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Abstract

Over the past 15 years, basic photonic crystals operating in optical wavelengths have been
theoretically investigated and experimentally realized. New directions must now be set to
understand fundamental photon-matter interactions and thus realize active photonic
components for integrated and silicon-based photonic applications.

This proposal aims at two key areas to study. They are: (1) Thermal emission and silicon
photonic crystal lasers— an aspect of photon-phonon interaction. (2) Optical interconnects-an
aspect of photonic transport and mutual interaction. Understanding the underlining photon-
phonon interaction, blackbody radiation can be altered, and wasted thermal energy recycled.
Furthermore, we intend to build SOI based optical components, and study their mutual
interaction for achieving complex optical functionality. Two examples are waveguide-cavity
and cavity-cavity interaction for channel dropping filter applications.

Indeed, the next challenge in photonic crystal research is in material integration, in on-chip
integration of photonic components, and lastly the realization of silicon lasers.
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1 Introduction

Over the past five years, Sandia National Laboratories has made seminal contributions to
the field of photonic crystal. Most recently, thermal emission from a metallic 3D
photonic crystal was observed to modify the blackbody radiation spectrum and funnel it
into a narrow spectrum. This demonstration will lead to efficient light emitters for a wide
range of wavelengths, from visible, infrared and to Tera-Hertz. The goal of this proposal
is to explore such fundamental photon-matter interactions and to realize active photonic
components for integrated photonics and silicon photonics applications.

This proposal aims at two key areas to study. They are: (1) thermal emission and silicon
photonic crystal lasers— an aspect of photon-phonon interaction. (2) optical switches
and optical interconnects in photonic crystals—an aspect of photon-electron interaction
and photonic transport.

1.1 Thermal emission of photonic crystals and photonic crystal
silicon tight emitters

A photonic crystal fundamentally changes the distribution of photonic density-of-states.
This change impacts not just the better-known photon-electron but also the photon-
phonon and photon-matter interactions; One example of this is the strong alteration of
thermal emission of almost any material, dielectric or metallic. The emission spectrum
may be suppressed, an important aspect for DOD infrared imaging applications,
enhanced and even re-shaped. It is further suggested that the suppressed energy is not
wasted, but rather is re-channeled and emitted into a selective frequency band. Very
recently, an extraordinary emission enhancement is observed at Sandia in a 3D Tungsten
photonic crystal; see Fig. 1 (a). Thus, a promising incandescent lamp with >49-50%
efficiency becomes possible. It is our goal to realize white light emission using this new
principle. However, the physical origin of the enhancement is not known at present. One
possible mechanism is the formation of photon-atom bound system that enhances the
emission rate. The new science of photon-phonon interaction will be explored in this
proposal.

There are two possible approaches for fabricating the top and bottom mirrors for the
proposed thermal lasers. One is to build similar layer-by-layer structure, but with 20-
30% smaller dimensions, see Fig. | (b). This structure effectively extends the photonic
band gap to a shorter wavelength and acts as an effective mirror. For example, four
bottom layers could act as the high reflector (R;~95%) and three top layers as the
partial reflector (R,~50-80%). One drawback for this design is that it adds seven
additional layers to the existing structure, making the fabrication a more difficult task.
A second design is to use dielectric DBR (distributed feedback) stacks, such as
SiO2/SiN, as mirrors. These mirrors are planar and therefore easier to fabricate.
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Although, the presence of the dielectric stacks makes it difficult to lift off the Tungsten
3D photonic-crystal from the silicon substrate.

The next challenge is to realize Tungsten photonic crystal in the A=1um and in the red
color regime. The minimum feature size is in the order of 100-200nm and is currently
beyond the MDL's fabrication capability. However, by combining better structure
design and innovative process control, it is quite possible to achieve A~600nm-1um
emission. At this wavelength, a complete process integration that includes electrical
isolation, thermal isolation, and electrical contacts becomes essential. We believe once
this step is achieved, packaging and testing of the incandescent devices becomes low
cost and easy. Another focus at this stage of research is to study the effect of scaling
on device performance, such as light emission efficiency. We will also study different
structures with either a broad emission wavelength (for future white light application)
or a narrow emission (for multi-color display application). We firmly believe that in
the process of achieving these goals, many key patents will result.

1.2 Optical switches and optical interconnects in photonic
crystals— an aspect of photon-electron interaction and
photonic transport

There is tremendous interest in using photonic crystals for guiding and directing light for
optical communication applications. For on-chip control of light, we propose to use 2D
photonic crystal slab structure that Sandia pioneered to achieve (1) efficient optical
interconnect and (2) dynamic signal routing. For the vertical coupling and a subsequent
in-plane processing of light, a 3D layer-by-layer photonic crystal will be used.

Waveguides, bends and splitters are among the most basic components for achieving
optical interconnects. The loss and bandwidth are two of the most important issues that
will be addressed. A full 3D numerical simulation will be carried out to design and
minimize various losses, such as the guiding, bending and splitting losses. Examples of a
power splitter and a waveguide bend are shown in Fig.1 (a) and (b). It is to be noted that
such components are very compact (3-5 pum in size) and suitable for a large-scale
monolithic integration. Indeed, a successful demonstration of this work will lead to the
realization of photonic VLSI. For system applications, the problem of efficiently
coupling light into and out of a localized cavity or waveguide in a photonic crystal will
be addressed.

A means of altering the photonic band gap behavior is use of ferroelectric materials with
large electro optic coefficients to electrically tune the PBG composite refractive index.
This would enable changes in transmission coefficient at GHz to THz speeds, enabling
PBG waveguide switches and other applications. The electro optic materials of interest
display either linear (Pockels An; =-1/2 n’ r;; E;) or quadratic (Kerr An; =-1/2 n’ r;; E; E})
electro optic behavior upon application of bias fields, depending on whether they are in
the ferroelectric state or not, respectively. Examples of such linear and quadratic electro
optic materials are listed in Table I, along with the index change An on application of a
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5-10 V/um (50-100 kV/cm) electric field. As displayed in the table, there are numerous
ways to achieve index changes of 107 or greater to tune the properties of PBG with such
materials. A An of 0.1 is sufficient to switch the resonant frequency of a high-Q micro-
cavity, shown in Fig.1(c), for high-speed on-off switching.
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Fig . 1(b) Fig . 1(c)

__Table I; Selected electro optic oxides and index change at 5-10 V/um

Material linezar eoetficient quadratic coefficient An (E)

P szl gedr 4 Ti sgOs 3.86 x 107" (m/vy* 082 (5 V/um)
PhylanreTids 10 x 107" mV T 001 (10 Yium) |
SrosBanNbO; 1L3dx 10" m'V 010 (10 Vium)

2 Accomplishments:

2.1 Observation of Sharp Emission Near the Band-Edge of 3D
Metallic Photonic Crystals at A=3.5-4.5um Wavelength.

A three-dimensional tungsten photonic-crystal is realized with a photonic band-edge at
A~4um wavelength. Its thermal emission is suppressed in the band-gap regime and, at the
same time, exhibits sharp peaks near the band-edge. It is further observed that energy
conversion-efficiency from one side of the sample reaches T~40%. This finding is
attributed to a complete metallic photonic band-gap in the infrared (A>6pum) and the
enhanced density of photon-states near the band-edge of our tungsten photonic-crystal.

In Fig. 2(a), the measured reflection (black color) and absorption (blue color) spectra

from a five-layer tungsten PBG sample are shown, respectively. The 3D metallic

photonic band-gap at A>6um is a complete gap and is effective (~30dB/unit cell) in

trapping light fully in all 4n solid angles and for both polarizations. In Fig. 2(b), the

measured emission spectra at low biases (V<0.20V) are shown. The broad peak behaves
8



Emission Amplitude (ar. un.)

like a gray-body radiation. The three sharp peaks are pinned at their respective
wavelengths and are independent of sample temperatures.

Fig . 2(a),(b)
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In Fig. 3(a), the sharp peaks dominate the emission spectrum. In Fig. 3(b), the emission
amplitudes are summarized as a function of P;, at A=4, 4.5um (the sharp peaks) and
A=8um (the broad emission), respectively. For P;;>150mW, the amplitudes at A=4/4.5pm
far exceed that at A=8um. Furthermore, the emitted power scales linearly with Pi, at high
input power (indicated by the dash line) and reaches m=40% electric-to-radiation
conversion-efficiency. Taking into account radiation from the top and bottom emitting-
surfaces, the conversion-efficiency is expected to be -80%.
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Fig . 4(a) Emission Spectrum at T=495K
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2.2 Experimental Realization of 3D Metallic Photonic Crystal at
Near-Infrared Wavelength of A=1.5um Wavelength.

Our next effort is to reduce the emission wavelength of our photonic-crystal sample into
near-infrared (A=1-2um) and eventually into visible (A~400-700nm) wavelengths. An
emission at A=1.5um is an important first step for realizing highly efficient thermal
photo-voltaic electric generators. A GaSb photovoltaic-cell used for this application has a
wavelength cut-off at A=1.7pum.
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The 3D near-infrared metallic photonic crystal is successfully realized and its
transmission and reflection spectra are shown in Fig. 4(a). The band edge is at A~2um. In
Fig. 4(b), computed results of the reflection (black curve), transmission (blue curve) and
absorption (red curve) spectra are shown, respectively. The absorptance exhibits two
absorption peaks, indicating that emission can occur at both bands. The emission is
shown in Fig. 5(a) and (b) for low, intermediate and high temperatures. The photograph
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Y-Splitter Output (ar. un)

Y-Splitter Output (ar. un.)

shown in the inset of Fig. 5(b) is due to a slight visible emission at the tail of the emission
peak.

2.3 Experimental Realization of PEG Y-Splitters and a High-Q
PBG Micro-Cavity.

We report the successful experimental realization of a photonic crystal y-splitter,
operating at A~1.6um. Our device has a large splitting angle of 120-degrees, a
miniaturized size of ~ (3x3) pum” and y-splitter loss of (0.5-1) dB at A=1640-1680nm,
making it promising for integrated photonic-circuit applications. In Fig. 6(a), the two y-
splitter output powers are shown as a function of position of input laser beam relative to
the input waveguide. Clearly, the total power is close to that of the reference waveguide,
indicating a nearly loss less and perfect splitting of light. A high-Q micro-cavity
operating at A=1517nm 1is also successfully realized using a 2D photonic crystal slab
approach. The transmission spectrum is shown in Fig. 6(b), exhibiting a cavity-Q of
1800. This cavity-Q value is two times higher than previously achieved. With this
accomplishment, we are now ready to explore non-linear material coatings for electro-
optical switching experiments.
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Fig.7(a) Fig . 7(b)

2.4 Progress toward a short wavelength 3D tungsten photonic-
lattice emitter.
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A three-dimensional tungsten photonic-crystal is realized Fig. 7(a, b) with a photonic
band-edge at A~2um wavelength. Different from our earlier report of emission hear the
band edge, this new emission is associated with a narrow allowed band. As shown in Fig.
7(c), the lattice emission peak occurs at A~1.5um with a high power (a few Watts).

4 6 8 10 12
Wavelength 1M

Fig . 8(a),(b) Fig . 8(c)

2.5 Experimental Realization of 3D Metallic Photonic Crystal
that can be designed to have selective absorption and
emission bands in the Infrared.

Our next effort was to engineer the emission wavelength of our photonic-lattice by
changing its lattice constant, a. As the first step, a series of absorption spectrum were
computer generated for a range of different lattice constants. The spectra are shown in
Fig. 8(a), indicating a systematic shifting of absorptance peaks as a function lattice
constant. This data clearly illustrates that the internal lattice structure does modify the
intrinsic photon-tungsten absorption process. For reference purposes, absorptance of a
uniform tungsten slab is also shown as the blue curve. The peak lattice absorption ranges
from 0.6 to 0.92, which is much larger that of a uniform tungsten slab.

The corresponding emission spectra are shown in Fig. 8(b). The emission peaks are
observed to also shift systematically with the lattice constant. A plot of the emission peak
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as a function of lattice constant indicates a linear relationship. We now have a good

handle on engineering the emission wavelength at infrared wavelengths.
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2.6 Theoretical formulation and understanding of 3D tungsten
photonic lattice emission.

In this part of the project we investigated the thermal emission characteristics of a
metallic layer-by-layer photonic lattice using a first principles quantum optics approach.
The approach is based on a two-level quantum electrodynamics treatment of the host
photonic lattice as a two-level system interaction with a multi-mode radiation field. The

system is thermally pumped and the emission spectrum is calculated.
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In Fig. 10(a), the frequency-momentum dispersion is shown for our photonic lattice (red
curve) assuming that the imaginary part of tungsten’s dielectric constant is zero. For
comparison purposes, the free space dispersion is also shown as the blue curve. The
photonic density-of-states (DOS) can then be derived from the dispersion curve and is
shown in Fig. 10(b). In particular, there are peaks centered at 0.95, 1.05 and 1.35.

The corresponding emission spectrum is shown in Fig. 11. Three emission peaks were
predicted, corresponding to the peaks in DOS as shown in Fig. 10(b). This calculation
provides a framework for understanding the emission process of our lattice emission.
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Thermal Emission from an Active Metallic Photonic Crystal: Theory and Experiment

I. El-Kady, W. W. Chow, and J. G. Fleming
Sandia National Laboratories, P.O. Box 5800, Albuquerque, NM 87185-0603
(Dated: September 16, 2005)

A quantum optics approach coupled with plane wave expansion and transfer matrix techniques
are used to calculate the thermal emission from an active 3D metallic photonic crystal. The emitting
source is modeled as a collection of inhomogenously broadened two-level systems that is allowed to
equilibrate via collisions to a Maxwell-Boltzmann distribution at a specific temperature. Emission
and absorption processes create a photon population distribution within the photonic lattice as
dictated by the photonic lattice bandstructure. This population distribution is then coupled to
the exterior to give the output of the active photonic crystal. The outcoupling of the intracavity
radiation is investigated with different schemes: passive photonic filter and a photonic crystal cavity
coupler. Calculated emission spectra show good agreement with experiments performed under lossy
and low-loss radiative conditions.

PACS numbers:

I. INTRODUCTION

A photonic crystal (PC) introduces a periodic perturbation in the refractive index of the medium. This in turn
results in the generation of a particular photonic band structure characterized by the suppression of the photon
density of states along certain crystallographic directions and the propagation of selected Bloch-modes mandated by
translational symmetry in others. The result is a multitude of novel optical phenomena among which are: inhibition
of spontaneous emission! ? , slow and frozen light modes due to the drastic reduction in group velocity??®, exceedingly
large cavity quality factors®, low threshold lasing”® , and modified thermal emission characteristics® .

In this article we focus on the thermal emission characteristics from metallic photonic lattices. Several theoretical
as well as experimental studies conducted thus far have reported exceedingly high emission intensities at the photonic
band edges?!!'12. Most of the theoretical approaches however, were based on the direct or indirect use of Kirchoff’s
law. While such an approach is widely accepted when treating passive radiation filters and hot mirrors, where the
source and the Kirkoffian element are separate entities, it is unclear how one could extend the use of such a classical
approach to treat an active PC source. In addition, none of the previous studies, to our knowledge, have addressed
the essential issue of contrasting results between theoretical predictions and experimental observations. In this article
we present a quantum optics approach coupled with well established electromagnetic numerical simulation techniques
to calculate the emission from an active metallic PC. The model is then evaluated for accuracy by showing that
it correctly retrieves Plank’s blackbody distribution in absence of the PC. A further reinforcement of the model is
given by showing that it correctly reproduces the emission peak wavelengths and relative peak intensities measured
experimentally under two different limiting conditions.

II. THEORETICAL FORMULATION

We begin by separating the emission problem into three stages. First the active photonic lattice is modeled as
inhomogeneously broadened ensemble of two-level systems interacting with a quantized multimode radiation field.
The composite system is excited by an external pump and allowed to equilibrate with a thermal bath via collisions.
The generated photon population is then subjected to the photonic density of states mandated by the host PC lattice,
which in turn determines the modal properties of the radiation field'®. A passive photonic coupling factor then
dictates the radiation coupling strength to the exterior of the PC lattice.

In deriving the working equations, we label each two-level system with n, so that |a,) and |b,) are the ground and
excited states, respectively, that are separated by energy hw,. Correspondingly, each radiation field mode has energy
hQy, and is described by creation and annihilation operators az and ay, respectively. The relation between € and

k depends on the photonic lattice structure. The Hamiltonian for the combined matter and radiation field system
- 13,14
is'®

H =3 iy [ba) (bl + 3 h%afar = 3 gk (1ba) (@nl ax + af an) (bal) (1)
n k kn
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where dipole interaction is assume, with g = p [/ (50V)]1/ 2, w is the dipole matrix element, ¢ is the permittivity
in vacuum and V' is the system volume. Working in the Heisenberg picture, we derive the following equations of
motion for the photon, excited-state and ground-state populations, n (Q,t), ng (wn,t) and ny (wy, t), respectively:

dng(Wn,t) _ %p(wn)g (wn)? {[116 (Wns £) — 110 (s £)] 72 (60s £) + 725 () }

dt
= Yr [Na (Wn, t) = fa (wn, T)] = A (wn) e (Wi, 1) (2)
lonsl) 2 ) g ) {0 ) = et D] ) 7 ()}
e 1 s £) = o e D] A () i s, ®)
dn(S2,t) 2 2 ~
dt N h2g ) zn: (wn — Q)Q + 72

X {[np (wn,t) — ng (wn, )] 1 (Q, 1) + np (wn, t)} — Yen(Q, ) (4)

In the formulation, we assume that the polarization dephasing rate  is much faster than the time variations in the
active medium and photon populations, so that the polarization equation may be adiabatically eliminated. In Eqgs.
(2) and (3), p (w) is the photon-lattice density of states, which is assumed to be spherically symmetric. Additionally,
the pump and decay contributions are included phenomenologically, where 4. is the photon decay rate, A (w,) =
Agexp [—Tuw,/ (kgT),)] is the pump rate, and -, is the effective rate for the actual populations n, and n; to relax to
the equilibrium distributions f,(w,,T) = Z, and fy(w,,T) = Z, exp [—hw,/ (kgT)], where Z, is the thermodynamic

partition function, N, = Z [falwn) + fo(wy)] is the total number of two-level systems, T}, and T are the pump and
n
reservoir temperatures. Solving (2) to (4) gives the photon population n(2), which is used in

u () =) TSm0y @) n(@) (5)

to obtain the emission wavelength spectrum outside the photonic lattice enclosure. In (5), I'(A) is the coupling factor
describing the efficiency with which radiation within the interior of the PC is coupled to its exterior. To evaluate
T'(M\), two coupling schemes are considered: a passive photonic filter scheme, and a passive photonic cavity scheme.
In the first scenario, we assume that after the generation of the steady state photon population, the PC simply acts
as a passive filter in which case:

Lriter(A) = 1 — [R(A) + A(N)] (6)

In the cavity coupling scenario, on the other hand, the encapsulating PC is viewed as an imperfect cavity with a
radiation outcoupling factor of:

P ity (A) = L:fm ROV + A0 = - ff 11— Tpier (V)] (7)

In (6) and (7), R(A) is the reflectivity and A(A) is the absorptivity of the PC, L.y is the effective cavity length,
and C is the speed of light.

We consider a tungsten Lincoln-Log PC with square cross-section rods and a 28.5% filling fraction. A coupled-wave
method is used to compute the bandstructure, where the fields and dielectric functions are expanded in terms of plane
waves. Maxwell’s equations are cast in an eigen problem format in Fourier space and solved using a transfer matrix
approach by treating each layer of the structure as an independent 2D Lamellar grating. Details of this method and
its accuracy in describing our structure are discussed elsewhere.!® Following customary laser physics procedure'®,
we assume that the modal and outcoupling effects may be, to a good approximation, determined separately. The
reflectivity R(\) and absorption A(A) are obtained by an independent frequency domain transfer matrix calculation
performed on six layers of the photonic crystal structure.!”

Figure 1 (a) shows the photonic-lattice dispersion in the (001) crystallographic direction (red curve). Clearly visible
are the fundamental and first higher order gaps, as well as the significant flattening of the dispersion at the bandedges
due to anticrossing. The red line in Fig. 1 (b) give the density of states (DOS) p(w) computed from the dispersion,



assuming spherical symmetry. Note the drastic increases in DOS as the photonic crystal dispersion flattens at the
band edges. For comparison, Fig. 1 also shows the free-space dispersion and DOS (dashed blue curves).

Using the photonic-crystal DOS, (2) and (4) are solved numerically with a fourth-order Runge-Kutta finite dif-
ference method. Following previous comparisons of photonic crystal and blackbody emissions, we ensure that the
steady-steady active-medium populations n,(w,) and ny(w,) are to a good approximation given by the equilibrium
distributions fq(wn,T) and f,(wy,T) by performing the calculations for low excitation and rapid relaxation condi-
tions, specifically, with v = 10571, ~, = 10'257!, and 7. = Ag = 10°s~!. Furthermore, we choose p = e x 0.5nm,
V =10"18m™=3, Ny =200 and 7, = T. The steady-state solutions to (2) and (4), are used in (5), with two limits (as
discussed in the next section) to the coupling function I'()), to obtain the emission spectrum.

III. RESULTS AND DISCUSSION

The coupling factor depends on experimentally imposed boundary conditions. To estimate the upper emission limit,
we consider the best-case scenario of negligible nonradiative losses, so that every photon absorbed by the photonic
lattice structure is eventually remitted into a propagating Bloch-mode. This case gives a maximum coupling factor
of Tpaz(A) =1 — R(N) for the filter coupling scheme, and T'p,q.(A) = L:—fflnR()\) for the cavity coupling scheme.

A lower bound for the photonic-crystal emission may be obtained, on the other hand, by considering the worst-case
scenario where all secondary photon absorption processes result in nonradiative losses. This situation gives minimal
coupling functions of T'ypin(A) =1 — R(A) — A(A), and Tppin(N) = L:—fcfln[R()\) + A()N)], where A()) is calculated
using the complex dielectric constant for tungsten'®, for the filter and cavity coupling schemes respectively. Fig.2
shows a plot of the extrema coupling factors for both schemes. In practice, the experimental emission results should
thus lie between these two bounds.

Figure 3 shows the calculated lower bound emission spectra using the filter (blue curve) and cavity (green curve)
coupling schemes at different temperatures. The figure clearly shows the suppression of photonic lattice emission
intensity at the photonic bandgaps. More importantly, they indicate a significant increase in intensity at the bandedges.
Figure 3 also depicts (with a different vertical scale) the experimentally measured spectra (red curve) for a 6 layer
tungsten Lincoln-log structure obtained in a simple thermal heating experiment where the PC lattice is placed on
a temperature controlled copper block. In this experiment non-radiative losses are dominated by conductive losses
through the large copper thermal mass. At equilibrium, the temperature of the block and PC is assumed to be identical
and was measured by means of a thermocouple embedded in the copper block. Inhomogeneous broadening of 20meV
is included to approximate experimental line broadening due to crystal imperfections. Remarkable agreement is
observed between calculation based on the filter coupling scheme and experiment, in terms of the wavelength and
relative magnitude of the intensity peaks. Similar results are observed using the cavity coupling scheme (green curve
), though the agreement with the experiment, while acceptable, it is not as good as the filter coupling scheme.

Figure 4 shows a comparison between the calculated and measured PC emission spectra (again on different vertical
scales) for the optimal situation of negligible nonradiative losses using the filter (blue curve) and cavity (green curve)
coupling schemes at different temperatures. Again an inhomogeneous broadening 5meV is included to approximate
line broadening due to crystal imperfections. In this case the 6 layer tungsten Lincoln-log structure is suspended in
vacuum by wires. Nonradiative losses are reduced by having, asside from the wires, a free-standing structure. The
experimental structure was electrically excited by Joule heating. To determine the temperature, the experiment was
repeated with blackbody paint coating the central region of the crystal, which then acted as the heating element. Since
the blackbody paint behaved essentially as a perfect electrical insulator, it did not change the electrical conductivity
of the sample. The temperature was deduced by matching the change in electrical resistivity of the photonic crystal
in the two experiments, and using Wein’s law for the relationship between temperature and blackbody emission peak.
Better agreement with the experimental results is observed with the calculation based on the cavity coupling scheme
as compared to the filter coupling scheme. The experimental emission peak at ~ 2um is absent in the calculated
results because the bandstructure calculation was terminated at the edge of the second band at ~ 3um.

The alternating performance between the two coupling approaches when compared to the experiment is quite
puzzling, and is under investigation. However, regardless of the coupling scheme, generally good agreement between
theory and experiment is observed. Demonstration of the agreement between experiment and theory to the accuracy
and detail depicted in Figs. 3 and 4 has not been previously reported.



IV. SUMMARY AND CONCLUSION

In summary, we have presented a theoretical approach for calculating the emission from an active photonic-lattice
crystal using a model consisting of an inhomogeneously broadened ensemble of two-level systems interacting with a
quantized radiation field whose modal properties are determined by the photonic-lattice bandstructure. The model
is general and produces the emission spectra for arbitrary photonic-lattice configurations. In this work, the example
of a 6 layer tungsten Lincoln-log active PC was investigated. Good agreement with experiments performed under
conditions approximating emission extrema is obtained and serves to underline the validity of our approach. Com-
parison of photonic-lattice and blackbody emission shows appreciable modification of the blackbody spectrum by the
photonic lattice, where the redistribution of the photonic density of states results in suppression of emission at certain
wavelengths and enhancement at others. Finally we wish to emphasize that the parameter space explored excludes
situations involving non-equilibrium population effects, even though these effects can be treated within the framework
of the present model.

This work was supported the U. S. Department of Energy under contract No. DE-AC04-94AL85000 and the
Alexander von Humboldt Foundation.
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Figure Captions

Fig. 1. Calculated tungsten Lincoln-log photonic crystal (red) and free-space (blue) (a) dispersions and (b)
photonic densities of states.

Fig. 2. Coupling factor extrema values: lossy (red), and lossless (black) for a 6 layer tungsten Lincoln-log photonic
crystal for (a) the filter coupling scheme and (b) the cavity coupling scheme.

Fig. 3. Comparison of the calculated lossless photonic-crystal emission spectra using the filter (blue) and cavity
(green) coupling schemes with the experimental spectra at different temperatures (a) 500K, (b) 600K and (c¢) 700K.
A 5meV inhomogeneous broadening is included in the calculations.

Fig. 4. Comparison of the calculated lossy photonic-crystal emission spectra using the filter (blue) and cavity

(green) coupling schemes with the experimental spectra at different temperatures (a) 500K, (b) 600K and (c) 700K.
A 20meV inhomogeneous broadening is included in the calculations.
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Emission from an active photonic crystal

I. El-Kady, W. W. Chow, and J. G. Fleming
Sandia National Laboratories, P.O. Box 5800, Albuquerque, New Mexico 87185-0601, USA
(Received 19 September 2005)

We investigated theoretically the emission from an active photonic crystal. Redistribution of photon density
of states by a photonic lattice was found to greatly influence the thermal emission spectrum, resulting in
substantial deviation from the Planck distribution. The calculation predicts that the photonic lattice intensity
may exceed that of a blackbody source within certain spectral regions. However, the excess emission may be
lost in practice because of nonradiative losses and photonic lattice inhomogeneities.

DOL: XXXX

I. INTRODUCTION

In the presence of a photonic crystal host, a multitude of
novel optical phenomena arise because of two main features
of a photonic lattice band structure: suppression of photon
density of states along certain crystallographic directions and
propagation of selected Bloch-modes as mandated by trans-
lational symmetry. Examples of novel phenomena include,
inhibition of spontaneous emission,’> reduced group
velocity,? exceedingly high cavity-Q factors,* low threshold
lasing,” and modified emission characteristics.®” This paper
focuses on the last phenomenon, where it was shown that a
dielectric photonic crystal can funnel thermal radiation into
narrow radiation bands.” While there are theoretical and ex-
perimental results indicating exceedingly high intensities at
the photonic lattice band edge, the question of whether these
intensities exceed those of a blackbody at the same tempera-
ture and wavelength is unresolved.®®° An answer is impor-
tant for scientific understanding and engineering develop-
ment of a new generation of optical sources and detectors
whose properties may go beyond the standard quantum lim-
its. A problem with arriving at an answer experimentally is
the difficulty in ensuring that the comparison is made under
the same conditions.

The aim of this study is to address the question of thermal
radiation from photonic lattices theoretically. Our approach
begins with a first-principles calculation of the photonic lat-
tice band structure. The results are used in a model of an
active photonic crystal consisting of an inhomogeneously
broadened ensemble of two-level systems interacting with a
quantized multimode radiation field, whose modal properties
are determined by the photonic lattice band structure.'® The
composite system is excited by an external pump and al-
lowed to equilibrate with a thermal bath via collisions.

Section II describes the theoretical model, where approxi-
mations are made to facilitate the comparison of photonic
crystal and blackbody emissions. Results are presented in
Sec. III for the limiting cases determined by experimental
conditions. To evaluate the model, we show that it retrieves
Planck’s blackbody distribution in the absence of a photonic
crystal, and that the emission peak wavelengths and relative
intensities are consistent with experimental values obtained
for a lattice subjected to similar conditions.

II. THEORY

In formulating the problem, we label each two-level sys-
tem with n, so that |a,) and |b,) are the ground and excited
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states, respectively, that are separated by energy fw,. Corre-
spondingly, each radiation field mode has energy A}, and is
described by creation and annihilation operators aZ and ay,
respectively. The relation between (), and k depends on the
photonic lattice structure. The Hamiltonian for the combined
matter and radiation field system is'%!!

H= E hwn|bn><bn| + 2 ﬁQkaZak
n k

_28k(|bn><an|ak+az|an><bn)s (1)
k,n

where the dipole interaction is assumed, with

hQ,
=pu\/—, 2
grk= M ooV (2)

p is the dipole matrix element, g, is the permittivity in
vacuum, and V is the system volume. Introducing the opera-
tors for the microscopic polarization amplitude (TIT X
=|b,)a,|a; exp[—i(w,—Q,)1], the excited and ground state
populations, o, =|a,)a,| and o,,=b,)b,|, respectively,
and working in the Heisenberg picture, we derive

doA i t 4t i~y
= 2 e (oA — AL AW, e L (3)
dt h 0
do i ) .
—an _ _2 gk(AZO.ne—l(wn—ri)l _ U:'[Akel(wn—ﬂkr)l)’ (4)
d  h7%5
do i . . .
“8bn —_ _E gk(AI'co.ne—z(w"—ri)t _ O'ZLAkel(w”_Qk,)t) ) (5)
dt hy

Additionally, the photon number operator obeys,

i . ‘ ‘
a2 sdaee T g At (6)
Assuming that the polarization dephasing rate 7y is much
faster than the time variations in the active medium and pho-
ton populations, one may adiabatically eliminate the polar-
ization equation. Then, introducing the expectation values
n(Q0=A[DAD),  n,(@,,0)=(04,(1)) and  ny(,,1)
=(0},,(1)), we obtain the working equations for our analysis,

©2005 The American Physical Society
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dnglwpl) 3 p(0)8(0) {[1y(0,.0) = @) In(y.1)

e
+ nb(wn)} - y{'[na(wm[) _.fa(wmt)]
- A(wn)na(wn?t)s (7)

dnfonl) 27 o el n(wmt) = nalend) n(wp)

dt #?
+ nb(wn)} ) ’)/r[nb(wmt) _fb(wn’T)]
+ Aw)ny(w,,1), (8)
dn(Q,1) 2 ) y
dr ﬁzg(Q) 2,,: (wn_ Q)2+ yz{[nb(w11’t)

- na(wn»l)]n(ﬂat) + nh(wmt)} - ycn(Q’t)9 (9)

where p({2) is the photonic-lattice density of states, which is
assumed to be spherically symmetric. Additionally, the pump
and decay contributions are included phenomenologically,
where v, is the photon decay rate,

is the pump rate, and v, is the effective rate for the actual
populations n, and n,, to relax to the equilibrium distributions

fd@,,T)=Z,, (11)

where Z, is the thermodynamic partition function that is de-
termined by the total number of two-level systems N,
=2, [folw,)+fp(®,)], T, and T are the pump and reservoir
temperatures. Solving Egs. (7)—(9) gives the photon popula-
tion inside the photonic lattice.

To relate to experiments, it is necessary to obtain the
emission outside the photonic lattice. Theoretically, this is a
nontrivial step because in our attempt to properly treat the
active medium and its emission physics with a quantum
theory, we relied on orthonormal optical modes for an infi-
nite photonic lattice. This is very similar to a long-standing
problem in laser theory.!” There, one circumvents the issue
by beginning with the Fox-Li modes for a Fabry-Perot cavity
with perfectly reflecting mirrors, and then introducing a loss
mechanism to represent the outcoupling.'®>!# Following this
approach, we use the steady state solutions n({),7) —n(£)) in

Aw,) = Ay exp(— b, (10)

kgT,

ho,
fp(w,,T) =Z, exp T

(12)

dQ
u(\) =F()\)Xﬁ9p(ﬂ)n(ﬂ) (13)
to obtain the emission wavelength spectrum outside the pho-
tonic lattice enclosure, where

F(N)=1-[R(\) +AN)] (14)

is the coupling factor describing the efficiency with which
radiation inside the photonic crystal is coupled to the outside,
R(N\) is the reflectivity, A(N) is the absorption. The determi-
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FIG. 1. (a) Calculated photonic-crystal (solid curve) and free-
space (dashed curve) dispersions. (b) Densities of states computed
from the photonic-crystal (dots) and free-space (dashed curves) dis-
persions in (a). The solid line is the least-squares fit to the dots.

nation of R(\) and A(\) is described in the following section.

III. RESULTS

In this study, we consider a tungsten Lincoln-log photonic
crystal with 28.5% filling fraction and square cross-section
rods. A coupled-wave method is used to compute the band
structure, where the fields and dielectric functions are ex-
panded in terms of plane waves. Maxwell’s equations are
cast in an eigen problem format in Fourier space and solved
using a transfer matrix approach by treating each layer of the
structure as an independent 2D Limilar grating. Details of
this method and its accuracy in describing our structure are
discussed elsewhere.!> The reflectivity R(\) and absorption
A(N\) are obtained by an independent frequency domain
transfer matrix calculation performed on six layers of the
photonic crystal structure.'®

Figure 1(a) shows the photonic-lattice dispersion in the
(001) crystallographic direction (solid curve). Clearly visible
are the fundamental and first higher order gaps, as well as the
significant flattering of the dispersion at the band edges due
to anticrossing. The dots in Fig. 1(b) give the density of
states (DOS) p(w) computed from the dispersion, assuming
spherical symmetry. Note the drastic increases in DOS as the
photonic crystal dispersion flattens at the band edges. For
comparison, Fig. 1 also shows the free-space dispersion and
DOS (dashed curves).

Using the photonic-crystal DOS in Fig. 1(b), Egs. (7)—(9)
are solved numerically with a fourth-order Runge-Kutta fi-
nite difference method. Following previous comparisons of
photonic crystal and blackbody emissions, we ensure that the
steady-steady active-medium populations n,(w,) and n,(w,)
are to a good approximation given by the equilibrium distri-
butions f,(w,,T) and f,(w,,T) by performing the calcula-
tions for low excitation and rapid relaxation conditions, spe-
cifically, with y=10"s7", 5,=10"? 57!, and y,=A;=10° s7'.
Furthermore, we choose w=eX0.5 nm, V=10"" m=, N,
=200 and T,=T. The steady-state solutions to Egs. (7)-(9),
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FIG. 2. Calculated blackbody (dashed curve) and lossless
photonic-crystal (solid curve) emission spectra for T=(a) 500 K,
(b) 600 K, and (c) 700 K. The dotted-dashed curves are the experi-
mental spectra.

are used in Eq. (13), with two limits (as discussed in the next
two paragraphs) to the transmission function, to obtain the
emission spectrum. For the corresponding blackbody emis-
sion, we repeat the procedure with p(w) replaced by the free-
space DOS and with I'(\)=1.

The coupling factor depends on experimentally imposed
boundary conditions. To estimate the upper emission limit,
we consider the best-case scenario of negligible nonradiative
losses, so that every photon absorbed by the photonic lattice
structure is eventually remitted into a propagating Bloch-
mode. We approximate this situation with a maximum cou-
pling factor of I',,,,(N\)=1-=R(\). The solid curves in Fig. 2
show the calculated photonic-crystal emission spectra for
this optimal situation at different temperatures. Also plotted
are the corresponding blackbody spectra (dashed curves).
The figure clearly shows the suppression of photonic lattice
emission intensity at the photonic band gaps. More impor-
tantly, they indicate a significant increase in intensity at the
band edges.

Figure 2 also depicts (with a different vertical scale) the
experimentally measured spectra (dotted-dashed curves) for
a 6 layer tungsten Lincoln-log structure suspended in
vacuum by wires. Nonradiative losses are minimized by hav-
ing an essentially free-standing structure. The experimental
structure was electrically excited by Joule heating. To deter-
mine the temperature, the experiment was repeated with
blackbody paint coating the central region of the crystal,
which then acted as the heating element. Since the blackbody
paint behaved essentially as a perfect electrical insulator, it
did not change the electrical conductivity of the sample. The
temperature was deduced by matching the change in electri-
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FIG. 3. Calculated blackbody (dashed curve) and lossy
photonic-crystal (solid curve) emission spectra for T=(a) 500 K,
(b) 600 K, and (c) 700 K. The dotted-dashed curves are the experi-
mental spectra.

cal resistivity of the photonic crystal in the two experiments,
and using Wein’s law for the relationship between tempera-
ture and blackbody emission peak. The solid and dotted-
dashed curves show relatively good agreement between cal-
culation and experiment in terms of the wavelength and
relative magnitude of the intensity peaks. Inhomogeneous
broadening is included in the calculation to account for crys-
tal imperfections. A 5 meV broadening is chosen to match
the linewidths of the experimental spectra. Comparison of
absolute intensity is not possible because of experimental
calibration difficulties. The experimental emission peak at
~2 um is absent in the calculated results because the band-
structure calculation was terminated at the edge of the sec-
ond band at ~3 um.

To obtain a lower bound for the photonic-crystal emis-
sion, we consider the worst-case scenario where all the pho-
tons absorbed by the photonic lattice structure is lost nonra-
diatively. To approximate this situation, we use a minimum
coupling function of I';;(N\)=1-=R(\)—A(\), where A(\) is
calculated using the complex dielectric constant for
tungsten.!” The solid curves in Fig. 3 for the calculated emis-
sion spectra at different temperatures, show that for the most
part, photonic-crystal emission is at or slightly below the
blackbody emission (dashed curves). Comparison with the
solid curves in Fig. 2 reveals noticeable spectral shape dif-
ferences, that are also observed in experiments (compared
dotted-dashed curves in Figs. 2 and 3). For the lossy case,
the measurements were made with a photonic crystal that is
similar to the one used in Fig. 2, but mounted on a heat sink
which serves as a channel for nonradiative losses. An inho-
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FIG. 4. Ratio of photonic crystal emission to blackbody emis-
sion for (a) lossless and (b) lossy cases at different temperatures.

mogeneous broadening of 20 meV is used in the calculation
to match the experimental linewidths. The general agreement
between theory and experiment provides some assurance of
the accuracy of the transmission coupling functions used in
the study.

Figures 4(a) and 4(b) are plots of the ratio between
photonic-lattice and blackbody emission for the lossless and
lossy cases. In both cases, the curves (displaced vertically for
clarity) show the independence of the ratio on temperature,
indicating that modifications to the emission by the photon
lattice under low excitation and rapid equilibration condi-
tions arise mainly from changes in the photon density of
states. Therefore, it is unnecessary to excite an active
photon-crystal structure to an extreme temperature to see the
predicted effects.

Lastly, we note that inhomogeneous broadening plays an
important role in determining the shape and amplitude of the
photonic-crystal spectrum. This is the case because of the
sharpness of the emission peaks in both lossless and lossy
structures. Figure 5 illustrates the dependence of the lossy
photonic-crystal spectrum on inhomogeneous broadening.
Figures 5(a) and 5(b) show that greater than one photonic-
crystal to blackbody intensity ratio is possible even in the
lossy structure for inhomogeneously broadening of up to
10 meV. However, when both absorption losses and struc-
tural aperiodicities are present the photonic-crystal emission
peaks are likely to no longer exceed the blackbody emission,
as shown in Fig. 5(c).

IV. CONCLUSION

In summary, the emission from an active photonic-lattice
crystal is investigated using a model consisting of an inho-
mogeneously broadened ensemble of two-level systems in-
teracting with a quantized radiation field whose modal prop-
erties are determined by the photonic-lattice band structure.
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FIG. 5. Ratio of photonic crystal emission to blackbody emis-
sion for the lossy case and inhomogeneously broadening of (a) 0,
(b) 10, and (c) 20 meV.

The model gives the emission spectra for arbitrary photonic-
lattice configurations, and reproduces Planck’s radiation for-
mula for thermal emission into free space. Comparison of
photonic-lattice and blackbody emission shows appreciable
modification of the blackbody spectrum by the photonic lat-
tice, where the redistribution of the photonic density of states
results in suppression of emission at certain wavelengths and
enhancement at others. Under low excitation and rapid relax-
ation conditions, the enhancement can give rise to exceed-
ingly high emission peaks at the photonic lattice band edges,
with peak intensities exceeding those of a blackbody at the
same temperature and wavelength. However, imperfections,
such as those resulting in inhomogeneous broadening, ab-
sorption and diffraction losses, can negate the excess emis-
sion. Our comparison is between an isolated active photonic
crystal system and an isolated blackbody system. The results
do not apply to situations involving the coupling of the two
systems.” There, the interaction between the photonic crystal
and blackbody (e.g., leading to population distribution
changes) should be taken into account. Finally, the parameter
space explored excludes situations involving nonequilibrium
population effects, even though these effects can be treated
within the framework of the present model.
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Experimental observation of photonic-crystal emission near a photonic
band edge
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A three-dimensional tungsten photonic crystal is realized with a photonic band edgedgtm
wavelength. Its thermal emission is suppressed in the band gap regime and, at the same time,
exhibits sharp peaks near the band edge. It is further observed that energy conversion efficiency
from one side of the sample reachgs-40%. This finding is attributed to a complete metallic
photonic band gap in the infraréd=6 um) and the enhanced density of photon states near the band
edge of our tungsten photonic crystal. ZD03 American Institute of Physics.

[DOI: 10.1063/1.1594263]

It has been suggested that a photonic-cry$sBBG) sample are shown, respectively. Light propagates along the
structure may be utilized to modify a thermal emission(001)direction of the crystal and is unpolarized. The reflec-
spectrum:~> The first experiment was carried out by Lin tance exhibits oscillations for 2<A<4m (the allowed
et al. by using a combination of a heated silicon substratdband), increases sharply at=4-5 um (the photonic band
and a three-dimension#BD) silicon photonic crystaf. The  edge)and reaches a high reflectance of 90% Xer6 um
resulting thermal emission was shown to be suppressed itthe photonic band gap). Such a 3D metallic photonic band
the photonic band gap and enhanced slightly+80% near gap is a complete gap and is effective30 dB/unit cell)in
the band edg@ However, it remains unresolved whether the trapping light fully in all 47 solid angles and for both
emission originates from the thick silicon substréte500  polarizations! It is also noted that as light propagates away
um) or from the silicon photonic crystal itself. To observe from the surface norma{#=0°), the band edge shifts to
intrinsic PBG emission, it is essential to fabricate a sampldonger wavelength and band edge reflectance does not rise as
with no substrate attached to it. In this letter, a 3D tungstersharply, i.e., a largedw/dk * The absorptance is lo@=3%)
photonic crystal is realized with a large infrared band gaph the band gap and exhibits three strong peak30%) near
(\=6 um). The tungsten PBG sample is a freely standingthe band edge at~4 um. The three peaks occur Bt3.5,
thin film and, therefore, its emission should reflect the intrin-4, and 4.5um, respectively, which agree with results of our
sic photonic-crystal emission. It is experimentally observednedel calculation. The peak absorption is about ten times
that the emission exhibits a narrow spectral linewidth neaPronger than tungsten’s intrinsic absorpti@¥—3%. This
the photonic band edge at~3.5-4.5 um. It is further enhancement is due to a Ior_lger light-matter interaction time
shown that the electric-to-optical energy conversion effi-n€ar the band edge, or equivalently, an enhanced density of

ciency from one side of the tungsten PBG sample reache@oton state§*°The selective absorption enhancement near
7~40%. the band edge suggests the possibility of achieving enhanced

ight emission at a narrow bart¢!?

To achieve emission, the sample is biased by applying a
\g)ltage across the PBG sample and is heated through Joule
heating. As the sample is operated at high temperatures, it is
mounted to be thermally isolated from its surroundings. To

ture is then planarized using a chemical-mechanical- =~ ™ th Ll th le is placed i
polishing process. The same process is repeated for seve [nimize thermal 10ss, 73e sample 1S placed in a vacuum
chamber pumped te-10"° Torr. For power density mea-

times. At the end of the process the silicon dioxide is re- . ; .
: . surements, a commercially available power meter, calibrated
leased from the substrate and the sample is a freely standi

n ) . .
0
thin film, ~4—5 um thick. The photograph of five pieces of tg better than 5%, is used. As our PBG sample is very thin,

our sample is shown in Fig(4). The different colors are due ;ngsi;é éLr TO Itthls s;rze:gn?:stﬂg ddﬁgusltatrﬁ ?g?grr:] aetrg(talz-re is
to diffraction of the camera’s flashlight. In Fig. 1(b), a scan- pi€. : P P

: . . ‘ determined from its resistivity, which depends on tempera-
ning electron microscopySEM) image of a five-layer 3D . linearly forT=300-800 K** The measured temperature
tungsten photonic-crystal sample is shown. It consists of Iayi-S an effective temperaturéT), averaged over the entire

ers of one-dimensional tungsten rods with a stacking Seéample, and has an uncertainty 5T/ T<8%.

que?(s:e that repeats itself every four layers, that is, a unit In Fig. 2(b), the measured emission spectra at low biases
cell.” ) ) (V<0.20 V) are shown. The measurements are performed
In Fig. 2(a), the measured reflectidiblack coloy and  ,5ing 4 standard Fourier-transform infrared spectrometer
absorption(blue color)spectra from five-layer tungsten PBG from A=1—20 um*4 The measured spectrum consists of a
broad emission ak~8-10 um and three sharp peaks. At
?Electronic mail: slin@sandia.gov V=0V, the broad emission has a maximumat10 xm and

The 3D tungsten photonic-crystal sample is fabricated
using a modified silicon proce8dn the first step, a layer of
silicon dioxide is deposited, patterned, and etched to create
mold. The mold is then filled with a tungsten film. The struc-

0003-6951/2003/83(4)/593/3/$20.00 593 © 2003 American Institute of Physics
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FIG. 2. (Color) (a) The measured reflectiofblack curve and absorption

(red curve)spectra for a five-layer tungsten photonic crystal. The reflectance
exhibits oscillations for \<4 um (the allowed bang raises sharply at
N=4-5um (the band edgeand reaches a high reflectance of 90%Xor6

um (the band gap Three strong absorption peaks30%) are observed

near the photonic band edges=3.5—-4.5um. (b) The measured emission
spectra for the tungsten photonic-crystal sample at low bidges(2 V).

As V is increased to 0.20 V, the broad emission increases gradually in
amplitude and shifts slightly to shorter wavelengtimglicated by red bars).
Simultaneously, three distinct sharp peaks appear-é.5, 4, and 4.5um,
respectively. All three sharp peaks increase at a much faster rate than that for
the broad one. The sharp peaks are also pinned at the same wavelengths,

] ~ independent oV.
FIG. 1. (Color) (@) Photographs of representative 3D tungsten photonic-

crystal samples. The samples are freely standing sheets. The different colors .
are due to diffraction of a camera’s flashligtt) SEM side-view image of |'§in_85 to 485 mW and the effective temperature from

the tungsten photonic-crystal sample. The rod width is @86 rod-to-rod ~ (T)=360 to 560 K. In Fig. 3, a series of representative emis-
spacing is 2.8m, and the filling fraction of the high index material is 30%. sjon spectra are shown. The three peaks continue to occur at

the same wavelengths and increase at a fast rate. This fast
persists even when spectrometer entrance is blocked with iacrease is consistent with Bose—Einstein distribution, which
mirror. It is attributed to background emission from the spec-
trometer. AsV is increased to 0.20 V, the broad emission K
increases gradually in amplitude and shifts slightly to shorter 5
wavelengths(indicated by red bajs As the background i
emission from the spectrometer\sindependent, the slight S
increment part of the broad emission is from the heated . 4
sample. ThisV-dependent broad emission may originate 3 -
from the sample’s surface layer where it would experience z, .
little photonic band gap effect. The broad peak position also “za 3
agrees with that predicted from the Wien's Displacement
Law: A X T=2898 [um K].2® The broad peak thus behaves
like a gray-body radiation.

As V is increased, three distinct emission peaks appear & 2
at \=3.5, 4, and 4.5um, respectively. All three peaks in- &
crease at a much faster rate than the broad one and art% 5
pinned at the same wavelengttisdicated by dash lingsas = 1F
V is increased. Moreover, the peak positions agree with that i
of the band-edge absorption within0.1 um [Fig. 2(a)].

This excellent agreement indicates that the peak emission is 0 ‘ i
due to photonic crystal band edge effect. At the band edge of 0 4 8 12 16 20
larger 6, the largerdw/dk implies a smalleD (w) and there- Wave|ength (um)
fore less emission enhancement is observed at longer wave-
length than\~4.5 um. The evolution of the sharp peaks is _ . _ _

FIG. 3. A series of emission spectra taken at higher biases ¥fe1@.2 to

further explored _by mcreasmg the VOItage_ bl_aS fromm 0.2 0.56 V. The three sharp peaks continue to occur at the same wavelengths and
to 0.6 V. Or, equivalently, the input power is increased fromdominate the emission spectrum #60.275 V.

3
\

Intens
|

(6) 0.500V, 530K -
(d) 0.425V, 490K
(c) 0.350V, 460K
(b) 0.275V, 420K -
(2) 0.200V, 360K

Downloaded 13 Oct 2005 to 132.175.9.2. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



Appl. Phys. Lett., Vol. 83, No. 4, 28 July 2003 Lin, Fleming, and El-Kady 595

—~ 240 T T —————— 10 emission power is concentrated within the narrow spectral
< n =40% R range of AN(FWHM)=2 um. If we take the experimental
E 200 ~ « 18 solid angle, 1.& steradiance, and account for the angular
s F o 1 dependent reflection loss of the sample chamber window, we
® 160 4 3 P P '
g s ,u/“/ 4um | 6 S expect to gather no more than 45% from the top emitting
a 120F 1. >  surface. Thisis in reasonable agreement with our data, espe-
g 80 5 4.5um- 4 z; cially if we assume some power is conducted as heat down
‘» i ] k) the supporting mount. Therefore, the PBG sample is at a
é’ 40 F 8 12 £ steady state, where 10% of its energy is dissipated as con-
w C um 1 duction loss and~90% as radiation energy.

00 100 200 ' 300 ' 460 ' 560 ' 60(()) In summary, the complete 3D photonic band gap of our

PBG sample is effective in suppressing the infrared part
Pin (mW) (A=6 um) of the thermal radiation. At the same time, the
o _ _ _ enhanced photon-matter interaction near the band edge is
FIG. 4. The emission amplitudes are summarized as a functidh,dbr oo tive in facilitating light emission. The end result is the
\=4 (solid circles, 4.5 (solid squares and 8um (solid triangle$, respec- . . R .
tively. At high input powers P,,>150 mW), the peak amplitudes at=4  dominance of light emission at a narrow band with a con-
and 4.5um scale linearly withP;,. The total emitted powefthe open  stant energy conversion. The combined modification of
Square; also scales |ineal’|y Witrpin at h|gh input power and reaches a photon_matter Interactlon at the photonlc band gap and near

I?ne;m/o electric-to-radiation conversion efficien@ydicated by the dash the band edge is essential to achlevmg this result.
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Three-dimensional photonic-crystal emitter for thermal photovoltaic
power generation

S. Y. Lin,? J. Moreno, and J. G. Fleming
MS 0603, Sandia National Laboratories, P.O. Box 5800, Albuquerque, New Mexico 87185

(Received 7 April 2003; accepted 23 May 2003

A three-dimensional tungsten photonic crystal is experimentally realized with a complete photonic
band gap at wavelengths=3 um. At an effective temperature ¢T)~1535 K, the photonic crystal
exhibits a sharp emission at-1.5 um and is promising for thermal photovoltaf@PV) power
generation. Based on the spectral radiance, a proper length scaling and a planar TPV model
calculation, an optical-to-electric conversion efficiency ©84% and electrical power of-14

Wi/cn? is theoretically possible. €003 American Institute of Physics.

[DOI: 10.1063/1.1592614]

There is an emerging interest in using thermal photovolin Fig. 1(a). The one-dimension&lD) rods represent the
taic (TPV) cells for electric-power generatidrf.Similar to a  shortest(110) chain of atoms in a diamond latti¢&!! The
solar cell, in which solar radiation is converted into electric-rod-to-rod spacing i®s=1.5 um, the rod width isw=0.5
ity, a TPV cell converts thermal radiation into electricity. The um, and rod heighh~0.75 um.
optical-to-electricity conversion is based on photocurrent In Fig. 1(b), the computed absorption spectrum for an
generation by those photons having energy exceeding theight-layer photonic-crystal sample is shown. The absorp-
electronic band gap,fuw agiatio™ Eg). The portion of pho- tance is low fora>3 um (the photonic band gapand in-
tons With i w giatior=Eg4 IS Not useful, leading to a lower creases slightly at~3-4 um due to a higher tungsten ma-
conversion efficiency. In other wordg, is the cutoff energy, terial absorption at these wavelengthgihis band gap has
below which radiation energy is wasted. To maximize con-been shown to be a complete band gap, capable of trapping
version efficiency, it is desirable to have a narrow-band spedight fully in all three dimensions and for both polarizatiohs.
trum with its radiation energy slightly above the electronic Beyond the photonic band gap regime, there are two strong
band gap. While the solar spectrum is given, a thermal radiaabsorptions. One is at=2.5 um with an absorptance of
tion spectrum may be modified by choice of radiator ~40% and the other at=1.5—1.9um with an even stronger
materials’ by surface structurintf and also by photonic absorptance of-80%. The high absorptance is due to a com-
band gap engineerimg? In particular, a three-dimensional bination of finite tungsten absorption and a high density of
(3D) complete photonic band gap can be used to suppress
radiation below the electronic band g&pMeanwhile, emis-
sion can be enhanced at a narrow band near a photonic band
edge or a narrow allowed barid.If both effects are com-
bined, a nearly ideal radiation spectrum can be obtained.

In this letter, a tungsten 3D photonic crystal is experi-
mentally realized with a complete photonic band gap at
wavelengtha\=3 um. At a sample temperature 6f1535 K,

the photonic-crystal emission is suppressed in the photonic .....S.L..T...
: - Fyo15- t
band gap regiméx>3 ,um)_, exhibits a peak a>t~_1.5 um, 1 :_7~—1-5 1.9 um SD?’fgto:i’(‘f_’és;tal_:
and a narrow spectral width af\~0.9 um. This nearly ;—’H‘— (Theory) ]
ideal radiation spectrum could lead to an optical-to-electric § 0'8§ ]
conversion efficiency ofj~34% and electric power density S 06 A=2.5 um ]
Qo I i
of p~14 Wicnft. S oaf ]
The 3D tungsten photonic crystal is fabricated using a 2 - Complete 3D ]
modified silicon process. In the first step, a layer of silicon 02f PhotonicBand Gap
dioxide is deposited, patterned, and etched to create a mold. 0 o —enens, .1,
The mold is then filled with a 500-nm-thick tungsten film 0 2 4 6 8 10 12
and planarized using a chemical mechanical polishing pro- Wavelength (um)

cess. The process is repeated several times. At the end of the

A ivida i G. 1. (a) A SEM view of a 3D tungsten photonic crystal. Within each
process, the silicon dioxide is released from the substrate a gyer’ the 1D rod width is 0.5m and the rod-to-rod spacing is 1:an. (b)

the sample is a freely standing thin film. A scanning electrom computed absorption spectra for an eight-layer 3D tungsten photonic-
micrograph(SEM) image of the fabricated sample is shown crystal sample. The absorptance is lowXor3 um (the photonic band gap
exhibits a peak of~40% atA~2.5 um, and a high plateau of-80% at
A~1.5-1.9um.

aElectronic mail: slin@sandia.gov
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FIG. 2. (Color) The measured photonic-crystal emission power at a bias of

V=3, 4,5, and 6.5V, respectively. The effective temperature, average over . . . . .
the entire sample, i6T)~1190, 1320, 1440, and 1535 K, respectively. At €M is used to describe radiation heat transfer. This model is

(T)~1535 K, the emission peaks Bt-1.5 um and has a full width at half ~ intended to evaluate radiator performance and does not in-
maximum of 0.9um. The dashed blue line is a blackbody radiation curve. clude a process to heat the radiator. The radiation model we

of a GaSb photovoltaic cell is shown as a solid red line.
To model photovoltaic energy conversion, a planar sys-

The electronic band gap wavelength of GaSb is also shown as a red Ime.used is similar to Zenkest al2 As shown in the inset of Fig.

. 3, the system consists of an emitter, a cell wind@aodel
-15 1 H
photon-state® (w) at a narrow band:™*As absorption and cell front surfacg a GaSb photovoltaic cell, and a reflector.

emission processes have the same physical offgirstrong Both an ideal and a realistic window reflectivity are

harrow absorption is suggestive of a narrow band eMmISSIoRynsidered. As our photonic-crystal itself emits a spectrally

fromTa phﬁtonlc—crystgl sa}[rrr:ple. le is biased b Vi narrow radiation, no filter is used. The GaSb cell is modeled
0 achieve emission, the€ sample 1S DIaSed by applying g, he context of its thermodynamic limit @&t=300 K. In this

;’r? Itag(; jcr?ssh th? phf)rtr(])nlc-c_rys_tal samr:le a:cnt(:] |53|;1ear'][q it, the GaSb internal quantum efficiency is assumed to be
rough Joule heaung. 1he emission spectra of the P%ne forfi o agiaior Eg - It is also assumed that the only loss

f[onic crystal are taken using a standl:;trl(g Fourier-transform, . .hanism in the cell is radiative recombination. The con-
infrared spectrometer from=1-15um."""As the sample servation relations between the spectral radiant fluxes are

IS cl)lperatgd ?t T'.gh ”terr_1pe|rat\tljjrefs 1t I'St mounted (;9 be t_rlleWritten and symbolically solved using MathCad software. To
mally and electrically 1Solated from 1tS surroundings. 10 qpacr our model against Zenker's, the same cases were run

minimize thermal loss, tﬂse sample is placed in a vacuuma e thermodynamic limit and for an ideal window reflec-
chamber pumped te-10 > Torr. For power density mea- tivity

surements, a commercially available Gentec power meter, In Table I, the model results are shown for three conven-

calibrated to better than 5%, is used. tional radiators heated =1500 K. The BB cavity radiator

dlg '5:'3 2, errr]ussmn specttr_a tiake_:rr;] at ‘?fb'?yefs' 4, S’t is a broadband emitter and the,Bg and the structured tung-
and .o V-are snown, respectively. The eltective temperalureyq, o giators are selective emittérghe optical-to-electric

averaged over the entire sample(1® =1190, 1320, 1440, efficiency 7(%) is defined asy=p/Quqaion Wherep is the

and 1535 K, respectively. It is determined by measuring, o tric power density in W/cfnand Q.gagon is the total

tsample treS|sCthV|ty z’:\jndtbty cor;nparlng_ ![t tto xscflhbrated’radiation power density. Making allowance for the uncertain-
emperature-dependent tungsten resistivity. ' O ties in digitizing the window reflectance in Zenketral., the

<T>~1t|90 K, the em|55||§3r;tioln§|sts 0;\? Wﬁ.ai peakal.5 agreement for all three emitters is quite reasonable.
pm and a stronger pea -8 um. At a higher tempera- Using the same model, the potential performance of a

turg,(';}f:lJ(SiSNT,;he sttl(_)rr]wgedr pialédb?mmates the SpbeICtrEnﬂ)hotonic—crystal(PBG) emitter is evaluated. To obtain a
and snifts to -2 M. The dashed Diue cUrve Is a black- ;¢ optimal performance, the emission wavelength is

body cavity-radiation spectrum, having a peak power densit% led by 30%. Thi li ds t hotoni )
of 9.8 Wicnt at A\~2 um and a full width at half maximum caled by o This scaling corresponds 1o a piotonic crys

of AN(FWHM)~2.3 um. Yet, the photonic-crystalPBG)
emission exhibits a peak power density of 40.5 W/can
A~1.5 um and a much narrowek\(FWHM)~0.9 um. To  TABLE I. A summary of computed efficiency and power for a broadband
achieve a spectral linewidth this narrow, one would have t@mitter(the blackbgdy}and two selective emittefshe ErO; and the struc-
heat a blackbody to a temperaturelof4000 K. The narrow tured tungsten emitters
PBG emission implies a better match of the emission spec- Zenkeret al. This work
trum to electronic band gap of a photovoltaic cell. The higher El. power El. power

. . i . n .
PBG—emlsglon power than that of a blackbd@pB) emission Emitter type (%) (Wicr?) %) (Wicn?)
at a selective wavelength range is beyond the scope of this
letter, and is discussed in a separate publicdtibor refer- ~ Blackbody 1 3.0 11 3.0

Er,0 26 11 24 1.1
ence purposes, the band gap wavelengthg gag=1.73 um, Stfug__tungsten 30 16 29 16
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blackbody emitter. A selective emitter can yield high conver-
sion efficiency, but often at the expense of a lower electric
power density.

In summary, a 3D tungsten photonic crystal is realized in

10 J
3 BB
N — Stru.-W
1L Er-Oxide _|

the near-infrared wavelengths. Comparing to a blackbody

cavity radiation atT~1500 K, its emission has a spectral
width nearly 2.5 times narrower and also peaks at a lower
wavelength of\~1.5 um. Based on the spectral radiance, a
L proper length scaling and a planar TPV model calculation, a
900 1100 1300 1500 3700 1000 PBG emitter can yield an optical-to-electric conversion effi-

T(K) ciency of~34% and electrical power density ef14 W/cn?

at (T)~1535 K. A PBG emitter, thus, offers a potentially

FIG. 4. The computed electric power density for four different emitters atbetter efficiency and power over conventional emitters, in-

temperature§ =1000—-1600 K. Photonic-crystal emitter generates the high'cluding the blackbody cavity, the ED5, and the structured
est output electric power density, yet the structured tungsten and sy Er tungsten emitters ' '

yield the least.

Thermodynamic limit
Realistic Cell Reflectance
| -

Electric Power (W/cm?2)

0.01[
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A three-dimensional, metallic photonic crystal is realized and its absorption measured at infrared wave-

lengths.
(N ~ 8-20 um).
band edge (A ~ 5.8 um).

The metallic absorption rate is found to be suppressed in the photonic bandgap regime
On the other hand, order-of-magnitude absorption enhancement is observed at the photonic
The enhancement is attributed to the slower group velocity of light at the photonic

band edge, a longer photon—matter interaction length, and a finite intrinsic absorption of tungsten. © 2003

Optical Society of America
OCIS codes: 130.0130, 250.0250, 270.0270.

Optical absorption is among the most basic photon—
matter interactions in nature. Phenomenologically, Ein-
stein introduced the so-called A, B coefficients to charac-
terize absorption and spontaneous and stimulated
emission processes of a quantized system.! Quantum
mechanically, A, B coefficients can be described as a sum-
mation of dipole-transition matrix elements over all avail-
able photonic density of states (DOS).! In a photonic
crystal environment, photonic DOS may be engineered
and a material’s absorption rate (1/7y5) altered. More
specifically, in the photonic bandgap regime, photonic
DOS vanishes and no light is allowed either to penetrate
into or radiate out of a photonic crystal structure. As
light—matter interaction is suppressed, no absorption in
the bandgap regime is possible. Another interesting case
occurs near and at the photonic band edge where the elec-
tromagnetic Bloch wave is still extended throughout the
structure, its v, is near zero, and the photonic DOS is
greatly increased.? In this regime, enhanced light—
matter interaction is expected, and application of it to en-
hance absorption,® laser gain,>® and nonlinear effects
have all been proposed.>* It has also been predicted
that, at the band edge, a new photon—atom bound state
may occur.®” A photonic crystal thus offers unique envi-
ronment for modifying the intrinsic optical interactions
inside a material.

We describe a tungsten three-dimensional (3D) photo-
nic crystal which is realized in the infrared and whose ab-
sorption properties are measured and analyzed. The
tungsten absorption rate is found to be greatly sup-
pressed in the photonic bandgap regime (A ~ 820 um)
of a tungsten, 3D photonic crystal. More importantly, an
order-of-magnitude absorption enhancement is observed
at the photonic band edge. An analysis is performed to
understand the underlying mechanisms for absorption
enhancement. It is found that the enhancement is due to
the slower group velocity of light at the band edge, a

0740-3224/2003/071538-04$15.00

longer photon—matter interaction length, and the materi-
al’s intrinsic absorption.

Infrared, 3D silicon and tungsten photonic crystals
have a diamond-crystal symmetry and are fabricated by a
layer-stacking method.? Scanning electron microscopy
images of the fabricated 3D silicon and tungsten photonic
crystals are shown in Figs. 1(a) and 1(b), respectively.
The one-dimensional rods represent the shortest (110)
chain of atoms in a diamond lattice and are stacked like
Lincoln Logs®. The rod-to-rod spacing is ¢ = 4.2 um,
the rod width is w = 1.2 um, and rod height is A ~ 1.5
um. The stacking sequence is such that four layers con-
stitute unit cell. The fabrication details for our 3D pho-
tonic  crystal structures have been described
previously.> 1!

The experimental reflection (R) spectra of the 3D
photonic crystals are taken using a standard Fourier-
transform-infrared spectrometer for wavelengths \
= 2-20 um. The absorption (A) spectrum is measured
using a photoacoustic method.'’> The photoacoustic cell
is commercially available and was easily adapted to our
Fourier-transform-infrared spectrometer system. To ob-
tain absolute values of R and A, a proper normalization of
the sample signal to a reference is necessary. Reflectance
from a silver mirror (R > 98% at infrared wavelengths)
is used as our R reference. The absorption reference is
taken from a carbon black absorber that has an A of 0.99
for N = 2—-20 um.

We first study R and A for a silicon 3D, photonic crystal.
In Fig. 2(a), the high R at A ~ 10—14 um indicates the ex-
istence of a photonic bandgap. The lower and higher
band edges occur at A ~ 10 um and 14 um, respectively.
Despite the intricate R spectrum, the absorption spec-
trum (blue curve) has no feature and the absorption is low
(<0.2%) for all wavelengths. This observation is consis-
tent with the fact that silicon is a low-loss dielectric ma-
terial at A ~ 1.2—20 um. In Fig. 2(b), we show R and A

© 2003 Optical Society of America
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Fig. 1. Cross-sectional scanning-electron-microscopy view of 3D
silicon (a) and tungsten (b) photonic crystals built using a layer-
stacking design. Within each layer, the one-dimensional rod
width is 1.2 um and the rod-to-rod spacing is 4.2 um.

for the tungsten, 3D photonic crystal. Although the data
have been reported earlier,'? they are shown here for com-
parison purposes. In brief, the R exhibits a large photo-
nic bandgap for A ~ 8—20 um, a band edge at A\ ~ 6 um,
and allowed band oscillations for A\ < 5 um. More impor-
tant, the A exhibits a pronounced peak at the band edge of
N ~ 5.8 um. The peak absorption of 22% is ~100 times
larger than that observed (<0.2%) at the bandgap regime
(N > 8 um). The simultaneous suppression of absorption
at the bandgap and enhancement of it at the band edge is
important for thermal emission modification. The obser-
vation of absorption enhancement only in the metallic, 3D
photonic crystal suggests the importance of using metallic
materials, as well as having the photonic band edge. The
origin of the absorption enhancement is investigated next
by theoretically computing R and A using a newly devel-
oped transfer-matrix method.!’®> The method can effec-
tively account for the presence of a complex dielectric
function in a metallic, 3D photonic crystal.

To achieve absorption enhancement in a metallic 3D,
photonic crystal, three criteria must be satisfied. First,
the absorption must occur at or near the band edge. To
verify this, the photonic band edge position is systemati-
cally shifted by increasing the layer thickness A& from 1.5
to 2.0 to 2.4 um. As will become clear later, the photonic
bandgap dispersion is strongly dependent on 4. In Fig. 3,
the computed R (black curve) and A (blue curve) spectra
for the three cases are shown. The R for 2 = 1.5 um,
Fig. 3(a), shows a band edge at \ ~ 5.8 um. Correspond-
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ingly, an absorption peak of 18% is observed at A ~ 5.8
pm. The computed peak absorption value agrees with
the measured ones within 4%. The structural imperfec-
tion of the first layer of tungsten rods (see Fig. 1) could
scatter light and result in the smaller experimental ab-
sorption value. The second absorption peak at X\
~ 4.5 um is also evident at the second band edge. For
h = 2 um, Fig. 3(b), the first band edge is shifted to
N ~ 6.6 um and the second bandgap is better developed
at A ~ 6 um. Both the first and second absorption peaks
occur at the photonic band edge of A\ ~ 6.6 and 5 um, re-
spectively. The absorption peak at A\ ~ 6.6 um has a
higher amplitude (~37%) and narrower bandwidth (AN
= 0.25 um) compared with those for A = 1.5 um. As h
is further increased to 2.4 um, the band edges continued
to shift to longer wavelengths and the second bandgap is
now well developed. The peak absorption again occurs at
the photonic band edge of A ~ 7.4 um. The peak absorp-
tion amplitude is further increased to 48% and the band-
width further narrowed to AN~ 0.13 um. The first al-
lowed band is tightly sandwiched between the first and
second bandgap, which leads to a flat frequency-wave-
vector dispersion. These data show that absorption [see
inset of Fig. 2(b)] is preferentially enhanced and always
occurs at the photonic band edges. It is known that the
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Fig. 2. (a) Measured reflection (black) and absorption (blue)
spectra for a silicon, 3D photonic crystal. The photonic bandgap
is at AN ~ 10-14 um. Despite the intricate reflection spectra,
the absorption spectrum is featureless and its amplitude low, i.e.,
<0.2%. (b) Measured reflection (black) and absorption (blue)
spectra for the tungsten, 3D photonic crystal. The photonic
bandgap is at A ~ 8—20 um and band edge at A ~ 5.8 um.
While the absorption nearly vanishes in the bandgap regime, it
shows peak of 22% at the photonic band edge. Thus, the absorp-
tion rate (1/7y9) of a tungsten photonic crystal structure is selec-
tively enhanced at the band edge.
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Fig. 3. Computed reflection (black) and absorption (blue) spec-
tra for samples with different rod thickness 2 = (a) 1.5, (b) 2.0,
and (¢) 2.4 um, respectively. As & is increased, the reflectance
band edge is shifted systematically from A ~ 6 to 6.6 to 7.4 um.
The absorption peak always occurs at the band edge. The ab-
sorption amplitude is also increased from 18 to 36 to 46%.
Meanwhile, the second bandgap becomes better developed as & is
increased and is also shifted from A\ ~ 5 to 6 to 7 um.

group velocity (V,) of light approaches zero near the band
edge.? The slower moving light thus experiences a longer
light—matter interaction time (~1/V,) and is absorbed
more strongly. This observation is also consistent with
theoretical modeling that predicts that the enhancement
is proportional to 1/V, 24

The second criterion is that the peak absorption ampli-
tude depends on the number of layers IV of the structure.
In contrast, a typical metallic absorption depends on the
skin depth of the metal surface layer. The peak absorp-
tion amplitude is computed for samples with different
numbers of layers N and is plotted in Fig. 4. The peak
absorption (filled circles) is 18% for N = 4, or equiva-
lently, one unit cell. It then rises sharply for 4 < N
< 8 and becomes saturated at ~60% for N > 12. Mean-
while, the peak wavelength (open circles) remains nearly
constant at \ ~ 5.8 um for all Ns. The slight increase of
the peak \ for N > 6 is due to the band edge’s becoming
sharper and moving toward longer \ for larger Ns. For
N < 4, the structure is less than one unit cell and neither
the bandgap nor band edge is well developed. The peak
absorption saturates at 60%. That this does not occur at
100% is partially because of a finite reflectance at the air—
crystal interface. The functional dependence of absorp-
tion is exponentiallike and is similar to that for an ab-
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sorbing material with a constant attenuation coefficient.
The red curve is a fit to such an exponential function:
AN ~ 5.8 um) = By — B;* exp(—a.*H). Here, B is
the saturation value, B, is a fitting parameter to take into
account that the bandgap is well developed only for N
> 4, H (=N*h) is the total sample thickness, and a.g is
the attenuation constant of light in the tungsten, 3D pho-
tonic crystal. The fit is good and the deduced B,, B4,
and a.y are 0.58, 1.9, and 0.26 um™!, respectively. The
deduced absorption length (=1/ay) of 3.8 um at
N ~ 5.8 um is long compared to the skin depth (~20 nm)
of the tungsten material at the same \. For comparison,
this absorption length is compatible with that for a
GaAs semiconductor (/e ~ 0.8 um) at A = 0.82 um.
Clearly, light continues to be absorbed as it traverses the
photonic crystal structure as thick as 21 um for the N
= 14 sample. The electromagnetically excited Bloch
wave can mold its way through the entire photonic crystal
structure, which results in a much longer light—matter
interaction length. Thus, the N-dependency of the ab-
sorption amplitude is attributed to the extended nature of
the Bloch waves.

The third and last criterion is that the peak absorption
must originate from the intrinsic tungsten absorption, or
the imaginary part of its dielectric constant ¢;(w). To
verify this, the absorption spectrum is computed for a se-
ries of samples using B¢;(w) as a variable. Here, 8 is
varied from 0% to 100%, corresponding to no and full in-
trinsic absorption, respectively. In Fig. 5, a summary of
the peak absorption amplitude versus B for our tungsten,
3D photonic crystal is shown. The open circles are com-
puted absorption values for a uniform tungsten film,
which increases linearly from 0 to 1.4% as B is varied
from 0 to 100%. For N = 4, the peak absorption ampli-
tude (filled circles) also scales linearly with B8 and reaches
18% at the full absorption, 8 = 100%. The same scaling
behavior has been predicted previously in a calculation
for enhanced stimulated emission at the band edge.*
These data show that both the tungsten material absorp-
tion and the photonic crystal band edge absorption have
the same origin, which is Be¢;(w). The effect of photonic
band edge is to enhance the absorption rate. But once B
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Fig. 4. Computed peak absorption as a function of number of
layers N or sample thickness. The absorptance amplitude in-
creases sharply for N = 4—-8 and becomes nearly saturated at

~60% for N > 12. Clearly, light is being continuously absorbed
as it traverses the whole photonic crystal structure.
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Fig. 5. Summary of peak absorptance versus Be;(w) for a series
of tungsten, 3D photonic crystal samples. The absorptance of a
uniform tungsten film (open circles) is also shown as a reference.
The absorptance vanishes for a perfect conductor (8 = 0) and in-
creases linearly with material absorption Be¢;(w) for N = 4. For
N = 10, the absorptance (triangles) rises sharply for 8 < 50%
and reaches a saturation value of ~54% at B8 = 100%.

is set to zero, no absorption is possible even with the band
edge enhancement effect. This also explains why no ab-
sorption is observed for our silicon, 3D photonic crystal,
as €;(w) for silicon is low (<3 X 107%) in its transparent
regime.'4

For N = 6, absorption (squares) increases linearly for
B < 75% and starts to slow at 8 = 100%. For N = 10,
absorption (triangles) rises sharply for B < 50% and
reaches a saturation value of ~54% at B = 100%. One
may define an absorption enhancement factor (7) as the
ratio of the intrinsic tungsten absorption to the absorp-
tion of the photonic crystal at the band edge at the same
wavelength. For N = 10, the enhancement factor is then
as large as » = 100, 70, 50, and 40 for B8 = 25, 50, 75, and
100%, respectively.

In summary, a 3D, metallic photonic crystal is realized
and its absorption measured at infrared wavelengths.
The metallic absorption rate is found to be suppressed in
the photonic bandgap regime (A ~ 8-20 um) and
strongly enhanced at the photonic band edge (A
~ 6 um). The peak absorption in our tungsten photonic
crystal is an effective absorption that originates from the
intrinsic tungsten absorption and is subsequently en-
hanced by the photonic band edge effect. The enhance-
ment is attributed to a longer photon—matter interaction

Vol. 20, No. 7/July 2003/dJ. Opt. Soc. Am. B 1541

length as compared to the metallic skin depth, the slower
group velocity of light at the band edge, and the finite me-
tallic absorption constant.
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able discussion and M. Tuck and J. Bur for technical sup-
port. Sandia is a multiprogram laboratory operated by
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A three-dimensional tungsten photonic crystal is thermally excited and shown to emit light at a narrow band,
A =3.3—4.25 um. The emission is experimentally observed to exceed that of the free-space Planck radiation

over a wide temperature range, T' = 475—850 K.

It is proposed that an enhanced density of state associated

with the propagating electromagnetic Bloch waves in the photonic crystal is responsible for this experimental

finding. © 2003 Optical Society of America
OCIS codes: 270.0270, 250.0250.

It has been suggested that a three-dimensional (3D)
metallic photonic crystal may be useful for incandes-
cent lamp application and for thermal photovoltaic
power generation.! For the former, an electrical bias
is applied to a photonic-crystal sample and light is gen-
erated.?® It remains unclear whether light emission
from such a photonic bandgap (PBG) sample is due
to an electronic excitation process or to Joule heating.
It is therefore important to achieve PBG light emis-
sion through other excitation means, such as direct
thermal heating with a heater. This experiment is
also important for thermal photovoltaic applications,
as it requires heating a PBG sample with a thermal
source and converting the resulting thermal radia-
tion into electricity.* In this Letter a 3D tungsten
photonic crystal is realized with a large infrared PBG
(A =5 um). Itis shown experimentally that thermal
excitation can give rise to PBG emission with sharp
emission peaks at A = 3.3-4.25 um. It is further
shown that the amount of radiation transferred from
the heated PBG sample into free space exceeds that
expected of the free-space Planck radiation.>®

The 3D tungsten photonic-crystal sample is fabri-
cated with a modified silicon process."”” In the first
step, a layer of silicon dioxide is deposited, patterned,
and etched to create a mold. The mold is filled with a
0.8-um-thick tungsten film and then planarized. The
same process is repeated for each layer. At the end of
the process, the silicon dioxide is released, leaving an
~9-um-thick freely standing thin film. In the inset
of Fig. 1(b), a scanning electron microscope image of
an eight-layer 3D tungsten photonic-crystal sample
is shown. The sample consists of layers of one-
dimensional tungsten rods with a stacking sequence
that repeats itself every four layers.”® The rod-to-rod
pitch is @ = 2.8 um, the rod width is w = 0.8 um, and
rod height 2 ~ 1.1 um.

In Fig. 1(a), the measured reflection and transmis-
sion spectra are shown for an eight-layer PBG sample.
Light propagates along the (001) direction of the crys-
tal and is unpolarized. The reflectance is high for A =
5 um (the PBG), decreases sharply at A = 4.5 um (the
photonic band edge), and shows several reflection dips
for A =4.5 um. Correspondingly, the transmittance is
low (=0.5%) in the bandgap and exhibits narrow peaks
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at A; = 3.3, 3.8, 4.25 um. From a theoretical calcula-
tion,’ the peaks at A = 4.25 um and A = 3.8 um are due
to light propagation in the first allowed mode (the elec-
tromagnetic Bloch wave). The A = 3.2 um peak is due
to the second allowed-mode propagation. In Fig. 1(b),
a computed absorption spectrum is shown. The ab-
sorptance is low (=3%) in the bandgap and exhibits
three peaks (=30%) at A = 3.3, 3.8, 4.1 um. The peak
absorption is approximately ten times stronger than
tungsten’s intrinsic absorption (2—-3%) and is due to
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Fig. 1. (a) Measured reflection (black curve) and trans-

mission (red curve) spectra for an eight-layer tungsten
photonic-crystal sample. The reflectance is high for
A =5 pum (the PBG) and decreases sharply at A = 4.5 um
(the photonic band edge). The transmittance is low
(=0.5%) in the bandgap and exhibits narrow peaks at
A1 = 3.3,3.8,4.25 um (red arrows). The peaks are due
to light propagation through the first and second allowed
modes of the photonic crystal. (b) Computed absorption
spectrum for the same photonic-crystal sample. The ab-
sorptance also exhibits three peaks at A = 3.3, 3.8, 4.1 um.
Inset, scanning electron microscope side view image of the
tungsten photonic-crystal sample.

© 2003 Optical Society of America
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an enhanced density of photon states, Dppg(w), in a
narrow band.’®!! Thus, the first and second allowed
modes exhibit strong absorption and, at the same time,
are propagating modes.

The absorption enhancement suggests the possibil-
ity of achieving enhanced light emission at a narrow
band.® To achieve emission, we heat the PBG sample
thermally, using an external heater. The sample is
mounted with a good thermal contact to the heater, and
its temperature is measured with a calibrated ther-
mal resistor. The temperature reading is accurate to
better than AT =1 K. To minimize thermal heating
of the air and convection, we place the sample in a
vacuum chamber actively pumped to <1075 Torr. For
power-density measurements, a commercially available
powermeter calibrated to better than 5% is used. The
emission collected from the sample is within a solid
angle of ~1.77.

In Fig. 2, the measured emission spectra are shown
for T = 500, 600, 660, 720 K. The measurement
is performed with a standard Fourier-transform
infrared spectrometer from A = 1-16 um.? The
emission is strongly suppressed for A = 10 um, has
a broad shoulder at A = 5—9 um, and exhibits three
sharp peaks at A = 3.3, 3.8, 4.25 um (indicated by
black arrows). The peak wavelengths agree with
the allowed-mode transmission—absorption peaks
to within AA = 0.2 um. This excellent agreement
shows that the sharp emission is from the first and
second allowed modes. Furthermore, all three peaks
increase at a much faster rate than the broad one and
are pinned at the same wavelengths, independent of
temperature. Thus, radiation from inside the PBG
sample is emitted preferentially in the narrow allowed
modes.

In Fig. 3, the measured power-density spectrum
of the PBG sample is compared with that computed
for a blackbody cavity radiator at 7' = 750 K. The
blackbody radiation follows the Planck radiation
law, M., T) = (hw)DyFpg(w,T)c/4.5% Here,
Dy(w) = w?/7m2%c® is the free-space density of
states, Fpr(w,T) = [exp(hw/ksT) — 1]7' is the
Bose—Einstein distribution function, and c¢ is the
speed of light. In the bandgap, PBG emission is
suppressed and is below the blackbody emission.
However, PBG emission in the peak regime is found
to exceed that of the blackbody by ~300%. The
combined suppression in the bandgap and enhance-
ment in the allowed bands lead to a PBG emission
spectrum with a narrow linewidth, i.e., a full width
at half-maximum of AAFWHM) = 1.8 um. For
comparison, a blackbody spectrum at 7' = 750 K has
a much broader linewidth of AA(FWHM) = 4.5 pum.
Given the =5% experimental uncertainty of the power
and temperature values, the experimental finding of
emission enhancement is a real phenomenon.

It has been shown that the spectral radi-
ance of a high-dielectric-index (n) medium can
exceed that of the blackbody by n2'® Here,
Mdielectric(‘”, T) = (hw)Ddielectric(w)FBE(w, T)C/4,
and Dgielectric(®w) = n2Dy(w) is the density of states
inside the high-index medium. However, total in-
ternal reflection prohibits the propagation of certain
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modes (the evanescent modes) into free space, and the
escaping efficiency (a) is inversely proportional to n2,
i.e., agiclectric = 1/n2. An evanescent coupling method
of extracting radiation from such forbidden modes has
been successfully demonstrated.'?

For the specific photonic-crystal medium discussed
here, the situation is different. At the first and
second allowed bands, the density of state is enhanced
because of its narrow bandwidth, i.e., flat disper-
sion.® Furthermore, the first and second bands are
propagating Bloch modes, allowing for the extraction
of PBG radiation into free space. Therefore, it is rea-
sonable to describe PBG emission into a free space as
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Fig. 2. Measured thermal emission spectra taken at dif-
ferent T' values. The emission is strongly suppressed for
A =10 um. Meanwhile, it exhibits three sharp peaks in
the absorption—transmission bands A = 3.3, 3.8, 4.25 um
(arrows).
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Fig. 3. (a) Comparison of emission power density between
the 3D PBG sample and a blackbody cavity radiator at
T =750 K. The PBG emission exhibits a narrow FWHM
of AA = 1.8 um. For A = 3.3—-4.25 pm, the PBG emis-
sion is experimentally observed to exceed that computed
for a blackbody. The experimental uncertainty in power
and temperature values is less than 5%. (b) Ratio of the
PBG density of states, Dpgg(w), to the free-space density of
states, Do(w). The radiation transfer efficiency from the
heated PBG sample to free space is denoted appg. The
dashed line indicates the free-space density-of-state value.



October 15, 2003 / Vol. 28, No. 20 / OPTICS LETTERS

— 10 e e
g E 2=3.3um slope(\=3.3um) = 4364K ]
o (PBG) slope(A=8um) = 1800K |
g 1k A=3.3um E
S (BB) ]
> A=8um 1
% %'F e I
0C> A=8um
=] (PBG) \\m 1
© 0.01 L \\\u;
3 E 3
8 [ 3D Tungsten Photonic-Crystal Emission ]
U U T T TS T VT ST S SN S ST S (N T ST SN [ U W U NS 1

08 1 12 14 16 18 2 22

1/T (x1000, K1)

Fig. 4. Semilog plot of the emission power density versus
1/T for both the PBG sample and a blackbody (BB). At
A = 8 um, the PBG emission intensity is strongly reduced
yet exhibits a slope similar to that of the blackbody. At
A = 3.3 um, the PBG emission intensity is enhanced and
the slope also agrees with that predicted for a blackbody,
~14,400/3.3 [um] =~ 4364 K.

Mppg(w, T') = appc(hiw)Dppc(w)FpE(w, T)c/4. Here,
appc and Dppg(w) are the extraction efficiency and the
density of state of the PBG sample, respectively. As
tungsten’s dielectric function is frequency dependent
and contains an imaginary part,” it remains a chal-
lenge to compute Dppg(w) for our 3D tungsten PBG
sample. However, the density-of-state enhancement
may be experimentally deduced by comparison of the
PBG’s and the blackbody’s spectral radiance. The
ratio is given by Mppc/M. = appc[Dppa(w)/Do(w)]
and is shown in Fig. 3(b). The dashed line indicates
the free-space density-of-state value. Indeed, the
PBG density of states is suppressed in the bandgap
and enhanced by ~300% in the allowed bands.

As the density of state in a PBG sample is struc-
ture dependent, the same enhancement factor should
also be observed at other temperatures. To ver-
ify this, we plot the emission power density for
both the PBG sample and a blackbody in Fig. 4 for
temperatures 7' = 475-850 K. At A = 8 um, the
PBG emission (filled circles) is strongly reduced
yet exhibits a slope (S) similar to that for the
blackbody (open circles). At these temperatures,
hw/kyT >>1 and the Bose—Einstein distribution
function becomes Fpg=exp — (S/T[K]). The slope
is given by S[K]=14400/A[um] and is 1800 K
at A = 8 um for a blackbody cavity radiator. At
A = 3.3 um, the PBG emission (filled squares) is en-
hanced and the slope also agrees, within =10%, with
that predicted from the Bose—Einstein distribution,
S =14,400/3.3 [um] = 4364 K.°® This agreement of
the experimental and theoretical slopes shows that
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the temperature-dependent part of the PBG emission
can be described by Fgg(w, T'). Moreover, the tem-
perature-independent part of it can be described by
Dppg(w).

In summary, a 3D tungsten photonic-crystal sample
is thermally excited and exhibits emission at a narrow
band. The sharp emission is experimentally shown to
exceed the free-space Planck radiation. It is proposed
that an enhanced density of state associated with the
propagating electromagnetic Bloch waves is respon-
sible for the observed effect. As our PBG sample
is a highly dispersive medium,’ further theoretical
formulation may be necessary to provide insight into
whether the observed emission is thermal equilibrium
radiation.™
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For what is believed to be the first time, a three-dimensional tungsten photonic crystal is demonstrated to
emit light effectively at wavelength A = 1.5 um. At a bias of V = 7 V, the thermal emission exhibits a full
width at half-maximum of AA = 0.85 um. Within this narrow band, the emitted optical power is 4.5 W and

the electrical-to-optical conversion efficiency is ~22% per emitting surface.

This unique emission is made

possible by a large, absolute bandgap in the infrared A and flat photonic dispersion near the band edges and
in a narrow absorption band. © 2003 Optical Society of America

OCIS codes: 270.0270, 250.0250.

Light emitters operating in the near-infrared wave-
length regime (A = 1-2 um) are almost universally
based on semiconductor materials.! To vary the emis-
sion wavelength, researchers often apply the principle
of electronic bandgap engineering to obtain the ap-
propriate electronic bandgap energy.? A thermal
radiator can also emit light in the near infrared, if it is
heated to a temperature of T = 1500 K.>  Nonetheless,
this radiation process is not efficient at producing
narrowband emission. For example, a blackbody
thermal radiation spectrum at 7' = 1500 K has a full
width at half-maximum (FWHM) of AA = 2.3 um,
and ~75% of its total emission power is distributed
in the mid infrared (A > 2 um). However, it has
been suggested that the principle of photonic bandgap
engineering can be applied to modify the thermal ra-
diation pattern.?® In particular, a complete photonic
bandgap is effective in trapping light in the infrared
and thus reduces radiation loss in this regime. Sec-
ond, nearly flat-band photonic dispersion (v versus &,
where dw /dk = 0) has been proposed to facilitate light
emission at a narrow band.* Flat photonic dispersion
can be found at the photonic band edges and at a
narrow allowed band. If both effects are successfully
implemented, a thermal emitter with a narrow band
and high efficiency can be realized.

In this Letter a tungsten three-dimensional (3D)
photonic crystal is demonstrated to emit light effec-
tively at wavelength A = 1.5 um. Atabiasof V=7V,
the emission exhibits a FWHM of AA = 0.85 um.
Within this narrow band, the emitted power is 4.5 W
and the electric-to-optical conversion efficiency is
~22% per emitting surface. The high efficiency and
high power emission at A = 1.5 um are attributed
to two unique photonic bandgap effects. The large,
absolute photonic bandgap is effective in suppressing
mid-infrared emission (A > 2 um), and, at the same
time, the emission is enhanced in a narrow band
because of enhanced density of photon states, D(w).

The 3D tungsten photonic crystal is fabricated by
use of a modified silicon process. In the first step,
a layer of silicon dioxide is deposited, patterned, and
etched to create a mold. The mold is then filled with
a 500-nm-thick chemical-vapor-deposited tungsten
film. The structure is then planarized by use of a
chemical-mechanical polishing process. At the end
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of the process, the silicon dioxide is released from the
substrate and the sample is a freely standing thin film.
In Fig. 1, a scanning electron micrograph image of the
fabricated sample is shown. The one-dimensional
rods represent the shortest (110) chain of atoms in a
diamond lattice. The stacking sequence is such that
every four layers constitute a unit cell.”®

The experimental reflection, transmission, and
emission spectra of the 3D photonic crystal are
taken with a standard Fourier-transform infrared
spectrometer at A = 0.8—15 um.*'® For the emission
measurement, the sample is mounted so that it is
thermally and electrically isolated from its surround-
ings. Thermal heating of the air and convection are
minimized by placing the sample in a vacuum chamber
pumped to ~1075 Torr. For power density measure-
ments, a commercially available Gentec powermeter,
calibrated to within 5%, is used.

In Fig. 2, the reflection (black curve) and transmis-
sion (blue curve) spectra of an eight-layer 3D photonic-
crystal sample are shown. The high reflectance for
A > 3 um indicates the existence of a large photonic
bandgap. Such a 3D metallic bandgap is a com-
plete bandgap and is effective (~30 dB/unit cell) in
blocking light fully in all directions and for both polar-
izations.* The reflectance shows a dip at A ~ 2.5 um

Fig. 1. Scanning electron microscope image of a 3D
tungsten photonic crystal. Within each layer, the one-
dimensional rod width is 0.5 um and the rod-to-rod spacing
is 1.5 um. The sample is a freely standing thin film.

© 2003 Optical Society of America



spond well to the absorption peaks predicted in Fig. 3.
As D(w) affects both the emission!® and the absorption
rate, the close agreement of emission and absorption
peaks is expected.

The intensity evolution of both peaks is worth not-
ing. AtV =025 and V = 0.5V, the Ay emission is
weaker than the A; emission. The respective inten-
sities of the emissions become nearly equal at V =
0.75V, and eventually A2 emission dominates the spec-
trum at V = 1-3 V [Fig. 4(b)]. In short, as V is in-
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Fig. 2. Measured reflectance (black) and transmission
(blue) spectra for a 3D tungsten photonic crystal sample.
The photonic bandgap is at A > 3 um. There is a small
transmittance peak at A ~ 2.5 um and a high transmit-
tance peak at A ~ 1.75 um.

and drops sharply to a value of <10% at A ~ 2 um.
Correspondingly, the transmittance is low in the
bandgap and exhibits a small peak at A ~ 2.5 um
and a sharp peak of ~10% at A ~ 1.75 um. The
sharp transmission band is indicative of flat photonic
dispersion (i.e., w versus k) associated with a narrow
allowed band."! In the following, the experimental
data are compared with results of a modified transfer-
matrix calculation.” This new calculation method
can handle the complex dielectric constant of tungsten
material in our 3D photonic crystal.

In Fig. 3, computed results of the reflection (black
curve), transmission (blue curve) and absorption (red
curve) spectra for the same sample are shown. The
computed reflection and transmission spectra agree
well with the measured ones. In particular, the re-
flectance is high for A > 3 um (first photonic bandgap)
and shows a slight dip at A ~ 2.5 um, a peak at A ~
2.2 um (second photonic bandgap), and finally a sharp
drop at A ~ 2 um. The first and second band edges
are closely spaced, leading to a reflectance dip, a trans-
mission peak, and finely resolved doublet absorption
peaks, all at A ~ 2.5 um. The strong absorptance of
~40% is due to an enhanced photon density of states,
D(w), at the band edges.'®'® Additionally, there exists
a narrow transmission peak at A ~ 1.7 um and a cor-
responding absorption band at A ~ 1.5-1.9 um (indi-
cated by red arrows). The high absorptance of ~80%
at A ~ 1.5-1.9 um is due to both high D(w) and high
tungsten material absorption at these wavelengths.!*

To achieve emission, we biased the photonic-crystal
sample by applying a voltage across the sample and
heating it through joule heating. The emission inten-
sity is uniform across the entire sample, as shown in
the inset of Fig. 4(b). The photograph shows a slight
visible emission at the tail of the emission peak. In
Figs. 4(a) and 4(b), emission spectra taken at low and
intermediate bias, respectively, are shown. At V =
0.25 V, the emission spectrum consists of broad emis-
sion near A ~ 3-6 um and a peak at A; ~ 2.5 um.
As V is increased to 0.5 and then to 0.75 V, an ad-
ditional emission peak appears at A ~ 1.9 um. The
broad emission is attributed to thermal emission from
the surface layer of the sample, which experiences little
photonic bandgap effect. The two sharp peaks corre-

creased, or equivalently as the input electric power is
raised, the Ay peak increases at a faster rate than the
A1 peak. A similar finding was also observed previ-
ously but at a longer wavelength of A ~ 4 um.'® It
is noted that, while the A; peak remains at the same
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Fig. 3. Computed reflectance (Reflect., black), trans-
mission (trans., blue), and absorption (red) spectra for
a 3D tungsten photonic-crystal sample. The computed
positions of the photonic bandgap and band edge agree
with the measured ones. The absorptance is suppressed
in the bandgap regime (A > 3 um) and exhibits a fine
doublet peak at A; ~ 2.5 um and a narrow absorption
band at A; ~ 1.5—1.9 um.
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Fig. 4. Photonic-crystal emission spectra taken at (a) low
(V =0.25-0.75V) and (b) intermediate (V = 1-3 V) bias.
At low bias, the emission spectrum consists of a broad
emission peak (A ~ 3—6 um) and two sharp emission peaks
at Ay ~ 2.5 um and Ay ~ 1.9 um. At intermediate bias,
the Ay peak dominates the emission and also shifts slightly
to Ay ~ 1.75 um. The photograph in the inset of (b) shows
a slight visible emission at the tail of the emission peak.
It is evident that emission across the entire sample is
uniform.
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Fig. 5. Photonic-crystal emission spectra taken at high
biases, V = 5V (black), V=6V (blue), and V =7V
(red). The emission wavelength shifts from A ~ 1.7 um at
V=5VtoAr~15umatV =7V, corresponding to wave-
length scanning of a narrow absorption band. AtV =7V,
the emission has a FWHM of AA; ~ 0.85 um and an emis-
sion power of 4.5 W within the narrow band.

wavelength as V is increased, the Ay peak is shifted
slightly to a lower wavelength at As ~ 1.9-1.75 pm.
This wavelength shifting is further examined below at
higher biases.

In Fig. 5, the emission spectra taken at even higher
biases of V = 5,6,7 V are shown. The A; peak be-
comes an indiscernible weak shoulder. Meanwhile,
the Ay peak continues to shift from Ay ~ 1.7 um
at V=5V to A\a ~ 15 um at V = 7 V. The
wavelength shifting from A3 ~ 1.9 um to ~1.5 um
corresponds to scanning of the absorption band
(indicated in Fig. 3 by the red arrows) as V is in-
creased. At V = 7V, the emission has a FWHM
of AAM(FWHM) ~ 0.85 um. Within this narrow
band, optical power of 4.5 W is measured from
the top sample surface, with a collection angle
of 1.877. The corresponding electrical-to-optical con-
version efficiency is 22% per emitting surface, or,
equivalently, a total efficiency of 44%. It is noted
that a blackbody spectrum at 7' = 1500 K has a much
broader linewidth of AAMFWHM) ~ 2.3 um. The
observed spectral linewidth narrowing is caused by
the combined suppression of emission in the bandgap
and enhanced emission at a narrow band.!®* In the
bandgap regime, light is trapped and therefore there
is no loss of energy in the mid infrared. This strong
suppression of light leakage in the mid infrared is also
responsible for the observed high conversion efficiency
at a narrow band. As the sample has a surface area
of A = 0.16 cm?, the emitted optical power density
is large, ~27 W/cm?, at a narrow band. Optical
emission at this power may be promising for pumping
near-infrared solid-state lasers.!”

The operating principle of this class of tungsten
photonic-crystal light emitter is different from that of
the conventional LED. A LED is based on semicon-
ductor technology and relies on radiative recombina-
tion of electrons and holes to achieve light emission.
Quite differently, a tungsten photonic-crystal emitter
is based on metals. It achieves narrowband light
emission through spectral modification of thermal ra-
diation. The challenge for realizing such a photonic-
crystal emitter is in nanofabrication. To achieve

1685

visible light emission, our metallic structure needs a
minimum feature size of ~100 nm. However, one of
the great advantages of this photonic-crystal approach
is its ease of wavelength scalability. For the same
tungsten material, we can vary the emission wave-
length from ~5 um to 500 nm by simply scaling the
minimum feature size from ~1 um down to 100 nm.

In summary, a tungsten 3D photonic crystal has
been successfully demonstrated to emit light prefer-
entially at wavelength A = 1.5 um. The tungsten
photonic-crystal light emitter exhibits high effi-
ciency of ~22% per surface and high output power
of 4.5 W. This demonstration of high -efficiency
and high power is made possible by the presence of
an absolute bandgap in the infrared and enhanced
density of photon states near the band edges and in
a narrow absorption band.

The authors thank J. Bur, M. Tuck, and J. Rivera for
technical support. The work at Sandia National Labo-
ratories is supported through the U.S. Department of
Energy (DOE). Sandia is a multiprogram laboratory
operated by Sandia Corporation, a Lockheed Martin
Company, for the DOE under contract DE-AC04-94AL
85000. S.-Y. Lin’s e-mail address is slin@sandia.gov.
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Efficient light emission by a three-dimensional, all-metallic
photonic crystal and its energy consequences
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ABSTRACT

A review is given on the recent progress in three-dimensional (3D) all-metallic photonic-
crystals in the near- and mid-infrared wavelengths. Results of optical spectroscopy of the
sample will be described. Unique light emission characteristics at a narrow band from
the photonic-crystal will also be presented. This new class of 3D all-metallic photonic-
crystal is promising for thermal photo-voltaic power generation and for lighting
application.

Keywords: Photonic Crystal, Photonic Band Gap, Metallic Structure, Thermal Emission

1. INTRODUCTION

There is an emerging interest in all-metallic three-dimensional (3D) photonic-crystal for
energy applications [1]. It is suggested that the principle of “photonic band gap
engineering” may be applied to modify the broadband nature of thermal radiation [1-3].
In particular, a complete 3D photonic band-gap is effective in trapping light in the
infrared [1,2], thus reducing radiation-loss in this regime. As a comparison, a 2D surface
structure could not trap light fully in all three dimensions and, consequently, loss of light
always occurs.  Secondly, a nearly flat-band photonic dispersion (® vs &,
where dw/dk ~0) is proposed to facilitate light emission at a narrow band [1]. Flat
photonic-dispersion can be found near the photonic band-edges and at a narrow allowed
band. If both effects are successfully implemented, a thermal emitter with a narrow band
and high efficiency can be realized.

In this paper, a 3D metallic photonic-crystal is realized and a selective absorption
enhancement near the photonic band-edge is observed. It is shown that the use of metal
can generate a large, absolute, 3D photonic band-gap for light trapping. Combining both
effects, efficient light emission at a narrow near-infrared band is experimentally
demonstrated. This emission characteristic is shown to have important consequence for
thermal photovoltaic (TPV) power generation and for lighting application.

Photonic Crystal Materials and Devices, Ali Adibi, Axel Scherer, Shawn Yu Lin, Editors,
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2. METHODS OF 3D STRUCTURE FABRICATION

The 3D tungsten photonic-crystal is fabricated using two different methods. The first one
is the, so-called, mold process [1]. A SEM image of the sample is shown in Fig. 1 (a).
The starting structure is a fabricated polysilicon/SiO2 3D photonic crystal. Details on the
fabrication of it are given in reference-4. As the first step, the polysilicon in a 3D silicon
photonic crystal was removed using a KOH etch. Over-etch during the KOH process
results in the formation of a “V” structure on the bottom of the layer contacting the
substrate. This is due to etching of the underlying substrate. Secondly, the blanket CVD
tungsten film does not adhere to silicon dioxide and was therefore grown on a 50nm thick
TiN adhesion layer. The chemical vapor deposition of tungsten results in films of very
high purity; the film resistivity was ~10 microOhm-cm. The step coverage of the
deposition process is not 100% and this gives rise to the formation of a keyhole in the
center of the more deeply imbedded lines (see Fig.1a). And lastly, excess tungsten on the
surface was removed by chemical mechanical polishing and the oxide mold was removed
with HF solution.

Silicon Substrate

st s & 48 44
oK i ay h

Fig. 1(a) A SEM image of a five-layer Fig. 1(b) A SEM image of a six-layer
tungsten 3D photonic-crystal structure, tungsten 3D photonic-crystal structure,
fabricated using the mold process. The fabricated using the modified mold
V-shaped at the bottom layer is due to process.

an over-etch of the silicon substrate.

The second method is based on a modified mold process [5]. A SEM image of the
representative sample is shown in Fig. 1 (b). In the first step, a layer of silicon dioxide is
deposited using plasma-enhanced deposition. The thickness of this oxide layer is the
same as that of the final tungsten layer thickness. Photolithography and etching are then
employed to create a mold. The mold is then filled with a 500nm thick chemical vapor
deposited tungsten film. A thin 25nm TiN layer is used as an adhesion layer. The
structure is then planarized and the overburden of W is removed using a CMP (Chemical
Mechanical Polishing) process. Since planarity is maintained, the entire process can be
repeated as many times as needed. At the end of the process the die are diced into strips
of the desired dimension and released from the substrate using HF. HF does not attack

Proc. of SPIE Vol. 5000



either the tungsten or TiN. We also typically ensure that the initial oxide layer is thicker
than the tungsten layer so that an oxide release layer remains between the first tungsten
layer and the silicon substrate. The 1D rods represent the shortest <110> chain of atoms
in a diamond lattice. The rod-to-rod spacing is a=1.5um, the rod width is w=0.5um and
rod height £~0.75um. The stacking sequence is such that every four layers constitute a
unit-cell [6,7]. It should be emphasized that all these standard processes were performed
on commercially available tools.

3. EXPERIMENTAL MEASUREMENTS:
REFLECTION, TRANSMISSIONA ND ABSORPTION

The experimental reflection (R) and transmission (T) spectra of the 3D tungsten photonic
crystal are taken using a standard Fourier-Transform-Infrared-Spectrometer (FTIR) for
wavelengths from A=1-20 um [4,8]. The absorption (A) spectrum is measured using a
photo-acoustic method [1,9]. The photo-acoustic cell is commercially available and can
be easily adapted to our FTIR system. To obtain absolute values of R and A, a proper
normalization of the sample-signal to a reference-one is performed. Reflectance from a
silver mirror (R>98% at infrared A) is used as our reflectance reference. The absorptance-
reference is taken from a black-carbon absorber, which has an absorptance of 0.99 for

A=2-20 pm.
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Fig.2 The experimental reflectance (red), transmittance (black) and absorptance (blue)
spectra, taken from a 3D tungsten photoni-crystal sample. The photonic band-gap and
band-edge are at A>8um and A~6pm, respectively. The absorptance peaks near the
band-edge, exhibiting a nearly ten times absorption enhancement.

In Fig.2, we show R, T and A for a tungsten 3D photonic-crystal sample. The reflectance
exhibits a large photonic band-gap for A~8-20um, a band-edge at A~6pm and allowed
band oscillations for A<5um. The absorptance shows a pronounced peak of 22% at the
band-edge of A=5.8um ad a low absorptance in the band-gap. The simultaneous
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suppression of absorption at the band-gap and enhancement of it at the band-edge is
important for thermal emission modification. The origin of the absorption-rate
enhancement has been investigated by theoretically computing R, T and A using a newly
developed Transfer-Matrix method [9]. The method can effectively handle the presence
of a complex dielectric function in a metallic 3D photonic-crystal. It is concluded that
there are three criteria for achieving absorption enhancement. First, the enhancement
always occurs at the band-edge where group velocity of light approaches zero, leading to
a longer photon-matter interaction time [11-13]. To enhance the photon-matter
interaction length, light is to be propagated through a thicker sample (more layers) and,
thus, absorption is enhanced. Finally, the presence of intrinsic absorption is necessary.
Absorption enhancement is possible only when there is a finite material absorption for
the density of photon-states to enhance it from.

4. PHOTONIC-CRYSTAL THERMAL EMISSION

To achieve emission, the sample is biased by applying a voltage across the photonic-
crystal sample and is heated through Joule heating. The sample is mounted so that it is
thermally and electrically isolated from its surroundings. To minimize thermal heating of
the air and convection, the sample is placed in a vacuum chamber actively pumped to ~10
m-torr. For spectroscopy measurements, the emitted light from the top-surface of our
sample first passes through an infrared optical window, an aperture, and a long
wavelength ZeSe lens before it enters the FTIR spectrometer. For power density
measurements, a commercially available Gentec power meter is first used to measure the
power.

In Fig. 3, emission spectra taken from two different samples are shown. The first sample
has a lattice constant of a=2.8 um, a rod-width of w=0.8 um. Its peak emission
wavelength is at A=4um and the full-width-half maximum is AL (FWHM)=1.8um. The
second sample has a lattice constant of @ =1.5 pum, a rod-width of w=0.5 pum, a peak
emission wavelength at A=1.8um and a full-width-half maximum is AA (FWHM)=1.0um.
It follows from Fermi’s golden rule that emission rate is proportional to the available
density of photon-states D(m)[14]. The spectral line-width narrowing is the result of a
simultaneous suppression and enhancement of D(w) in the band gap and near the band-
edge, respectively. Thus, a 3D metallic photonoc-crystal allows for spectral-shaping
without loss of energy. This conclusion is further supported by the observed high
electrical-to-optical power conversion efficiency of ~45% for both samples. Also shown
in the same figure is a simulated absorptance (red color) and reflectance (blue color),
done for a 3D gold photonic crystal sample with a =0.4 pm and w=0.13 um. Gold
material is used to properly balance the real and imaginary part of material’s dielectric
constants in this wavelength regime. The reflectance shows the existence of a photonic
band gap for A>800nm, a band edge at A~700nm. Correspondingly, the absorptance
exhibits a well-defined peak in the blue, A~400nm.
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Fig.3 Experimental emission curves, showing the wavelength-scalability of our 3D
metallic photonic-crystal sample. The emission peak at A~4pm and A~1.8pum are for
samples with lattice constant of @=2.8 and 1.5um, respectively. A simulation has also
been perform for a sample with a=0.4pm. The corresponding absorptance peak is at
the blue, A=400nm.

5. POTENTIAL LIGHTING AND TPV APPLICATIONS

From Fig.3, it is clear that visible light emission with high efficiency is possible by
simply reducing the rod size to w=100-200nm,. The challenge for realizing such a
photonic-crystal emitter is then in nano-fabrication. Current silicon processing can
routinely produce feature size of 130nm and 180nm over a twelve-inch silicon wafer. In a
year or two, it is reasonable to expect a more mature 90nm feature size technology. A
large scale, low cost manufacturing of photonic-crystal filament might become a reality.

On the other hand, TPV application for power generation is more imminent. A TPV
system converts thermal radiation energy into electric energy through the use of a photo-
voltaic cell [15,16]. A schematic of a TPV system is shown in Fig.4 (a). It typically
consists of a thermal emitter, a filter, a window and a photo-voltaic cell. A GaSb photo-
voltaic cell is commonly used, as it has a relatively low electronic band gap (Ag~1.8um).
The required thermal radiation source temperature is in a more manageable range of
T=1500-1800K. It is noted that only the part of thermal radiation energy above the
electronic band gap contributes to photo-current generation (shown in figure-4b as the
shaded region). The part of radiation energy below the electronic band gap is wasted,
leading to low optical-to-electric conversion efficiency. The use of either surface
structuring or a filter to reject the unwanted low energy radiation could lead to higher
conversion efficiency. Yet, it often reduces the electrical power density as well [15,16].
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Fig. 4(a) A schematic of a TPV Fig. 4(b) A blackbody cavity radiation
energy conversion system. It consists of spectrum. Only the part of thermal
a heated emitter, a filter for spectral radiation above the electronic band gap,
shaping, a window and a photo-voltaic Eg, contributes to photo-current generation.

cell.

To achieve both high efficiency and high electric power density, the radiation pattern
must be matched to the photo-response of a PV-cell. In practice, a complete 3D photonic
band-gap is effective in trapping the otherwise wasted infrared radiation, thus minimizing
loss. The peak emission can also be matched to the cell’s electronic band gap,
maximizing the conversion-efficiency. In other words, the photonic band-gap energy is
matched to the electronic band-gap energy to maximize TPV device performance. This
example illustrates a new design freedom, enabled by our capability to independently
engineer electronic and photonic band-gap.

A theoretical modeling has been performed for a photonic-crystal emitter similar to the
one shown in Fig.3, but scaled down in wavelength by 30% to obtain a more optimum
emission. The model is similar to the one performed by Zenker et. al. [15]. It takes into
account both the radiative-recombination of a GaSb cell and a realistic cell reflectance.
The modeling result shows an optlcal -to-electrical efficiency of N=35.5% and electrical
power-density of P=7. 1Watts/cm? at a sample temperature of T~1400K. In comparison,
a blackbody radiator at T=1400k delivers a N=12.8% and P=1 AWatts/cm®.

6. SUMMARY

In summary, a metallic 3D photonic-crystal is successfully demonstrated to emit light
efficiently at near-infrared and mid-infrared wavelength. The 3D metallic photonic
crystal holds great promises for TPV and lighting applications. Both applications
illustrate a new design freedom, enabled by our capability to independently engineer
electronic and photonic band-gap. Moreover, this new class of light emitter can be made
to cover a wide range of wavelengths, from infrared to visible.
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