$1. During the
measurements, the device was perpendicular to the propagation
direction of the mid-IR beam. The divergence angle of the IR
beam was less than 1% and the beam covered the entire sample
area including the Au-membrane and nickel grid. Transmission
spectra of Au-membrane devices with the thicknesses of
tAu¼ 50 nm and tAu¼ 100 nm and array periods of K¼ 2.5 lm
and K¼ 4.0 lm were collected and normalized to the transmit-
tances of a blank metal grid without any membrane. Figure
4(a) compares the measured EOT spectra of the membranes
with tAu¼ 50 and 100 nm. The membrane with K¼ 2.5 lm
and tAu¼ 50 nm exhibits surface plasmon resonance at
kr¼ 2.90 lm with a full width at half maximum (FWHM) of
0.45 lm, and at the resonance, the transmission coefficient is
as high as T¼ 69.4%. The long period membrane
(K¼ 4.0 lm) demonstrates a resonant peak at kr¼ 4.75 lm
and FWHM¼ 0.9 lm, and the transmission coefficient is as
high as T¼ 76.8%. When the thickness of the membrane
increases, the transmission coefficient at the resonant

wavelength decreases, whereas the membrane becomes more
absorbing. As shown in Fig. 4, when the membrane thickness
increased to tAu¼ 100 nm, the transmittance resonance band-
width of the membranes reduced significantly. The transmis-
sion coefficients and FWHMs for the K¼ 2.5 lm and
K¼ 4.0 lm devices are T¼ 67.6% and FWHM¼ 0.32 and
T¼ 73.9% and FWHM¼ 0.8 lm, respectively.

According to the Kirchhoff’s law of thermal radiation, the
emissivity of the device, e(k), is proportional to its absorbance
[a(k)]. Here, our goal is to trim the mid-IR radiation spectrum
by engineering the structure of the gold membrane. For a device
of a thin plasmonic film fabricated on a substrate, the emissivity
of the sample is given by eðkÞ ¼ aðkÞ þ esubðkÞTðkÞ, where
T(k) is the transmittance of the sample and esub(k) is the emissiv-
ity of the substrate material.23 Depending on the transmission
coefficient, the substrate material will interfere with the emission
characteristics of the device. In contrast, for the free-standing
membrane emitter, the substrate is eliminated, and the sample
emission only relies on the absorption characteristics of the gold
plasmonic membrane.

The near-IR and mid-IR radiation spectra of the Au-
membranes were characterized in the wavelength range of

FIG. 3. Schematic diagram of the measurement setup. The FTIR spectrome-
ter with a liquid nitrogen cooled mercury cadmium telluride (MCT) detector
was used to measure the sample absorption and emission. The inset (left)
shows the Au-membrane devices mounted on the heating fixture. The sam-
ple positions for the emission and transmission measurements are shown.

FIG. 4. Measured EOT spectra of the Au-membrane devices using the FTIR
spectrometer. (a) EOT spectra of devices with K¼ 2.5 lm and the gold
thicknesses of tAu¼ 100 nm (red) and 50 nm (black). (b) EOT spectra of
devices with K¼ 4.0 lm and the gold thicknesses of tAu¼ 100 nm (blue) and
50 nm (black).
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2 lm to 6 lm at elevated temperatures, using a heater that is
designed to heat up small samples as shown in Fig. S2 (sup-
plementary material). Figure 5(a) shows the emittance of the
membrane with K¼ 2.5 lm measured at Tm¼ 200 %C,
250 %C, and 300 %C, respectively. Compared to the emission
feature of a planar gold film (Fig. S3 in the supplementary
material), the heated device exhibits a narrowband near-IR
emission with the peak wavelength and FWHM of 3.0 lm
and 0.5 lm, respectively. The emission spectra of the device
with K¼ 4.0 lm are shown in Fig. 5(b). The spectral posi-
tions of the thermal radiations are close to the EOT reso-
nance shown in Figs. 4(a) and 4(b). The results manifest the
fact that the emission is associated with the EOT resonance
and can be tuned using the array period. In addition, for both
devices, the emission intensity increases with the device
temperature. The emission intensity increases by a factor of
three when the device temperature raises from 200 to 300 %C.

We also investigated the effect of the membrane thick-
ness on the emittance. The simulation results in Fig. 2(d)
suggest that the bandwidth of thermal emission can be nar-
rowed down by increasing the thickness of the gold film.
Using the Au-membrane device with the period of 4.0 lm as
an example, the plasmonic membranes with thicknesses of
tAu ¼ 100 nm and 50 nm were studied using simulation and
experiment. The simulation results in Fig. 5(c) compare the
absorption spectra of the devices, and the FWHMs for the
100-nm-thick and 50-nm-thick membranes are 0.4 lm and
0.48 lm, respectively. As shown in Fig. 5(d), the bandwidth
of the thermal emission decreases from 0.82 lm to 0.69 lm,
when the membrane thickness increases from 50 nm to
100 nm. By doubling the value of tAu, the FWHM decreases

16% and the emission spectrum shows a blue shift, which is
approximately 1.7% of peak emission wavelength.

In conclusion, we studied the thermal emission of the
free-standing gold membranes with a 2D subwavelength
array of holes. The Au-membrane devices with grating peri-
ods of 2.5 lm and 4 lm were fabricated and characterized
for their optical transmission and thermal emission. The
EOT of the Au-membrane devices showed the transmission
coefficient as high as 76.8% and an absorption coefficient of
23.1%. When heated above room temperature, the membrane
devices exhibit narrowband emission in the near-IR and mid-
IR wavelength ranges from 2.5 lm to 5.5 lm. The emission
wavelength and bandwidth can be effectively tuned using the
grating period and membrane thickness, respectively.

The free-standing plasmonic device offers several bene-
ficial features: (i) The use of a free-standing membrane with-
out a substrate eliminates the effect of substrate thermal
emission and multiple SPR modes. The thermal emission
can be fully determined using the single SPR modes of the
Au membrane. (ii) The emission characteristics, including
spectral range and bandwidth, can be precisely tuned by
trimming the structure of the device. (iii) Without heat dissi-
pations through a substrate, a high emission conversion
could be achieved. (iv) Compared to substrate based emit-
ters, the thin membrane has low heat capacity and rapid
response times. These attributes are desirable for sensor
applications. On the other hand, the membrane device is rela-
tively fragile and needs to be heated uniformly to prevent
damages. In future, the Au-membrane emitter can be
improved by the application of electric resistance heating to
raise device temperature by the following current through

FIG. 5. Measured infrared emission spectra. (a) and (b) show the emission spectra measured at three different temperatures for the short-period sample
(K¼ 2.5 lm and tAu¼ 50 nm) and long-period sample (K¼ 2.5 lm and tAu¼ 50 nm), respectively. (c) Simulated absorption spectra of the K¼ 2.5 lm device
with tAu¼ 50 nm (blue) and 100 nm (black). (d) Measured infrared emission spectra (Tm¼ 200 %C) of the devices with tAu¼ 50 nm (blue) and 100 nm (black).
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the membrane. In addition, we will apply a vacuum seal to
isolate the membrane from the atmosphere and thus elimi-
nate the heat dissipation through the air convection. The
development of selective IR emitters with a simple structure,
inexpensive fabrication approach, and widely tunable spec-
tral signature will benefit a broad range of fields. We envi-
sion that the membrane-based device can be used in
chemical analysis, biomolecule sensing, and thermal imag-
ing as a lightweight, portable, low cost, and narrowband
infrared light source.

See supplementary material for the simulated nearfield
distributions for the resonant modes, the customized appara-
tus that can heat up the devices, and the emission spectrum
of a planar gold film at 300 %C.
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