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The authors present highly selective emitters based on two-dimensional tantalum (Ta) photonic

crystals, fabricated on 2 in. polycrystalline Ta substrates, for high-temperature applications, e.g.,

thermophotovoltaic energy conversion. In this study, a fabrication route facilitating large-area

photonic crystal fabrication with high fabrication uniformity and accuracy, based on interference

lithography and reactive ion etching is discussed. A deep reactive ion etch process for Ta was

developed using an SF6=C4F8 based Bosch process, which enabled us to achieve �8:5 lm deep

cavities with an aspect ratio of �8, with very steep and smooth sidewalls. The thermal emitters

fabricated by this method show excellent spectral selectivity, enhancement of the emissivity below

cut-off approaching unity, and a sharp cut-off between the high emissivity region and the low

emissivity region, while maintaining the low intrinsic emissivity of bare Ta above the cut-off

wavelength. The experimental results show excellent agreement with numerical simulations.
VC 2013 American Vacuum Society. [http://dx.doi.org/10.1116/1.4771901]

I. INTRODUCTION

The ability to tailor the photonic density of states and

thereby thermal radiation in photonic crystals (PhCs) enables

the efficient design of highly selective and efficient thermal

radiation sources. Metallic PhCs are promising as high

performance selective thermal emitters for solid-state thermal-

to-electricity energy conversion concepts including thermo-

photovoltaic (TPV) energy conversion,1,2 as well as highly

selective solar absorbers/emitters for solar thermal and solar

TPV applications.3

Two-dimensional all-metallic PhCs from refractory met-

als are particularly suitable for high-temperature applica-

tions, since they offer superior thermomechanical and

thermochemical stability as opposed to multilayer and multi-

material structures or metal–dielectric composite coatings.4–8

Also, the design route based on fundamental principles of the

2D PhCs facilitates very good control over the emissivity and

its cut-off wavelength.

Recent work on tungsten (W) PhCs9–15 for high-temperature

applications demonstrated very promising results regarding

selective thermal emitters and absorbers. In particular, 2D PhCs

on W fabricated by comparably expensive and time-consuming

electron-beam (e-beam) lithography have been reported by Sai

et al.10,11 Also, 3D structures like inverse opal PhCs were

reported in Refs. 16 and 17 and 3D woodpile PhCs fabricated by

direct laser writing in Ref. 18 and by a layer-by-layer fabrication,

reported in Refs. 19 and 20. For target applications in solid-state

energy conversion, we focus on a fabrication route based on in-

terference lithography (IL), as proposed in Refs. 9 and 13–15,

that facilitates large-area (� 1 cm2) fabrication of 2D PhCs and

ensures fabrication uniformity and accuracy over large areas.

We propose an approach based on polycrystalline tantalum

(Ta), which has a high melting point (3290 K) and low vapor

pressure similar to W as well as good intrinsic selective emis-

sivity, with long wavelength emissivity (above �2 lm) even

below that of W. Moreover, Ta is weldable and machinable,

which allows for easy integration into any device design, e.g.,

for energy conversion applications based on solar-, radioiso-

tope-, and combustion-TPV. However, single crystal Ta is

only available in small sizes (�1 cm diameter) and the cost is

prohibitive for any practical application. Therefore, we use

high-purity polycrystalline Ta of up to 2 in. diameter for our

substrates, paving the way to large scale emitters. Further-

more, we found that annealing polycrystalline Ta produces

large grains, which increases material stability and minimizes

grain boundaries, thus improving the optical properties and

their high-temperature stability.

We demonstrate a fabrication route for Ta PhCs, based on

a square array of cylindrical cavities, and fabricated selective

emitters on 2 in. diameter polycrystalline substrates. We use

standard microfabrication processes that allow for easy scal-

ing to larger substrates. Moreover, we established a deep re-

active ion etch (DRIE) process for Ta, using an SF6 based

Bosch process. As Ta has low emissivity in the near IR, the

PhC needs deep cavities (>5 lm) to enable efficient absorp-

tion, i.e., enhancement of the emissivity below the cut-off

wavelength.21 With the optimized process parameters, we

achieved deep (up to �8:5 lm), high aspect ratio cavities

(up to �8), very steep and smooth side walls, and extremely

high etch selectivity (at least 1:200) with respect to the hard

Cr etch mask.

Measurements of fabricated high aspect ratio Ta PhCs

show enhancement of the emissivity at wavelengths below

cut-off wavelength approaching that of blackbody, steep cut-

off between high and low emissivity spectral regions, and aa)Electronic mail: vrinner@mit.edu
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high level of spectral selectivity, in very good agreement

with theoretical results from numerical simulations.

II. MATERIALS AND FABRICATION

A. Substrate preparation

Substrates of 3/4 in. (1.9 cm) and 2 in. (5 cm) diameter,

and 3 mm thickness made from high purity (>99:9%) poly-

crystalline Ta (Rembar) were used to fabricate 2D PhCs for

selective emitters. Essential to the PhC fabrication is the

flatness, small surface roughness, large grain size, and high

thermal stability of the Ta substrate. Polycrystalline Ta is

more affordable and readily available in large-area substrates

as opposed to single crystal substrates. On the other hand,

polycrystalline metals typically have grain sizes that are

smaller or comparable to the feature size of PhC and are

much less thermally stable than single crystals. Small grain

size is detrimental to the performance of high-temperature

nanophotonic devices for two reasons: first, small grain size

on the order of the PhC feature sizes could interfere with

PhC pattern and lead to poor optical performance, and sec-

ond, polycrystalline material is thermodynamically unstable

at high temperatures, and hence grain boundary migration

and grain growth could lead to disintegration of the PhC

structure. Therefore, large grain size (� feature size) sub-

strates are critical as a starting point for high-temperature

nanophotonics and preannealing of the polycrystalline sub-

strates at high temperature can enhance thermal stability by

preventing recrystallization and grain migration at high oper-

ating temperatures.

To prepare substrates for nanofabrication, the polycrystal-

line substrates were cut, lapped, and annealed at 2250 �C
under vacuum for 4 h. After annealing, the substrates showed

a bifurcated grain structure with large grains on the order of

1–2 mm across and small grains of 0.1–0.5 mm across. The

boundaries of the large grains were as deep as 200 nm as

determined by AFM, whereas the depth of the smaller grain

boundaries was comparable to the surface roughness. The sub-

strates were subsequently lapped and polished to an optical

degree with a surface roughness of Ra < 1 nm and a flatness

and parallelism on the order of 2.5 and 12.5 lm, respectively.

B. Fabrication

A square array of circular cavities was etched into the

annealed and polished Ta substrates to fabricate the selective

emitters, using a process similar to that used for W PhCs,14,15

albeit with some changes optimized for Ta substrates and

large-area fabrication. The fabrication of the PhCs comprises

the steps of pattern definition by interference lithography

based on a trilayer resist process,22,23 definition of the cavity

diameter by isotropic plasma ashing, pattern transfer to a thin

chrome (Cr) hard mask by reactive ion etching (RIE), and the

final etching of the substrate. Figure 1 shows the schematic

outline of the fabrication process. The dry etch process of the

Cr hard mask was chosen over the less complex wet etch of

Cr, as it yields the advantages of eliminating random edge

roughness of the Cr cavity and providing superior control

over the cavity diameter.

To define the etch mask for the Ta substrate, a thin layer

of Cr followed by a layer of SiO2 is deposited on the Ta sub-

strate by e-beam evaporation for the definition of the hard

etch mask. It was shown that 50 nm of Cr is sufficient to

achieve up to 8.5 lm deep cavities in the DRIE etch. For the

SiO2 layer, which serves as a mask for the dry etch of Cr, a

layer thickness of about half of that of the Cr layer is suffi-

cient. This is followed by the deposition of the three layers

necessary for IL: a layer of antireflection coating (ARC, AZ

BARLi) of about 270 nm was spincoated on top of the SiO2,

followed by a 10 nm thick SiO2 layer deposited by e-beam

evaporation, and finally spin coating of negative photoresist

(THMR-iNPS4, OHKA America) for the lithography, with a

thickness of about 250 nm. The ARC serves to reduce reflec-

tion from the substrate and formation of vertical standing

waves during interference lithography.22,23 An ARC thick-

ness of about 270 nm results not in the absolute minimum of

reflection on our samples, but in a broadband low reflectivity

of less than 5% for a broad range of SiO2 layer thicknesses

(0–100 nm). The SiO2 layer on top of the ARC is used as a

protection layer when etching and ashing the ARC.

After deposition of the mask layers, laser IL is used to

define the periodic pattern. IL is a relatively inexpensive,

fast and precise maskless lithography method, which relies

on the interference pattern generated by two coherent light

sources to define 1D and 2D periodic patterns in a single

plane, and is easily scalable to large exposure areas. The

photoresist is exposed either in a Lloyd’s mirror IL system

(for small substrates)24 or in an achromatic Mach–Zehnder

IL system,25,26 both using a 325 nm HeCd Laser. The perio-

dicity of the pattern is defined by the interference angle, and

the exposure is performed twice, with the substrates rotated

by 90 � between exposures to create a square array of cylin-

drical cavities. In the Lloyd’s mirror IL setup, the exposed

area is limited by the size of the mirror creating the second

laser beam and the chosen interference angle, in our case to

a square of about 1/2 in. side length. In contrast, the Mach–

Zehnder IL setup allows for large exposure areas, facilitating

FIG. 1. (Color online) Schematic outline of the process flow: (a) Deposition

of the mask layers for lithography and etching, (b) pattern definition by

lithography and removing of developed photoresist, (c) pattern transfer into

first SiO2 and ARC layers by RIE, (d) definition of hole diameter by plasma

ashing of the ARC, (e) pattern transfer into the second SiO2 and Cr hard

mask by RIE, (f) final etching of Ta by DRIE.
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easy upscaling of the fabrication process to larger substrate

sizes. Due to the distribution of the intensity in the plane of

the substrate, the diameter of the nonexposed circular areas

increases from the center to the edge of the exposed area,

causing a slight variation of the cavity diameter.

Generally, when IL is used to pattern a photoresist, the

lines of high and low intensity radiation are equally spaced.

To achieve round holes rather than square ones in the

exposed photoresist, the exposure dose can be increased,

which results in round holes due to the proximity effect,

but also decreases the hole diameter further. Therefore, the

cavities defined by IL typically have a diameter-to-period

ratio of 0.3–0.45. The design of the Ta PhC, in contrast,

calls for a higher diameter-to-period ratio of at least 0.75 to

achieve a broadband high emissivity range in the near IR.

The target diameter for a cut-off wavelength of 2.0 lm is

1.08 lm and the target period 1.3 lm in our optimized

design (see Sec. III A). Accordingly, the diameter of the

cavities defined in negative resist by IL has to be increased

substantially (by � 500 nm) in the subsequent steps trans-

ferring the pattern to the Cr hard mask. This is achieved in

two steps by isotropic plasma ashing of both the photoresist

as well as the ARC. The exposed photoresist is developed

in commercial CD-26 and then partially removed in an O2

plasma asher. The maximum achievable increase in hole di-

ameter in this step is limited by the resist thickness, with

enough resist left to transfer the pattern into the underlying

layers. Typically, an increase in hole diameter of about

200 nm can be achieved by ashing for 90 s at 200 W. After

ashing of the resist, the pattern is transferred into the SiO2

and ARC layers by CHF3 and He=O2 based RIE processes,

respectively, using a Plasmatherm 790. The etch parame-

ters are given in Table I. Subsequently, the hole diameter

is increased more by plasma ashing the ARC layer to the

final diameter. Since the ARC is protected by the SiO2

layer, which is not damaged by the O2 plasma, even large

diameter-to-period ratios can be achieved by this step (see

Fig. 2). In Fig. 2, scanning electron microscope (SEM)

images of the samples at different stages during the process

illustrate the different fabrication steps of the lithography

and mask layer structuring. Note that the cross-sectional

views are taken from Si control samples processed in the

same way, since the Ta substrates are not cut or cleaved

easily and these fabrication steps are independent of the

substrate material.

Opening of the cavities by ashing enables us to achieve

smooth sidewalls of the cavities, which are transferred to the

Cr hard mask by dry etching and subsequently into the Ta.

This is a major advantage as compared to a chemical wet etch

of the Cr mask (as employed before for W PhCs14,15) which

results in substantial sidewall roughness and poor control over

cavity diameter, often leading to broken sidewalls between

cavities. Figures 3(a) and 3(b) compare cavities in Ta

achieved using the Cr wet etch and the dry etch (RIE), respec-

tively. We have also investigated the effect of stochastic side-

wall roughness on the optical properties by numerical

simulations, as shown in Fig. 3(c). With increasing roughness

the Q-factor of the cavity resonances decreases, resulting in

slightly decreased emissivity contrast between short and long-

wavelength region decreases. At the same time, even for con-

stant cavity area in the simulations, the effective radius of the

structure increases and the cut-off shifts to larger wavelengths.

Finally, as sidewalls are breaking, cavities may become con-

nected, allowing interaction with electromagnetic waves of

larger wavelength. As the emissivity cut-off is defined by the

fundamental mode of the cavity,11,13,15,27,28 the emissivity at

long wavelengths increases dramatically in this case, and the

desired selectivity is lost.

Once the desired diameter is obtained, the cavities are

etched into the underlying SiO2 layer by the same CHF3

based RIE process, and subsequently into the Cr layer by a

Cl2=O2 based RIE process using a Nexx Cirrus 150, with the

TABLE I. Parameters used in RIE etch steps.

Materiala Gases Flow (sccm)

Pressure

(mTorr) Power (W)

ARC 1 He=O2 10/5 7 80

SiO1
2 CHF3 15 10 90

Cr 2 Cl2=O2 15/3 5 300/100

substrate (RF)

Ta3 SF6=C4F8 200/100 3 1200/75

substrate (LF)

aSystem: 1–Plasmatherm 790, 2–Nexx Cirrus 150, 3–Alcatel AMS100.

FIG. 2. Scanning electron micrographs of the fabrication steps for the Ta

PhC: (a) developed photoresist after IL, (b) lithography layers (SiO2 and

ARC) etched by RIE, (c) and (d) definition of hole diameter by plasma ash-

ing of the ARC, (e) and (f) pattern transfer into Cr hard mask by RIE. (Cross

sections are taken of a cleaved Si control sample for the presented fabrica-

tion steps, which do not depend on the substrate material.)
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SiO2 serving as an etch mask for the Cr. The Cr etch process

was optimized to achieve an anisotropic etch with straight

sidewalls, which is facilitating the subsequent Ta DRIE step.

Table I lists the respective parameters for the RIE etch steps.

Finally, the pattern has to be transferred to the Ta substrate

by a DRIE step to achieve deep cavities. We established a

SF6=C4F8 based Bosch process to etch the Ta, using an Alca-

tel AMS100 DRIE. The process parameters of this step were

optimized for deep cavities in Ta and maximum sidewall

straightness, using the following values: SF6 (200 sccm)/C4F8

(100 sccm) with 3 s/1.5 s pulses, respectively, power 1200 W,

pressure �3 mT, substrate bias 75 W, and temperature 20 �C.

For these process parameters, we achieve an etch rate of

approximately 14 nm/s for Ta. The pulse duration of the etch

step (SF6) and passivation step (C4F8) was optimized to 3:1.5

to achieve complete passivation of the sidewalls. To achieve

straight sidewalls, it is imperative to keep the substrate tem-

perature low; therefore, repeated short etch steps of maximum

5 min duration were used. With this process we have been

able to achieve up to �8:5 lm deep cavities with an aspect

ratio of up to �8, very steep sidewalls and negligible sidewall

roughness, and very good etch selectivity. The selectivity of

the Ta etch step is high enough that a layer of 50 nm of Cr is

sufficient to achieve this etch depth, with the Cr layer thick-

ness hardly reduced by the etch, so the selectivity amounts to

at least 200.

After DRIE of Ta, the remaining Cr layer is removed

completely by immersion into Cr-7 (Cyantek) liquid etchant.

The remains of a thin passivation layer on the sidewalls of

the cavities from the DRIE etching of the Ta do not influence

the optical properties of the photonic crystal.

III. DESIGN AND CHARACTERIZATION

A. Design

The flexible design approach based on the fundamental

principles of the PhC15,28 facilitates efficient tailoring of the

cut-off wavelength of the emissivity, e.g., to match it to the

bandgap kPV of a PV cell for TPV applications. By creating

cavity modes and careful matching of the quality (Q) factors

of the radiative and absorbing modes of the cavities of the

PhC,15,28 the emissivity below the cut-off wavelength is

greatly increased from the intrinsic emission of flat Ta,

approaching that of a blackbody. At the same time, the emis-

sion at wavelengths above cutoff, with wavelengths longer

than the fundamental cavity mode and therefore forbidden

from entering the cavity, is kept low, approaching that of the

bare substrate for long wavelengths, and high selectivity

with a sharp cutoff between the two regions is achieved. We

employ a finite difference time domain (FDTD) algorithm29

implemented via MEEP,30 a freely available software package

developed at MIT, for simulation of the optical properties of

the PhCs, which are designed as a square array of circular

cavities with a period a, radius r, and cavity depth d etched

into the substrate (see inset in Fig. 5). The optical dispersion

relation of Ta is incorporated in the simulations via a Lor-

entz–Drude oscillator model, whose parameters are fitted to

the experimentally measured reflectance of flat polished Ta.

As an example, we designed and fabricated a Ta PhC for

a cut-off wavelength of kPV ¼ 2:0 lm (corresponding to a

bandgap of 0.62 eV). The parameters of the PhC were opti-

mized to achieve a spectral emissivity approaching an ideal

step-function with this cut-off wavelength, resulting in an

optimized cavity radius r¼ 0.54 lm, a period a¼ 1.3 lm,

and an etch depth d¼ 8.0 lm.21 As the emissivity of bare Ta

below this cut-off wavelength is low, the PhC needs deep

cavities to achieve a high quality factor Q of the fundamental

cavity resonant mode, and a long interaction time of the radi-

ation in this mode to be efficiently absorbed, to achieve a

strong increase in emissivity. To facilitate fabrication, the

etch depth of the cavities was limited to 8 lm in the optimi-

zation. Simulations have shown that for increased cavity

depth above �d ¼ 8:0 lm, the benefit of increased selectiv-

ity of the emissivity is diminishing. A sharp cutoff between

the high emissivity range approaching unity and the low

emissivity range, limited by the intrinsic emissivity of Ta,

can be achieved even for this etch depth.

FIG. 3. (Color online) (a) and (b) Scanning electron micrographs of fabri-

cated Ta PhC obtained by chemical wet etch and dry etch (RIE) of the Cr

mask, respectively. (c) Simulation of the emissivity for a Ta PhC with per-

fect structure (solid line) and increasing sidewall roughness characterized by

the maximum deviation d ¼ 0:09a (dashed-dotted line) comparable to the

PhC fabricated by wet etch with the measured emissivity (crosses), and sim-

ulation with d ¼ 0:18a (dashed line) resulting in breaking sidewalls.
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Note that the simulated emissivity is for normal inci-

dence. There is an angular dependence of the emissivity and

thereby also the emission for 2D PhC, as studied in detail in

Yeng et al.15 and Bermel et al.31 With increasing incident

angle, not only the cutoff shifts slightly but also the coupling

strength of the cavity modes, which are the origin for

increased emissivity below the cutoff of the fundamental

cavity mode, decreases. At glazing incidence, finally the

emissivity approaches that of the flat substrate. This angular

dependence can be used to advantage in selective solar

absorbers based on 2D metallic PhCs, using angular selectiv-

ity as a means of concentration.31 In selective emitters for

TPV systems with large view factors, i.e., small distance

between the emitter and the TPV cell, angular dependence

of the emission is undesirable and a large drop of spectral se-

lectivity with emission angle would decrease system per-

formance. Therefore, the angular dependency of the PhC has

to be taken into account when optimizing the structure for an

application or a specific system.15

B. Characterization

Figure 4 shows scanning electron micrographs of the fab-

ricated Ta PhCs. The fabricated samples exhibit features

sizes very close to the target parameters with diameters of

about 1.08 lm, periods of about 1.35 lm. The etch depth

obtained on different samples is approximately 6–8.5 lm.

The etch depth is estimated from SEM images of the cross

section at a defect site (Fig. 4 inset), as the sample cannot be

cleaved or cut easily, and the aspect ratio of the cavities is

too high for AFM measurements.

The spectral emissivity of fabricated Ta PhCs is obtained

from near normal incidence reflectivity measurements at

room temperature. The reflectivity measurement is per-

formed using a quartz halogen lamp as a white light source

in conjunction with a monochromator, an optical setup pro-

viding an incident angle of 15
�

on the sample and a PbS pho-

todetector. The measurement is calibrated against a known

aluminum mirror in the range of 1–3 lm. As the samples are

opaque, transmission is zero and according to Kirchhoff’s

law the emissivity E and the reflectivity R amount to unity

for every wavelength; therefore, E¼ 1�R. The emissivity

of a Ta PhC fabricated on a 2 in. diameter substrate is shown

in Fig. 5, and a digital photo of the full 2 in. PhC is shown in

the inset. As can be seen, there is a substantial increase of

the emissivity below the cutoff at 2 lm as compared to that

of flat Ta, while the emissivity above the cutoff is kept low.

A sharp cutoff between high and low emissivity regions is

achieved, offering a 4:1 emissivity contrast over a wave-

length range of 10%.

As discussed, there is a variation of the cavity diameter

that is intrinsic to the use of IL on large-area substrates. This

variation results in �20 nm or D2r ¼ 1:9% increase of the

diameter of the final cavities from the center to the edge of

the 2 in. substrate. Correspondingly, the cut-off wavelength

shifts by �40 nm or Dk ¼ 2% to longer wavelengths when

measured in the center or on the edge of the substrate (see

inset of Fig. 5). We also demonstrated the fabrication of the

PhC in the Cr hard mask on a 4 in. Si wafer using the same

process. In this case, the variation of the cavity diameter was

�80 nm or D2r ¼ 7% from the center to the edge of the 4

in. wafer.

Studies of the influence of various fabrication imperfec-

tions show that for the fabricated samples, a very slight

broadening of the measured cutoff is mostly due to a slight

tapering in the sidewall profile, which results in a vertically

decreasing cavity radius and smaller effective radius and

therefore a shift of the first resonance peak to shorter wave-

lengths with a less steep cutoff. Sidewall disorder, i.e., ran-

dom roughness of the cavity edge can be neglected due to

our optimized dry etch process of the Cr hard mask, which

grants precise control of the cavity diameter and smooth

edges as compared to a wet etch process. Simulations show

FIG. 4. Scanning electron micrographs of fabricated Ta PhC showing excel-

lent fabrication accuracy and long range fabrication uniformity. Left insets:

Close-up of etched cavities (with remaining Cr mask on top). Right inset:

Cross-sectional view of the etched Ta PhC.

FIG. 5. (Color online) Measured room temperature emissivity of fabricated

Ta PhC on 2 in. substrate measured in the center and towards the edge of the

sample (solid lines) as compared to simulation (dashed line) and measured

emissivity of flat Ta. Left inset: Schematic PhC structure. Right inset: Digi-

tal photo of the full 2 in. diameter sample after etching of the Cr hard mask;

crosses indicate approximate measurement positions (scale is in cm).
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that a random sidewall roughness leads to an increase of the

emissivity and a trailing edge of the cutoff; therefore, smooth

sidewalls are preferable. Also, we measured by Auger elec-

tron spectroscopy that there is no contamination from the Cr

hard mask after removal of the etch mask, which would be

detrimental to the desired low emissivity at long wavelengths.

Furthermore, a very good agreement with simulation

results (as obtained from FDTD simulations) is achieved.

Figure 5 compares the measured normal emissivity at room

temperature to the simulated one. For the simulation, the ra-

dius r¼ 0.53 lm and period a¼ 1.33 lm as measured in the

center of the fabricated 2 in. diameter Ta PhC and an etch

depth of d¼ 6.18 lm were used. As discussed above, the

experimentally measured reflectance of the polished Ta sub-

strates was used to establish a Drude–Lorentz model of the

material, whose parameters incorporated in the simulation.

As can be seen, the cut-off wavelength is precisely predicted

by the simulation, and the measured cutoff is nearly as sharp

as predicted. Small stochastic variations in the diameter of

the fabricated cavities lead to some averaging of the emissiv-

ity below cutoff. Also, the measured emissivity above cutoff

is as low as predicted by simulation.

The optical properties of the preannealed polished sub-

strates were also characterized by the room temperature

reflectivity measurement. The emissivity thus deduced is

shown in Fig. 5 and is close to the emissivity of bulk Ta

found in literature, demonstrating the optical quality of the

polycrystalline Ta substrates. The thermal stability of nano-

structured surfaces has been studied in few works.10,17,32 In

these studies, it was reported that there is the risk of com-

plete disintegration of the nanostructure, especially on poly-

crystalline materials, even after short times (1 h) at elevated

temperatures. As reported, the structural deterioration is

partly due to surface diffusion and partly due to recrystalliza-

tion and grain migration. We used preannealed substrates,

leading to large, stable grains, to approach these problems

and increase the thermal stability of the nanostructures by

providing a thermally stable substrate. Preliminary experi-

mental results demonstrate the high-temperature stability of

the PhC structures and their emissivity for 1 week at 910
�
C

without any performance or structural degradation. In addi-

tion, we have performed multiple shorter time scale anneal-

ing tests, also at higher temperatures, showing that this is a

promising route to thermal stability of nanostructured selec-

tive thermal emitters. Further evaluation of the long-term

stability and high-temperature emission is under way.

IV. CONCLUSION

We have demonstrated highly selective emitters based on

2D Ta PhCs, suitable for high-temperature applications, e.g.,

in energy conversion. We have established a fabrication

route for large-area, high aspect ratio photonic crystals

achieving outstanding fabrication uniformity and accuracy

across samples of 2 in. diameter. High-purity polycrystalline

Ta substrates were used as a starting point and annealed at

high temperatures to achieve large grains and minimize grain

boundary diffusion at high temperatures, then lapped and

polished to an optical degree. PhCs comprising a square

array of cylindrical cavities were fabricated on these poly-

crystalline Ta wafers of up to 2 in. diameter, using interfer-

ence lithography and reactive ion etching techniques. We

have developed a deep reactive ion etch process for Ta using

an SF6=C4F8 based Bosch process that enabled us to achieve

up to �8:5 lm deep cavities with an aspect ratio of up to

�8, with very steep sidewalls and outstanding selectivity of

the etch toward the Cr hard etch mask. The fabrication of the

Cr hard mask was optimized using RIE to achieve smooth

sidewalls and eliminate random sidewall roughness as

obtained from a chemical wet etch of Cr. The selective emit-

ters fabricated by this method showed excellent spectral se-

lectivity, enhancement of the emissivity below cut-off

approaching unity, and a sharp cut-off between the high

emissivity region and the low emissivity region, while main-

taining the low intrinsic emissivity of bare Ta above the cut-

off wavelength. Moreover, the experimental results show

excellent agreement with numerical simulations.

These promising results demonstrate the efficiency and

performance of selective emitters and absorbers based on 2D

Ta PhCs. This work is leading the way to scale up high-

temperature nanophotonic devices, facilitating cost-effective

large-area, high performance applications in high-temperature

solid-state energy conversion.
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