
2970 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 56, NO. 9, SEPTEMBER 2008

THz Thermal Radiation Enhancement Using an
Electromagnetic Crystal
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Abstract—Thermal radiation in the terahertz (THz) range only
occupies a tiny portion of the whole blackbody power spectrum at
room temperature. We demonstrate that a thermal radiator, which
is constructed from an electromagnetic (EM) crystal, can be de-
signed so that its photon density of states (DOS) is enhanced in
the THz frequency range. We also demonstrate, as a consequence,
that this source may lead to large enhancements of the radiated
power over the values associated with normal blackbody radiation
at those frequencies. The THz thermal radiation enhancement ef-
fects of various EM crystals, including both silicon and tungsten
woodpile structures and a cubic photonic cavity (CPC) array, are
explored. The DOS of the woodpile structures and the CPC array
are calculated, and their thermal radiation intensities are predicted
numerically. These simulations show that the radiated power can
be enhanced by a factor of 11.8 around 364 GHz and 2.6 around 406
GHz, respectively, for the silicon and tungsten woodpile structures
in comparison to the normal blackbody radiation values at those
frequencies. It is also shown that an enhancement factor of more
than 100 may be obtained by using the CPC array. A silicon wood-
pile EM crystal with a band gap around 200 GHz was designed
and fabricated. The transmission property of this woodpile struc-
ture was verified using the THz time-domain spectroscopy (TDS).
Thermal emissions from the fabricated silicon woodpile and a con-
trol blackbody sample were measured. Enhancements of the wood-
pile source radiation over the blackbody were observed at several
frequencies which are consistent with the theoretical predictions.

Index Terms—Blackbody radiation, density of states (DOS),
electromagnetic (EM) crystal, terahertz.

I. INTRODUCTION

T HE terahertz (THz) portion of the frequency spectrum,
– Hz, is currently underutilized and

may be very important for many applications in the near fu-
ture, including remote sensing, imaging, and communications
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[1]. These frequencies combine some of the advantages of both
the microwave and infrared (IR) spectra, i.e., they provide cov-
erage in IR-blind conditions while offering more bandwidth
and resolution than is available with microwave frequencies. As
a result, THz technology has experienced a renaissance over
the past few years. While continuing to make major strides in
sub-millimeter wave astronomy and remote sensing, THz tech-
nology is blooming with potential applications in contraband
detection, tumor recognition, DNA sequencing, tissue imaging,
radar and communications [1]–[7]. However, the availability of
THz sources remains one of the major bottlenecks in the real-
ization of the promises of THz technology for many of these
exciting applications. Conventional tube sources are cumber-
some, require high-voltage power supplies, necessitate high in-
ternal electric and magnetic field intensities, and have reliability
and life time issues [8]. Conventional IR pumped laser sources
are also bulky, have a limited tuning range, and are expensive
[9]. Traditional electronic solid-state sources suffer from reac-
tive parasitics, and the transit time of the carriers causes high
frequency roll-offs [1]. Moreover, optical type sources, such as
solid-state lasers, are not suitable for THz frequencies due to
the comparable photon and lattice phonon energies [1]. One of
the most popular methods currently used for generating THz
power is frequency conversion: either up-conversion from mil-
limeter wavelengths by frequency multipliers made of nonlinear
capacitors such as heterostructure barrier varactor (HBV) diodes
and planar Schottky diodes [10]–[12], or down-conversion from
optical or IR frequencies through laser heterodyning or photo-
mixing [13]. Both of these frequency conversion approaches
have been proven to be inefficient. In this paper, we introduce
a potential THz source that is based on the thermal radiation
enhancement enabled by electromagnetic or photonic crystals.
The term “photonic crystal” is more strictly associated with in-
frared and optical frequencies, while the terms electromagnetic
(EM) crystal and electromagnetic band gap (EBG) structure
are more general and cover all frequencies, including the THz
range. They refer to the same behavior since there is a physical
equivalence between electromagnetic waves and photon modes.
We will use both of the more general terms, EM crystal and
EBG structure, in our discussion below. Preliminary theoretical
and experimental results are reported and give promising indi-
cations that a new type of thermal THz source may be realized
using carefully designed EM crystal thermal radiators.

The inspiration for this THz source concept comes from a
well known idea that a three-dimensional EM crystal can dras-
tically modify the spontaneous emission spectra from an atomic
or a semiconductor material via the redistribution of the photon
density of states (DOS) in different frequency ranges. Within the
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EBG of an EM crystal, spontaneous emission is completely for-
bidden because there is no photon state in that frequency range
which can couple with an atomic transition, yielding a photon
DOS that is zero. Outside the EBG, the emission rate is directly
correlated with the photon DOS [14]. The existence of an EBG
will result in a shift of the emission energy from the forbidden
frequency range to another adjacent EM band-pass frequency
range. This in turn causes an enhanced DOS to emerge and,
hence, an enhanced emission rate there. This phenomenon is
often known as the “anti-crossing” effect. To the first order (as-
suming ideal coupling to the external environment), thermal ra-
diation emitted by an object has a linear relationship with its
photon DOS. Consequently, a thermal radiation enhancement
can be expected in a frequency range for which the photon DOS
is much higher than that of a normal black body. This phenom-
enon has been explored both theoretically and experimentally
[14]–[17]. For example, both passive experiments using one-di-
mensional or three-dimensional EM crystals as filters [18], [19],
and active experiments using EM crystals directly as a radiation
source [17], [20], have been reported. Possible interpretations
of the underlying physics of the thermal radiation enhancement,
and direct calculations based on these interpretations [16], [17],
[21]–[23] have been reported. Some controversy still remains
with these results [24]. However, while previous work focused
mainly on IR and optical wavelengths, the goal here is to ex-
plore this phenomenon in the THz frequency range.

In this paper, we explain the principles of thermal radiation
enhancement enabled by EBG structures. A brief overview of
current research on thermal radiation from EBG materials is
given. We then present theoretical calculations of the thermal
radiation spectra of several EBG structures used as active
sources. The numerically predicted DOS of these structures
and the associated enhancements of the radiated thermal power
over the normal blackbody radiation values in certain frequency
regimes are given. The fabrication and testing results, including
direct active emission measurements of a silicon woodpile
structure, are then presented. Finally, possible future work,
including multiband EBG structures for greater enhancements
and tunable EBG structures, is proposed.

II. THEORETICAL PRINCIPLES

Artificially engineered EM crystals consist of periodic dielec-
tric and/or metallic structures. Because of their periodicity, these
structures have unique electromagnetic properties, such as the
existence of band gaps and a photon density-of-states (DOS),
which are analogous to semiconductor energy band gaps and
the electron DOS. Since the physics of an EM crystal is highly
scalable in frequency, EBG-based devices have already shown
promise as effective methods for controlling and manipulating
wave-propagation for both microwave and optical frequencies
[25]. Lately more attention has been devoted to EBG-based de-
vices in the THz regime [26] due to increased scientific and en-
gineering interests [27] in THz sensing, imaging, and communi-
cation areas. Besides controlling and manipulating the propaga-
tion of EM waves through wave-EM crystal interactions, EBG
structures can also be used to alter and tailor EM processes such
as the emission and detection of EM radiation. For example,
spontaneous emission may be inhibited [28] or enhanced. The

possibility of designing EBG structures to manipulate the final
states of electromagnetic processes may have significant impli-
cations in many physical, chemical, and biological processes in
nature.

Blackbody radiation has been a subject of interest since the
beginning of the past century due to Planck [29]. The thermal
power radiated by a normal blackbody at temperature (de-
grees Kelvin) within the frequency range to (Hz) per
unit volume is well defined by the free space Planck’s equation

(1)

where is the photon density of states,
kg/s is the Planck constant, is the individual photon en-

ergy, is the Boltzmann constant, and the
term is the Bose-Einstein distribution rep-
resenting the photon statistics. At room temperature, (1) predicts
that the blackbody radiation peak will occur at IR frequencies,
while the radiated power in the THz range will occupy only a
tiny portion of the entire blackbody power spectrum. However,
it is conceivable that the Planck distribution could be modified
if the emitting object is an EM crystal and its photon DOS is
different than the one typically associated with a normal black-
body object. In (1), all quantities are fixed except the overall
photon DOS . To modify the thermal radiation of an ob-
ject, a nontrivial redistribution of the DOS is required. Thus, the
idea of modifying the normal blackbody DOS with a three-di-
mensional (3D) EM crystal arises naturally, following the gen-
eral rule of thumb that the presence of a complete EBG usually
means a drastic redistribution of the photon DOS into different
frequency regions [14].

A passive approach to modify spontaneous emission is to use
the EM crystal as a filter, i.e., the source emission spectrum is re-
shaped corresponding to the passband/stopband characteristics
of the EM crystal [19]. On the other hand, spontaneous emission
directly from atoms in the EM crystal itself, i.e., the EM crystal
is the active emission source, is yet another approach. Previous
theoretical [14] and experimental [30] work have indicated that
the thermal emission from an EBG structure could indeed be
different than the Planck distribution and, in certain frequency
bands, the output intensity could be higher than that emitted by
a normal blackbody. In some experiments [24], [30], a contro-
versial effect that seemingly violates the second law of ther-
modynamics was reported. For example, the levels of thermal
emission from a tungsten woodpile structure (WPS) were shown
to exceed its absorption dramatically. This behavior contradicts
the Kirchoff’s Law, i.e., for an object in thermal equilibrium, its
thermal emission at any frequency should not exceed the value
defined by the Planck curve [22]–[24]. The explanation for this
contradiction was that the WPS may not be in thermal equilib-
rium [31]. Several other theoretical works have confirmed that
enhanced thermal emission would occur when the EM crystal
is not in thermal equilibrium [16], [17]. In summary, there have
been a series of experimental studies on thermal emission from
metallic WPSs; and their results are not all consistent [17], [30],
[32]–[35]. The key controversy is whether the metallic WPS
emission enhancement over the blackbody values has actually
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Fig. 1. Schematic drawing of a woodpile EM crystal.

been observed experimentally [17], [30], [32] or not [33]–[35].
Nonetheless, the focus of all previous work has been in the
near-IR regime and has targeted light source applications. This
investigation of thermal emission from an EBG structure in the
THz regime contributes to the understanding of the fundamental
properties of EM crystals and may lead to useful THz applica-
tions.

III. DESIGN AND CALCULATION OF SEVERAL EBG
STRUCTURES

Three structures are commonly known to have complete 3-D
EBGs: inverse-opal, diamond, and woodpile structures. The
WPS (also named the Lincoln-Log structure [17] because its
relatively simple geometry is related to structures attainable
with Lincoln-Log building toy sets) is selected for our study
here. A drawing of a WPS is shown in Fig. 1, [36]; it consists of
a unit cell containing 4 layers of infinitely long silicon square
rods stacked with a periodicity . Within the unit cell, the
rods in each layer are distributed with the same periodicity

; and the adjacent layers that have the same rod orientation
are shifted with respect to each other by . Each rod has a
height and a width . Thus, the filling ratio of
the rods with respect to the whole structure is equal to .
This EM crystal can be treated as a face-centered-tetragonal
(fct) or a simple tetragonal (st) lattice. In this case, the simple
tetragonal lattice whose unit cell contains four attached rods
with periodicity in the and lattice directions
and periodicity in the stacking direction (see Fig. 1)
is considered. The center frequency of the WPS band gap is
scalable by its lattice parameters. By varying the WPS filling
ratio, its band gap width can also be adjusted.

A. Silicon Woodpile Structure

The photon DOS of a silicon (with a refractive index 3.40)
WPS designed with and , is plotted
in Fig. 2(a). The DOS is obtained by determining the eigen-
modes of the WPS within the irreducible Brillouin zone of the
lattice. The computation code MIT MPB [37] was used for the
calculation of the eigenmodes. The DOS was then generated
with a numerical interpolation method [38], [39], which is based
on all of the eigenmode frequencies obtained as the k-points
sweep the irreducible Brillouin zone. Notice that the abscissa of
Fig. 2(a) is the normalized frequency , which is related to the
absolute frequency as , where is the

speed of light in vacuum, and is the st-lattice constant.
Therefore, a simple scaling of can fit the response of the whole
structure into any frequency band of practical interest. The or-
dinate is the photon DOS at the normalized frequency .
The transformation from the DOS at the normalized frequency,

, to the DOS at the real frequency, , is given by the re-
lation: . The thermal radiation power per
unit surface area per unit frequency is

(2)

Using the expression of in (1) and the relation between
and is explicitly given by the expression

(3)

The corresponding formula that is used to calculate the radiation
power density of a normal blackbody is

(4)

The computed for the silicon WPS having the rod period-
icity m and the computed for room temperature
are plotted in Fig. 2(b) versus the real frequency. The center
of the band gap is determined to be 195 GHz. With these cal-
culations, an enhancement factor of can be defined. This
thermal emission power enhancement factor for the silicon WPS
is plotted in Fig. 2(c). Those results illustrate how the silicon
woodpile EM crystal may greatly modify the thermal power
emitted within a specific portion of the THz frequency range.

The plots in Fig. 2 explicitly show a complete band gap from
around 175 to 216 GHz, i.e., there is no thermal energy radiated
in that frequency band. The photon DOS gaps, peaks, and conse-
quently the modified thermal radiation power at these frequen-
cies originate from Bragg diffractions in between the EM crystal
lattice layers. For example, the DOS peaks can be regarded as
the Bragg diffraction resonances. In particular, there are several
thermal radiation power enhancement peaks observed, for ex-
ample, around 148, 163, 254, 283, 364, 393, 415 and 448 GHz.
The power enhancement factor is as high as 11.8 at the 364 GHz
peak, which means there is more than 1080% power output in-
crease at 364 GHz over the normal blackbody value.

To verify the accuracy of these numerical results, an alterna-
tive method was developed to calculate the WPS eigenmodes.
In particular, we used the commercial 3-D finite-element elec-
tromagnetics solver from ANSOFT, the High Frequency Struc-
ture Simulator (HFSS), to calculate the eigenmodes of the same
silicon WPS [40]. Although much more computationally inten-
sive, one valuable benefit of using the HFSS Eigen-solver, in
contrast to the MPB code, is that it can handle lossy structures,
for example, a lossy dielectric or a metallic EM crystal. The
same silicon lossless WPS structure that was modeled with the
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Fig. 2. (a) Calculated photon density of states of the silicon woodpile structure,
which has the filling ratio w=d = 0:272, and D=d = 1:089. The refractive
index of the rods is n = 3:40 (silicon). The normalized frequency is given by
x = (a=c) = d � f=c. (b) Predicted radiation power intensities of the woodpile
(solid) and the normal blackbody (dotted) at room temperature. (c) Thermal
radiation power enhancement factor.

MPB code, was modeled again with the HFSS Eigen-solver.
The HFSS Master/Slave boundary conditions are applied on the
tetragonal unit cell surfaces to sweep the corresponding k-space
in the irreducible Brillouin zone, with the same sweeping den-
sity as the MPB simulation. After the completion of the HFSS
simulation, the eigenmode data is collected and the same inter-
polation method mentioned previously is used to compute the

Fig. 3. The real frequency DOS obtained using the HFSS Eigen-solver (solid
line) and the MPB (dashed line) for the silicon woodpile structure with the filling
ratio w=d = 0:272; D=d = 1:089, and the rod periodicity d = 646 �m.

photon DOS. The resulting DOS is plotted in Fig. 3. The MPB
results shown in Fig. 2(a) (converted to the real frequency DOS

by using the formulas presented above, with the lattice con-
stant m) are also plotted in Fig. 3 for comparison
purpose. In general, they match well with the HFSS-simulated
DOS especially that most of the DOS peaks line up between
the two methods. It can also be seen that there is some differ-
ence between the HFSS and the MPB results, for example, the
slight shift of the main enhancement peak position and the small
band gap width difference in Fig. 3. The discrepancies are prob-
ably due to the following reasons. First, only 52 bands are in-
cluded in the HFSS simulation approach (notice that the HFSS
simulations were stopped around 400 GHz) because of limited
computing resources. In contrast, the MPB simulation method
includes 90 bands. Second, the strong Bragg resonances that re-
sult in the band gap may degrade the HFSS Eigen-solver calcu-
lation accuracy. Nevertheless, the agreement between the MPB
and HFSS results shown in Fig. 3 is still quite reasonable in
terms of both the band gap position and the relative values of
the DOS peaks. In the cases of the tungsten WPS and the pho-
tonic cavity discussed in later sections, HFSS is the only soft-
ware available to us that can deal with metallic and lossy dielec-
tric structures. The fact that the HFSS and MPB computed DOS
for the silicon WPS agreed reasonably well serves as a valida-
tion of using HFSS to compute the DOS of the tungsten WPS
and the Q factor of the photonic cavity.

B. Tungsten Woodpile Structure

One significant advantage of building a WPS with metal is
that the structure can be easily heated by applying an electrical
current to it. This would also lead to thermal emission power
at much higher levels than at the room temperature. More-
over, because silicon oxidizes when its temperature reaches
800 –1200 C in an atmosphere that contains oxygen or water
vapor [41], its oxidation prevents it from being heated to higher
temperatures, as would be desirable for a potential thermal
source.

The DOS of a tungsten WPS was calculated using the HFSS
Eigen-solver approach. Tungsten has a bulk conductivity

Siemens/m. The designed tungsten WPS has a filling
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Fig. 4. (a) Calculated photon DOS for the tungsten woodpile structure with the
filling ratio w=d = 0:272; D=d = 1:089, and the periodicity d = 646 �m.
(b) Thermal radiation power enhancement factor for this tungsten WPS.

ratio , and a lattice constant
m, which are the same as the silicon WPS discussed in

Section A. The simulation results for the tungsten WPS DOS
and the thermal radiation power enhancement factor are plotted
in Fig. 4(a) and (b), respectively. A complete band gap can be
seen between 470 and 493 GHz. In comparison to the silicon
WPS with exactly the same geometry, the gap center frequency
is blue shifted and the overall gap is narrower. From Fig. 4(b),
it can be seen that an enhancement factor of 1.5–2.5 can be ob-
tained around 282, 371, and 406 GHz.

These numerical results indicate that the photon DOS can
be redistributed through electromagnetic band engineering,
thus leading to enhanced thermal radiation in, for instance, a
desired THz frequency range. However, at room temperature,
the normal blackbody radiation power peaks at IR frequencies;
and, as a result, the fraction of the total radiated thermal
power in the THz region is very small. Even at 1000 K, the
total radiance in the frequency range from 0.5 to 1.0 THz is
less than 10 W/cm /sr. Therefore, the enhancement factor of
around 10 predicted above for the simple silicon and tungsten
WPSs will not be sufficient for realizing a high power THz
source. Nonetheless, a THz EBG object will certainly have a
distinct thermal signature; and, consequently, it will be useful

in thermal imaging and identification applications. In addition,
advanced electromagnetic band engineering techniques may
be used to dramatically increase the photon DOS of an object
and, hence, dramatically increase the thermal radiation power
enhancement factor to orders of magnitude higher in a narrow
band of frequencies in the desired THz range. This dramatic
enhancement factor can be achieved with resonant cavity arrays.

C. Metallodielectric Photonic Cavity

A special type of EM crystal that is based on a unit
cell consisting of a metallic micro-cavity will produce the
desired large enhancement factors. It is well-known that those
metallic micro-cavities can result in very narrow lines in
their emission spectra at certain optical frequencies, and that
those resonant frequencies can be controlled by appropriate
cavity size adjustments [42]–[44]. By properly designing the
micro-cavities, similar resonant emissions can be achieved at
THz frequencies.

Weconsiderherecubicdielectricboxessurroundedbymetallic
wallstoachieveenhancedTHzemissions.Theschematicdiagram
given in Fig. 5(a) shows the basic configuration. The unit cell
of this quasi-3D structure is demarked by the dotted lines.
The top metal layer will have either a thickness that is on
the same order of its skin depth at the frequency of interest
or a small aperture so that the resonant EM wave trapped
in the micro-cavity can evanescently leak out [20].

According to theory, the only electromagnetic waves that can
exist in a cavity have the specific wavelengths given by the ex-
pression

(5)

where is the refractive index of the dielectric material filling
the cavity, is the side-length of the cavity, and the and
indices are either zero or positive integers, but at least two of
them should be nonzero [45]. These specific wavelengths are
called the resonant wavelengths of the cavity. The largest one,
for which two of the indices are unity and the other one is zero,
is called the cutoff wavelength for the 110-mode and is given
by . Between the cutoff wavelength and an in-
finitely long wavelength, no electromagnetic wave is allowed to
exist in the cavity. This behavior is analogous to an EBG struc-
ture. Due to the photon statistics, the amount of thermal radia-
tion power at longer wavelengths is much larger than the values
at shorter wavelengths. Thus, the mode at the cutoff wavelength
is dominant over all of the other resonant modes and is the fun-
damental mode we focus on for the potential EM crystal-based
THz source.

To demonstrate these effects, we considered an array of
metallic box micro-cavities, each with the side-length

m and filled with a dielectric material having a refractive
index . We calculated the thermal radiation intensity
at the cutoff frequency 1 THz (300 m wavelength). The
radiation comes from two parts: one is the thermal emission
from the dielectric box, whose DOS is denoted by , and
the other is from the surrounding metal walls. The latter wall
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Fig. 5. (a) A schematic drawing of the metallic micro-cavities. The dotted
lines enclose one unit cell of the structure. (b) The predicted thermal
radiation power enhancement factor assuming a 1% variation in the size
of the micro-cavities.

contributions follow Planck’s Law. The total radiated thermal
power density is then given by the expression

(6)

where and are, respectively, the total volumes of the di-
electric box and the metal wall. All other physical constants are
the same as indicated in (1). Ideally, the DOS would be a
delta function if the sizes of all the boxes were exactly identical.
In practice, the box size variations due to fabrication tolerances
widen the DOS . For our calculations, we treated it as a
Gaussian function with a full-width half-maximum (FWHM) of
1% of the cutoff wavelength 300 m. Therefore, we obtained

where

(7)

In (7), is the total number of states at the lowest resonant
frequency; it is equal to 3 due to the 3-fold degeneracy of the
indices and . The aspect ratio is another critical

quantity that determines the thermal radiation power density for
the micro-cavity array. It is taken to be 12 here, a reasonable
value for typical fabrication processes. The thermal radiation
power enhancement factor of this whole structure is given by

(8)

The calculated result is plotted in Fig. 5(b). An enhancement of
100 times over the normal blackbody radiation value was ob-
tained. As anticipated, the power output is quite narrowband.
The FWHM of 1% of the cutoff wavelength is roughly equiva-
lent to a variation in the box size of 3 m, an easily achievable
one with standard fabrication processes such as photolithog-
raphy and reactive ion etching [46]–[48].

In realistic scenarios, losses in the dielectric and the sur-
rounding metal of the cavity will further broaden the thermal
radiation spectrum. They can be taken into consideration by
calculating the quality factor of the cavity at its cutoff fre-
quency, given the cavity dimensions and material properties.
The modified radiation FWHM including losses would be
a combination of the FWHM from the cavity size variation
and the FWHM from the losses . A cavity filled
with polyethylene ( and loss tangent for
the frequency band of interest here [49]) and with Platinum
( Siemens/m) walls was simulated in HFSS. The
dielectric cubic box was 141 m on each side, and the metal
wall thickness between adjacent boxes was set to be 11.3 m.
These choices gave an aspect ratio of about 12. The thickness
of the top metal cover was chosen to be 180 nm, only slightly
thicker than the Platinum skin depth at 1 THz. The simulation
results show that this cavity has a quality factor .
This corresponds to a FWHM of 0.35%. Including the material
losses of the micro-cavities, we found that the peak value of the
enhancement factor was reduced and the width of the thermal
emission peak shown in Fig. 5(b) was widened by about 35%.

IV. FABRICATION AND CHARACTERIZATION OF THE SILICON

WPS

To verify our design and the fabrication process, a silicon
WPS with the aforementioned dimensions was fabricated using
a simple but robust mechanical layer-by-layer dicing process
[50], [51]. A series of grooves were cut into both the front and
back faces of a silicon wafer (with a resistivity of Ohm-cm)
by using a diamond dicing saw. The depth of the cut was set to
open a window at the crossing point of the cuts, but to leave
the array joined at the crossing points of the resulting bars. One
wafer thus makes up one half of the WPS unit cell shown in
Fig. 1. The DISCO DAD320 dicing saw used here has hori-
zontal and vertical step resolutions of 0.2 m and 1.0 m, re-
spectively. In addition, its horizontal and vertical minimum po-
sitioning accuracies are 2.5 m and 1.0 m, respectively. Thus
the estimated fabrication tolerances should be less than 5 m
in the x- and y-dimension and less than 2.0 m in the z-dimen-
sion. The complete WPS is then assembled by stacking many
wafers together with the help of pre-registered alignment marks.
Fig. 6 is a photograph of the fabricated silicon WPS. Character-
ization of this EBG sample at THz frequencies was carried out
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Fig. 6. A photograph of the fabricated silicon woodpile electromagnetic
crystal.

Fig. 7. Transmission responses (normal incidence) of the silicon WPS sample:
(top) THz-TDS measurement, (bottom) HFSS Simulation.

with the THz time domain spectroscopy (THz-TDS) transmis-
sion approach. The measured and HFSS simulated transmission
results along the sample stacking direction are shown in Fig. 7.

In the THz-TDS measurements, the silicon WPS was placed
in the path of a pico-second pulse of THz radiation, and the pulse
time history was compared with a reference signal (no sample
being present). Then by Fourier transforming the signal trans-
mitted through the sample, the sample transmission coefficient
was obtained in frequency domain. The TDS result explicitly
shows the predicted stop-band centered around 200 GHz. Also
plotted in Fig. 7 is the HFSS simulated transmission coefficient
for normal incidence. Not only does the predicted 200 GHz band
gap match well, but also the predicted secondary band gap near
310 GHz and the various predicted transmission peaks match
quite well with the measured data. The slight red shift observed
in all of the features in the TDS spectrum with respect to the sim-
ulation is probably due to errors associated with the fabrication
tolerances. Oblique incidence transmission measurements were
performed; the results (not shown) verify that the band gap at
200 GHz is omnidirectional (a true 3-D band gap). The good

agreement between the measured and simulated transmission
results verifies the WPS design and fabrication procedures.

V. THERMAL RADIATION MEASUREMENTS OF THE SILICON

WPS

To experimentally study the predicted THz thermal radiation
enhancement, direct thermal emission measurements of the fab-
ricated silicon WPS were performed using a Beckman FS-720
Fourier Transform Spectrometer (FTS) with a frequency range
from 100 to 3.6 THz. The FTS used a scanning Michelson in-
terferometer to transform the incoming radiation into an ampli-
tude-modulated signal whose modulation frequencies were the
scaled-down frequencies in the original signal. The modulated
signal was recorded as an interferogram and the original spec-
trum was then recovered by Fourier transformation. The max-
imum resolution of the FTS used in this work was 4.5 GHz.
The schematic of the experimental configuration is shown in
Fig. 8. The commonly used mercury lamp source for an FTS
was replaced by the silicon WPS sample under study. For com-
parison, a THz radiation-absorption-material (RAM) [52] with
an absorption coefficient close to 1 from 100 to 600 GHz and
the same form factors as the WPS sample was used as the refer-
ence (control) blackbody source. A liquid helium cooled (4.2 K)
silicon composite bolometer (IR Labs model JPKI06MA) was
used as the signal detector, and a lock-in amplifier (SR510 m)
was employed to enhance the measurement sensitivity.

The sample was mounted on an adjustable stage with a
sample holder, an aperture, and an electrical heating element.
The aperture, which was made from aluminum, blocks thermal
emission from the sample except at the center aperture. The
latter had a diameter of 0.64 cm, making the sample under
study a good point source for the FTS collimator. A mechan-
ical chopper was located in between the collimator and the
aperture and was used as the reference of the lock-in amplifier.
The thermal radiation from the sample was modulated by the
chopper and passed through the FTS. It was detected by the
cooled bolometer, which was positioned right behind the FTS
output window. The optical beam path was located in a vacuum
environment (except between the FTS output window and the
bolometer) to reduce signal fluctuations caused by atmosphere.
The heating element was directly attached to the aluminum
sample holder, and the holder was kept in good thermal contact
with the sample under study while being thermally isolated
from the stage. A closed-loop thermal-couple temperature
controller was used to maintain the sample to within 0.1 Kelvin
of a specified constant temperature. Since the temperature
sensor was mounted on the sample holder, the actual sample
temperatures were carefully calibrated because of the different
thermal conductivities of the holder and of the different samples
(the silicon WPS and the RAM), which inevitably lead to a
temperature gradient.

The detector sees the sample thermal radiation when the
chopper is open and the chopper thermal radiation when it
is closed. Because of the working principles of the lock-in
amplifier, the detected signal is proportional to the power
difference between the sample radiation and the chopper radi-
ation. The final emission spectrum recorded by the FTS was
therefore , where the suffix denotes
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Fig. 8. Schematic of the FTS setup for the direct thermal emission measurements.

the specific radiation source. In addition, the recorded signal
consists of the sample thermal emission, the thermal emission
from the heating element transmitted through the sample, the
background thermal emission reflected by the sample into the
FTS, and the thermal emission from the aperture. The recorded
differential spectrum can then be expressed as the following:

(9)

where , and are the emission, reflection, and transmis-
sion coefficients of the sample, respectively, and and are
the sample and room temperatures. The first term in (9) repre-
sents the thermal emission from the sample, where is the
normal blackbody radiation power density at the sample tem-
perature . The second term represents the thermal radiation
from the surrounding environment that is reflected by
the sample into the FTS. Since the heating stage is thermally
isolated from the surrounding environment, the surrounding en-
vironment is at room temperature . The third term is the
thermal radiation from the heating element transmitted
through the sample at temperature . The last two terms are
the thermal radiations from the aperture and the
chopper . One thing to point out is that , and

are all considered to be independent of the temperature,
which is a valid assumption over the studied temperature range.

In order to compare the thermal emissions from the silicon
WPS and the RAM samples, the background signals from the
surrounding environment, the heating element, the aperture, and
the chopper were eliminated. This was achieved by subtracting
the measured spectrum at room temperature from the mea-
sured spectrum at an interested higher temperature . This way

the second, fourth, and fifth terms in (9) are calibrated out, and
the resulting spectrum is then

(10)

This expression is a combination of the sample thermal emission
and the heating element thermal emission transmitted through
the sample. According to the THz-TDS transmission measure-
ment, the transmission coefficient of the RAM can be well ap-
proximated to be zero. Therefore the RAM differential spectra
represent the RAM thermal emissions. In addition, from Fig. 7,
it is observed that the power transmission through the silicon
WPS was also quite low (less than dB for most of the spec-
trum). Therefore, the second term in (10) can also be omitted. A
comparison of the WPS and RAM emissions is given in Fig. 9
by plotting the (in arbitrary units) obtained for both the sil-
icon WPS and the RAM samples. This comparison is fair since
the term in (10) is a constant factor
for both the WPS and the RAM samples at the same tempera-
ture.

The thermal radiation results measured at two different tem-
peratures (38 C and 85 C) are plotted in Fig. 9. Because the ab-
solute thermal emission power at these temperatures were low
and the sensitivity of the FTS system was not optimal at the
lower frequency end (100 to 500 GHz) [53], all of the emission
spectra were measured multiple times and averaged to reduce
the noise level. The error bars in Fig. 9 represent the statistical
measurement errors.

Experimentally measured enhancements of the WPS thermal
radiation over the control blackbody sample can be observed
around 110, 146, 165, 288, 362 and 440 GHz for the 85 C spec-
trum. Enhancements at similar frequencies are also seen for the
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Fig. 9. The thermal radiation differential spectra for the RAM (dashed) and the
WPS (squares) samples at (a) 85 C and (b) 38 C. The error bars are statistical.

38 C spectrum. These enhancement peaks match up qualita-
tively well with the predicted enhancement peak positions given
in Fig. 2(c). Consider the most significant enhancement peak
at 364 GHz in Fig. 2(c) as an example, a sharp enhancement
peak at 362 GHz is observed in the measured 85 C spectrum
[see Fig. 9(a)]. An enhancement peak in the 38 C spectrum
[Fig. 9(b)] appears at 340 GHz, instead of at 360 GHz. This dis-
crepancy is probably due to the relatively low frequency resolu-
tion of the data (9 GHz instead of the 4.5 GHz for the 85 C spec-
trum) and the relatively low signal-to-noise ratio (SNR) at the
lower temperature of 38 C compared to the 85 C. Besides the
main enhancement peak, other frequencies at which enhance-
ment peaks occur also qualitatively match well with the predic-
tions in Fig. 2. The measured thermal radiation spectra in Fig. 9
look quite noisy because of the limited SNR in the measure-
ments at this frequency range. However, statistical error bars
verify that the measured WPS emission enhancements over the
control blackbody sample are repeatable observations. There-
fore, based on the good matching between the predicted and
measured (for both temperatures) enhancement peak frequen-
cies, the results shown in Fig. 9 justify, at least qualitatively,
the prediction of the thermal radiated power using the DOS
calculation. They are also good indications that an EBG emis-
sion source with enhanced THz thermal radiation may be fea-
sible. Quantitative comparison between the measured and the

predicted values was not attempted, since the measurement sen-
sitivity is not high enough at this frequency range.

In order to verify, as predicted, that the observed enhancement
was a total thermal radiation power enhancement over the entire
4 solid angle sphere, emission measurements covering the en-
tire space were required. In the experiment reported here, the
power detection was confined within a 0.11 solid angle along
the sample surface normal direction. However, transmission and
reflection characterizations of a scaled-down WPS at optical fre-
quencies have been reported previously with minimal angular
variances [36], [54]. The oblique incidence THz-TDS trans-
mission characterization of the WPS sample used in this work
also showed small angular variance. Therefore, it is reasonable
to assume that the thermal radiation enhancement should not
have a strong angular dependence. It is worth emphasizing that
the thermal radiation enhancement predicted in Fig. 2 is a total
power enhancement in the THz regime based on the calculation
of the DOS for the WPS sample, and that the measured WPS
emission enhancements along the surface normal direction sup-
port those calculations.

VI. CONCLUSION AND DISCUSSION

In this paper we presented a novel idea of modifying THz
thermal emission spectra by using different types of EBG crys-
tals as the active THz sources. It was demonstrated that large en-
hancements over normal blackbody radiation may be achieved
with the large redistribution of the photon DOS enabled by the
EBG effects associated with an EM crystal. These enhancement
factors were shown to be independent of the temperature. The
design and fabrication of a silicon woodpile crystal were also
accomplished. The silicon WPS sample was characterized by
the THz-TDS transmission spectroscopy method; and the re-
sults agreed well with the simulation values.

Direct thermal emission measurements were carried out with
the fabricated silicon woodpile sample and a RAM sample (ap-
proximately a blackbody radiator) as the sources. Emission en-
hancements of the WPS over the RAM were observed at cer-
tain frequencies. These enhancements occurred at frequencies
similar to those predicted by the photon DOS calculations. The
observed enhancements are a good indication that properly en-
gineered EM crystals may lead to an alternative THz thermal
source.

In the future, structures other than the silicon WPS, such as
the tungsten WPS and the metallic micro-cavity array, will be
designed with optimized thermal emissions in the THz region
to achieve higher total thermal radiated powers. Also, dual-gap
or even multiple gap EM crystals will be investigated, and their
thermal radiation characteristics will be explored. Multiple
gaps would result in much stronger photon DOS redistributions
and possibly much higher thermal radiated power enhance-
ments over the normal blackbody values than could be realized
with single gap EBG structures. In addition, the possibility
of making the proposed sources tunable will be explored.
Since the stop-band positions within an EM crystal is largely
dependent on the refractive index of its constitutive material,
and since the refractive indices of certain materials such as
semiconductors or liquid crystals can be controlled by external
biases, we believe that tunable EM crystal-based THz sources
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are possible. If the feasibility of making EM crystals with such
materials is confirmed, tunable THz radiation achieved by a
tunable would be quite interesting. Future theoretical and
experimental work may lead to a promising alternative type of
THz source, as well as to a better understanding of the physics
underlying thermal power radiated by an EM crystal.
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