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Space-variant polarization manipulation of enhanced nondirectional thermal emission in a narrow
spectral peak is presented. The emission is attributed to surface phonon-polariton excitation from
space-variant subwavelength SiO2 gratings. Polarization manipulation was obtained by discretely
controlling the local orientation of the grating. We experimentally demonstrated thermal emission in
an axially symmetric polarization distribution. Theoretical calculations based on rigorous
coupled-wave analysis are presented along with experimental results. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1922084g

Thermal emission from absorbing material is considered
to be incoherent and unpolarized, and accordingly is re-
garded as spontaneous emission. The surface properties of
the absorbing material have a profound impact on the emis-
sion’s optical properties, and can be manipulated to produce
a partially coherent and partially polarized radiation
emission.1–6 Recently, it was shown that by etching a uni-
form grating on a SiC substrate, a highly directional peak of
thermal emission was achieved.1,2 Furthermore, spectral
resonance and nondirectional emission were observed at cer-
tain frequencies.2 In these instances, a connection between
the emission and the surface properties was established by
studying the excitation of surface phonon-polaritonssSPPsd.
The underlying microscopic origin of the SPP is the me-
chanical vibration of the atoms. A surface polariton has a
longer wave vector than the light waves propagating along
the surface with the same frequency. For this reason, they are
called “nonradiative” surface polaritons. By coupling the sur-
face polaritons with the propagating wave by means of an
additional prism or grating, one can produce either increased
resonant absorption or directional emission. Because SPPs
are able to be excited only by TM-polarized propagating
waves, the emission’s characteristics have to be polarization
dependent.4,5,7The TM polarization state has an electric field
component that is parallel to the grating vectorfsee inset in
Fig. 1sad for TE and TM definitionsg.

We introduce a theoretical and experimental investiga-
tion of space-variant polarization-dependent thermal emis-
sion by exploiting the polarization dependence of the SPPs.
Computer-generated subwavelength gratings etched on fused
silica sSiO2d substrates are used to generate space-variant
polarization radiation. As a first step, we designed a grating
to enhance the nondirectional thermal emission to form a
narrow spectral peak for TM polarization. We were then able
to experimentally demonstrate space-variant polarization ma-
nipulation of thermal emission by discretely controlling the
local orientation of the grating. This phenomenon can be
exploited in a variety of applications such as thermal polar-
ization imaging, optical encryption, spatially modulated heat
transfer, and the formation of high-efficiency thermal
sources.8

SPPs are supported by polar materials in the spectral
range where«8,−1 s«8 is the real part of the dielectric
constantd. There are two kinds of materials that support sur-
face waves: conductive materials that support surface
plasmon-polaritons,9,10 and dielectric materials that support
SPPs. As can be seen in Fig. 1sbd, fused silica behaves as a
polar material in the spectral range of 8.65 to 9.18mm.11

Our goal was to design a grating on a SiO2 substrate for
which nondirectional emission was restricted to a narrow
spectral band. In opaque materials the emissivitys«d is re-
lated to the reflectancesRd via Kirchhoff’s law, «=1−R for
each direction, wavelength, temperature, and polarization. In
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FIG. 1. sad The calculated SiO2 spectral reflectance in the normal direction
for a flat surfacescrossesd, and for a grating with periodL=2 mm, fill factor
q=0.5, and depthh=0.7 mm for TM polarizationstrianglesd and TE polar-
ization scirclesd. The inset illustrates the illumination scheme of the grating.
sbd The spectral dependence of the real part of the SiO2 dielectric constant,
«8. scd The calculated emissivity vs grating depth for TM and TE polariza-
tions for a wavelength of 8.93mm in the normal direction of light, with
grating parameters: periodL=2 mm and fill factorq=0.5. sdd The calcu-
lated emissivity vs grating fill factorsqd for TM and TE polarizations for a
wavelength of 8.93mm in the normal direction of light, with grating param-
eters of: periodL=2 mm, depth=0.7mm.
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order to maximize the emissivity, we optimized the SiO2
grating using a spectral reflectance calculation by rigorous
coupled-wave analysis. Figure 1scd shows the calculation of
the emissivity as a function of the grating depth for normal
incident light with a wavelength of 8.93mm. There is a
strong variation in the emissivity as a function of the grating
depth only for TM polarization.12 The dependence of the
emissivity as a function of the grating’s fill factorsqd was
also calculated with the previous parameters, but with a grat-
ing depth of 0.7mm as shown in Fig. 1sdd. The optimal
grating parameters were determined to be: periodL=2 mm,
fill factor q=0.5, and grating depthh=0.7 mm.

Figure 1sad shows the calculated spectral reflectance of
the grating for TE and TM polarization states as well as that
of the flat surface for normal incident light. Note that forl
=8.93mm, the TE reflection coincides with the reflectance
of the flat surface, while the TM reflection is close to zero.
We ascribe the spectral resonance of the reflectance to the
excitation of SPPs. According to Kirchhoff’s law, we ex-
pected to obtain a high discrimination between the emissivity
of the TE and TM polarizations. As a next step, we defined
the emissivity modulation to beh= us«TM −«TEd / s«TM +«TEdu,
where«TM and«TE are the emissivity values for the TM and
TE polarization states, respectively. The optimized grating
parameters cited earlier yielded a high-emissivity modulation
of h=0.52 for angles up to 30°.

In order to confirm our theoretical predictions, we
formed a 10 mm310 mm uniform grating on an amorphous
SiO2 substrate using advanced photolithographic techniques.
A Cr film was deposited on a SiO2 substrate and overcoated
with a positive photoresist. After exposing the photoresist
through a mask, it was developed leaving a strip pattern on
the Cr film. A Cr etchant was then applied to remove the Cr
film from the exposed areas. At this point the photoresist was
removed and the substrate etched by reactive ion etching
sRIEd through the Cr strips, which served as a mask. The
RIE was performed at a power of 175 W and a pressure of
40 mTorr with CF4 and O2 gas flow rates of 13.8 and
1.2 sccm, respectively. The etching, performed at a rate of
35 Å/min at room temperature, was continued until the de-
sired depth was reached. As a final step, the remaining Cr
was removed with a Cr etchant.

The inset in Fig. 2sbd shows a scanning electron micro-
scopesSEMd image of the grating. Due to inaccuracies in
fabrication, the actual fill factor was 0.3 instead of 0.5. For
this fill factor the optimal depth was determined to be
0.8 mm instead of 0.7mm. We began by illuminating the
grating with an infrared sourcesSiC 1270 K, SP-Oriel
80007d at an incidence angle of 20°. We measured the reflec-
tance for both polarization states with an infrared Fourier
transform spectrometersFTIR, SP-Oriel MIR 8000, resolu-
tion 4 cm−1d equipped with a cooled HgCdTe detectorsSP-
Oriel 80026d. Figure 2 shows the measured and the calcu-
lated spectral reflectance values at 20° incidence to a flat
surface and to the grating. The results are in good agreement
with the calculated values for both polarizations. For these
grating parameters we obtained an emissivity modulation of
h=0.33.

Spectral measurements of the emissivity were then per-
formed by use of FTIR. In this experiment, the sample was
heated to 873 K with a precision better than 1 Ksheater and
temperature controller from HeatWave Labs Inc.d. Figure 3
shows the measured and calculated spectral dependence of

the relative emissivity for TM and TE polarizations, as well
as without a polarizer, in a normal emission direction and for
u=30°. The relative emissivity is defined as the grating emis-
sivity s«Gd normalized to the emissivity of the flat surface
s«Fd for each case. A narrow spectral peak ofDl=90 nm was
obtained for TM polarization around a wavelength of
9.07mm. Its relative emissivity was 2.75, while the relative
emissivity of TE polarization was approximately unity. The
measured peak wavelength of the relative emissivity was
shifted with respect to the predicted value. This results from
temperature-related variations in the dielectric constant.2 The
inset in Fig. 3sad shows both experimental and calculated
relative emissivity as a function of the emission angle, and
indicates that the peak emissivity was nondirectional. Cou-
pling of the emission in any direction is possible if the SPP
dispersion relation is flat.2

Finally, in order to demonstrate space-variant
polarization-dependent thermal emission, we formed four
space-variant spiral elements having a discrete local groove
orientation off=mv /2, wherem is the polarization order
and v is the azimuthal angle of the polar coordinates.8,13,14

The elements were 10 mm in diameter with 16 discrete lev-
els and designed for polarization order numbers ofm=1, 2, 3
and 4. SEM images of the central area of the elements are
shown in Fig. 4sad. Figure 4sbd shows the spatial thermal
emission distributions after emerging from the spiral ele-
ments at 353 K, then passed through a linear polarizer and
captured by a thermal camerasCEDIP, 3203240 pixelsd.

FIG. 2. Measured and calculated spectral reflectance with an incidence
angle ofu=20° of a sad flat surface andsbd uniform SiO2 grating. Grating
parameters:L=2 mm, fill factor q=0.3, and depthh=0.8 mm. Experimental
results for TE and TMssolid linesd, calculated results for TEsdashed line
with circlesd, and for TM polarizationsdashed line with trianglesd. The inset
shows SEM image of the grating.
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Space-variant spiral-like intensity modulation, resulting from
the space-variant polarization-dependent emissivity, is
clearly observed. The distribution of the emissions from the
spiral elements not passed through a polarizer are shown in
Fig. 4scd, in which the black lines indicate the local TM
polarization orientation. In this case, the emission distribu-
tion is almost uniform. However, an axially symmetric po-
larization orientation is obtained in the near-field for the en-
hanced TM emission. As expected from Fig. 3, the total
intensity emitted from the grating is higher than from the flat
surface emission due to the enhanced TM emission.

In conclusion, we have demonstrated a narrow spectral
relative emissivity peak for a broad range of observations for
a SiO2 grating. The enhanced thermal infrared radiation,

which was obtained only with TM polarization, was attrib-
uted to the excitation of SPPs. Using the polarization depen-
dence of the emissivity, a space-variant polarization manipu-
lation of the thermal emission was experimentally
demonstrated by controlling the local orientation of the sub-
wavelength grating.
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FIG. 3. Measuredssolidd and calculatedsdashedd relative emissivity spec-
trum of the grating for TM, TE, and totalswithout a polarizerd emission in
sad normal observation directionu=0° andsbd u=30°. Inset shows the mea-
sured and calculatedssolid linesd relative emissivity as a function of obser-
vation angle for TMstriangled and TEscircled polarization.

FIG. 4. sad SEM image of the spiral subwavelength elements with polariza-
tion order numbersm=1, 2, 3, and 4. Thermal emission images emerging
from the SiO2 spiral elementssbd captured through a polarizer andscd with-
out a polarizer, form=1,2,3,4. Theelements were uniformly heated to a
temperature of 353 K. The lines indicate the local TM polarization orienta-
tion measured in the near-field.
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