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Abstract. In this work we present the design, fabrication and characterization of photonic crystals
(PhC) as selective thermal emitters for thermophotovoltaic (TPV) applications. The focus of our
investigation is the development of thermal emitters based on two-dimensional (2D) PhC in single-
crystal tungsten. We show that controlled periodic patterning can be used to fashion selective
tungsten emitters that are well-matched to the photovoltaic (PV) diode of the system. The simulated
emittance comparison of flat single-crystal tungsten and patterned single-crystal tungsten indicates
potential for nearly doubling the TPV system efficiency. Measured results of a fabricated prototype
structure correspond well to the simulated values. The fabrication is accomplished using laser
interference lithography and reactive ion etching, the benefits and parameters of which are presented.
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INTRODUCTION

The direct conversion of thermal radiation into electricity is known as TPV power
conversion. This technology has been investigated since the late 1950’s [1-5], but has not
seen extensive commercialization to date. The main obstacles to commercialization the
systems’ low efficiency and high cost. In order to achieve higher TPV efficiencies it is
necessary to better match the radiated emitter spectrum to the sensitivity spectrum of the
PV diode [6]. Spectral control component design and low-bandgap PV diode development
have been the objectives of much research. Several selective emitter technologies have
been under intense investigation, including rare-earth compounds, transition metal, and
various micro-patterned structures [7].

Our research proposes a dual-spectral control TPV system that has the potential to
drastically increase current TPV system efficiencies. In our proposed system, spectral
control is achieved by a simple, yet highly-efficient one-dimensional (1D) PhC selective
mirror and by a nanofabricated 2D PhC selective emitter. The selective mirror fabrication
process and performance results are available in [8], while emitter fabrication and
performance are presented in the remainder of this paper. The emitter fabrication process



meets dimensional precision requirements, while offering a substantial time-savings
compared to many other fabrication methods. The process’s simplicity, affordability, and
equipment availability make it suitable for industrial applications.

MATERIALS, DESIGN DECISIONS, AND SIMULATIONS

Because of its high melting temperature, and its optical and structural properties,
single-crystal tungsten (W) is the choice of substrate in this research. The refractive index
of tungsten provides for increased normal emittance at wavelengths shorter than 2pum, and
suppressed emittance at longer wavelengths. Figure 1 shows normal emittance from a flat
surface of single-crystal tungsten at room temperature. Refractive index values from [9]
were used for this simulation. These emittance properties make tungsten particularly
suitable for TPV applications using gallium antimonide (GaSb) PV cells, the band-gap
energy of which corresponds to 1.78um in wavelength.

100

——Single Crystal Tungsten Flat

80

60
40 \J\

L\
P

0 0.5 1 1.5 2 25 3 3.5
Wavelength (um)

% Normal Emittance

FIGURE 1. Single-crystal tungsten is a transition metal that naturally exhibits some selective emittance
properties. Simulated normal emittance from a flat surface of single-crystal tungsten is shown.

Introduction of a properly-chosen periodic pattern of cavities can further increase the
inherent selective emittance properties of tungsten. The cavities can be thought of as a
cylindrical metallic waveguides, characterized by a unique dispersion relationship. More
rigorous analysis of the structure was performed using the finite element method
electromagnetic software package HFSS [10].

For this research, the chosen pattern consists of round cavities 800nm in diameter, in a
1000nm periodic pattern. The normal emittance of such a structure at room-temperature is
shown in Figure 2. The simulation was done for infinitely deep holes. The suitability of



such structure’s radiation properties for GaSb diodes is clear: the convertible energy (up
to 1.78um) strongly outweighs the remainder of the spectrum.
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FIGURE 2. Introduction of a periodic pattern into single-crystal tungsten surface can greatly enhance the
material’s inherent selective emittance properties. Simulated normal emittance for a structure consisting of
infinitely-deep, 800nm round holes in a 1000nm periodic pattern is shown.

SELECTIVE EMITTER PERFORMANCE

The sample produced for this research is a 2D PhC in single-crystal tungsten, with
round holes 900nm in diameter and 560nm in depth. Figure 3 shows scanning electron
(SEM) and atomic force micrographs (AFM) of the sample, respectively.

FIGURE 3. Tungsten 2D PhC selective emitter surface: scanning electron micrograph near sample edge
(left) and atomic force micrograph (right). Some shape irregularities are pronounced due to proximity to the
sample edge where defects tend to occur.



The room-temperature reflectance measurements at normal and oblique incidence were
conducted using a Cary dual-beam spectrophotometer. Figure 4 shows emittance values
for our sample, estimated from the reflectance measurements using the Kirchoff’s law.
Emittance is very high for wavelengths below 1.9um, which is very near the GaSb band-
gap energy cut-off wavelength of 1.78um. Also, the sample largely maintains its selective
emittance properties for all incident angles at which the measurements were conducted.
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FIGURE 4. Tungsten 2D PhC emittance values measured using Cary spectrophotometer, for near-normal
and oblique incident angles. The selective emittance properties are largely preserved over a broad range of
incident angles.

It should be noted that the simulated structure had infinitely deep and perfectly round
800nm in diameter holes. The fabricated sample, however, had 900nm wide roughly
round holes, that are only 560nm deep. Hence, some disagreement between the
measurement and the simulation values is inevitable. Two areas of disagreement between
the simulated and measured results are evident in Figure 4. Firstly, in the 800-1500nm
wavelength range the emittance is lower than expected, which is mainly due to surface
roughness and dimensional disparity between the simulated and fabricated structures.
Dimensional disparity and substrate properties are the causes of disagreement in the 2000-
3300nm wavelength range. In this range, the fabricated sample emits more than the
simulated structure. The refractive index of the substrate used for fabrication is actually
higher than the reference values used in simulation (Figure 5). An improvement to the
emittance properties can be achieved by fabricating a more precise structure. Some
alternative processing techniques are considered at the end of the next section.
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FIGURE 5. Single-crystal tungsten reflectance as measured and as simulated from reference values.

The room-temperature reflectance measurements of our 2D PhC tungsten selective
emitter and measurements of the selective mirror transmittance were used to estimate the
overall spectral efficiency. The radiated-transmitted spectrum for this dual spectral control
technique is shown in Figure 6. In this manner, 93% of the spectrum is convertible by

GaSb diodes.
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FIGURE 6. Spectrum resulting from combining 1500K blackbody radiation, the emittance of the selective
emitter, and the transmittance of the 1D PhC selective mirror. In the resulting spectrum, over 90% of the
power (shaded area) is convertible below the cut-off wavelength of GaSb diodes.



SAMPLE FABRICATION

The samples were produced using laser interference lithography (LIL). LIL facilitates
fabrication of periodic structures with small-scale elements over large areas with
relatively inexpensive and simple equipment. A single-wavelength light-source LIL can
create a range of patterns and periods that exceed the capabilities of much more
complicated stepper systems [11]. LIL systems are fast, exhibit excellent pattern
coherence across large areas of exposure, and can achieve resolution comparable to
stepper and electron-beam lithography systems.

The chosen fabrication process consists of two major parts: laser interference
lithography (LIL) and reactive ion etching (RIE). The flow of the process is presented in
Figure 7. The sample preparation starts with the deposition of the chromium (Cr), anti-
reflective coating (ARC) and photoresist (PR) layers.
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FIGURE 7. Tungsten 2D PhC selective emitter microfabrication process flow: lithography, development,
ARC etch, chromium etch, photoresist and ARC removal, tungsten etch, and finally, chromium removal.

Lithography Process

LIL works on the principle of interfering coherent light waves. A light wave incident at
an oblique angle can be decomposed into a perpendicular and a parallel component with
respect to the sample surface. The interference of two coherent light waves parallel to the
sample surface will create a grating pattern — alternating stripes of high and low intensity
— that can be captured using photoresist. In this case the photoresist is THMR-iNPS4°,
supplied by OHKA America.

A square pattern of holes is achieved by exposing the sample twice and setting the
angle between the exposures to 90° (Figure 8). For this process, the exposures are done at
the same incident angle and for the same amount of time in each direction. The same
incident angle results in the same periodicity of the two exposures. The same amount of
time for each exposure results in the same duty cycle of the gratings.
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FIGURE 8. A square pattern of round holes (c) is achieved by two orthogonal LIL exposures (a, b).

Just like the interference of the light waves parallel to the sample results in the
horizontal patterning of the resist, so does the interference of the perpendicular
components and the wave reflected from the surface of the hard-mask layer result in the
vertical patterning of the photoresist walls. The vertical standing wave, if powerful
enough, will result in vertically sinusoidal walls. To lessen the influence of the vertical
patterning, we introduce a layer of anti-reflective coating (ARC) between the photoresist
and the substrate. This layer absorbs the reflection from the hard-mask layer, and
therefore minimizes the power of the vertical standing wave. The ARC layer enables
fabrication of straight sidewalls in the photoresist, which in turn improves the resolution
of the pattern. With proper thickness, the ARC layer can eliminate virtually all vertical
patterning in the photoresist layer. The ARC in our case is cyclohexanone-based BARLI®,
manufactured by Hoechst Celanese Corporation. A comparison of lithography results with
and without an ARC layer is given in Figure 9. Strong vertical scalloping is evident in the
sample fabricated without the ARC layer (Figure 9, right).
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FIGURE 9. In LIL, interference of light wave components normal to the plane of the sample results in
undesired ‘“‘scalloping” in the photoresist (PR) layer (right). Anti-reflective coating (ARC) is used to
minimize vertical interference and achieve more precise lithography results.

After the lithography step, the photoresist/ARC structure is baked to allow the
photosensitive resin to cure. The pattern is developed using tetramethyl ammonium
hydroxide (CD-26) developer by Shipley Company, Inc., then dried using gaseous
nitrogen. The pattern is then transferred into the underlying ARC, Cr hard-mask and
tungsten substrate by a sequence of etching processes.



Etching Process

After the lithography process, the structure consists of a patterned layer of photoresist
and the underlying layers of ARC and hard-mask. The three-step etch process is described
below.

Oxygen-based RIE is used to transfer the pattern from the photoresist into the ARC.
The pattern is then transferred from the ARC layer into the chromium hard-mask layer by
wet chemical etching. The chromium layer is etched using CR-7, a commercially
available chromium etchant by Cyantek Corporation. Two characteristics of the
fabrication process are very important to note at this point. Firstly, the holes in the
chromium layer have a very large diameter-to-period ratio just as required by the
preliminary simulations. Secondly, the holes are of very round and uniform shape just as
required by the proposed structure.

In the final etch step, carbon-tetrafluoride-based RIE is used to transfer the pattern
from the chromium hard-mask layer into the tungsten substrate (Figure 3). Most deviation
from expected shape in the final structure results from the chromium wet-etch fabrication
step. In this step, it is very difficult to control the radius of the etched holes due to the
non-constant etch rates. It is also difficult to control the roughness of the hole edges due to
granularity of the chromium layer.

One improvement to this step has already been investigated. Diluting the etching
solution provides for more precise control of the hole radius. One other possibility is to
use chlorine-enhanced RIE to etch the chromium layer. This process is more precise, but
the equipment and the etch rates have yet to be characterized for our particular needs.

The roughness of the walls in the chromium layer is transferred into the tungsten layer
during the tungsten RIE process. The RIE process accentuates these irregular shapes.
However, because of their nanometer-scale average, the sidewall roughness features don’t
seem to significantly influence the structure’s properties in the frequency range of interest.

Overall, the fabrication process produces the desired structure in a fast, simple, and
relatively inexpensive manner. The fabrication techniques allow for a wide variety of
patterns to be produced at no modification cost to the equipment.

CONCLUSIONS AND FUTURE WORK

We have investigated design, simulation, fabrication, and preliminary characterization
of dual spectral control for TPV systems. By using two relatively simple and moderately
efficient spectral control components, higher spectral efficiency can be achieved at lower
cost and reduced complexity of individual components. The challenges that remain for
future research include emitter pattern stability over temperature cycles and time, and
therefore determination suitable operating temperature and possible lifetime. Also,
implementation of inert operating atmosphere for the tungsten selective emitter will
introduce a new complexity to the system.



Dual spectral control has potential to bring TPV system efficiencies significantly closer
to their thermodynamic limit. With continued investigation into new materials and
structures, TPV systems are coming closer to becoming a viable technology for a variety
of power conversion applications.
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