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ABSTRUCT

Surface microstructured selective emitters for thermo-
photovoltaic generators are fabricated with lithography and
Si anisotropic etching techniques. Two-dimensional series
of reverse-pyramid cavities are fabricated on the surface
with the structural periods of 1.5 and 2.0 pm. Thermal
radiation spectra of the emitters are measured at high
temperatures and selective emission due to the surface
microstructures is clearly observed. Numerical calculations
based on rigorous coupled-wave analysis (RCWA) are
also performed to predict spectral properties of the
emitters. Experimentally observed emission peaks are well
reproduced by the calculation. It is also expected from the
calculation that the selective emission due to these
microstructures will show little directionality. An evaluation
of selective emission efficiency shows that microstructured
selective emitters are effective to improve efficiencies of
TPV generation systems.

INTRODUCTION

Recently, thermophotovoltaic (TPV) generation has
been researched as a new power generation system using
photovoltaic (PV) cells.! For iast decade, selective emitiers
have been studied in order to improve the efficiency of
TPV generation systems, emitters which emit most
radiation into the sensitive region of PV cells.

There are several methods to fabricate selective
emitters at present. One familiar method is using oxides of
rare earth materials®* such as erbia (Er,O,) and ytterbia
(Yb,O,). Doubly or triply charged rare earth ions have
strong absorption or emission bands originated from their
peculiar electron structures. This kind of emitters have
been studied and developed by many researchers in
recent ten years, however, they have some drawbacks;
the spectral position where strong emission bands appear
is not controllable because it is unique to each kind of rare
earths, and the width of the emission band is relatively
narrow. Besides, their material is restricted to oxide
ceramics or crystals whose thermal conductivity is low.

Another method is to use surface microstructures on
emitter surfaces. Periodic microstructures vary emissive
properties depending on their structural period (A), depth
and shape. Microstructured selective emitters (MS
emitters) have some advantages which rare earth
selective emitters do not. First, MS emitters can be varled
the position of emission band by artificial means, that is, by
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controlling A. Therefore MS emitters have a possibility to
achieve better spectral matching for any kinds of PV celis
in comparison with other selective emitters. The shape
and depth are also controllable to modify emitters’
performance. Moreover, MS emitters can be fabricated
from a wide variety of materials according to the situation.
However, few reports about MS emitters have been
published until now as far as authors’ knowledge, except
that Heinzel et al. have reported on microstructured
tungsten selective emitters.®

In this paper, we report on the emissive properties of
the reverse-pyramid type microstructured selective
(RPMS) emitters which are fabricated with Si wet etching.
A is designed to 1.5 and 2.0 um, which matches with the
sensitive region of narrow bandgap PV cells, for example,
GaSb and InGaAsSb.

EXPERIMENT
Sample preparation

The RPMS emitters are prepared by the following
procedure. First, SiQ, thin film is made on a 2-inch Si
single crystalline wafer with (100) surface by oxidation.
After a resist coating, micro-cross stripe pattern with the
period of A is drawn on the resist film with high-speed
electron beam (EB) lithography. This EB lithography can
be replaced by photolithography. Then, the developed
wafer is soaked in a hydrogen fluoride (HF) solution to
remove the bare part of the SiO, film. Consequently,
microstructured SiO, mask is fabricated on the Si wafer.
Next, the developed resist is eliminated and the wafer is
soaked in a tetramethylammonium hydroxide (TMAH)
solution which etches Si selectively. Since the etching rate
for (100) plane is about 200 times faster than that for (111)
plane, TMAH also etches Si crystal anisotropically. As a
result, the uncovered Si surface is etched into a reverse
pyramid shape composed of four (111) surfaces. After
etching the SIO, mask, finally, thin Pt layer is sputtered at
a high temperature by laser ablation technigue so as to
enhance the effect of the microstructured surfaces. This
fabrication process has been already widely applied for the
texture surfaces on single crystalline PV cells, however, A
of our samples are much smaller than that of the
conventional texture surfaces.

A scanning electron microscope (SEM) image of the
RPMS emitter (A = 2.0 um) is shown in Figure 1. From the
SEM observation, it is confirmed that the periodic 2D
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Fig. 1. An oblique view of the RPMS emitter with A =2.0 ym
obtained with a SEM.

series of reverse-pyramid cavity are fabricated on the Si
surface without any disorders. The base length and depth
of the pyramid are about 1.6 and 1.1 pum, respectively.
These values are used in numerical calculations
mentioned later.

Experimental apparatus

The apparatus used to measure emissive properties
is consisted of three components, namely, a vacuum
heater, blackbody furnace, and a Fourier-transform near-
infrared spectrometer (FT-NIR). A Sample is heated by
SiC electronic heater placed in a vacuum chamber which
has a CaF, optical window. Thermal emission from a
sample passes through the window and it enters into the
FT-NIR. Measured spectra are converted into emissive
power specira possessing the absoiute - vaiue by
multiplying an apparatus coefficient spectrum which is
measured with the blackbody furnace. Sample’s
temperature is measured with a thermocouple on its
surface.

Calculation model

In order to simulate emissive properties of the RPMS
emitters, we have performed rigorous coupled-wave
analysis (RCWA),*® which is a method to analyze the
general three-dimensional grating diffraction problem by
solving Maxwell’'s equations rigorously. Since it can treat
periodic structures divided several layers in the direction of
the depth, RCWA is a suitable calculation method to
handle continuous gratings like the RCWA emitter. Input
data are only the state of incident beam, the structural
profiles and optical constants (n, k) of the gratings. In this
study, diffraction efficiencies for each diffraction order are
calculated.

in the calculation, we regard the microstructured
surface as a multilevel grating consisted of ten binary
layers with Pt coatings on their sides. At the substitution of
optical constants of Si and Pt, we refer to the literature
data.®' The diffraction orders up to +7th are considered
for x- and y- directions, respectively, and hence diffraction
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Fig. 2. Emissive properties of the RPMS emitters with A = 1.5 pm
{dashed line) and 2.0 um (solid line) and a fiat emitter with Pt
coating (dotted line). (a) measured emissive power spectra, (b}
emittance spectra calculated from (a).

efficiencies for 225 diffraction orders are calculated for
each wavelength (A). We have checked that the
calculation outputs sufficiently converge under these
conditions.

RESULTS AND DISCUSSION

Figure 2(a) shows the normal emissive power spectra
of the RPMS emitters with A = 2.0 um measured at 80K
and A =1.5 ym measured at 885K. As compared with a flat
sample, both emitters show strong emission in shorter A.
These spectral alternations originate from the resonance
effect between the emissive field and surface
microstructures. Figure 2(b) shows emittance (g) spectra
calculated from Fig. 2(a). Selective emission peaks are
clearly observed in the RPMS emitters’ spectra. The peak
positions are about 1.7 um for A =1.5 ym and 2.2 pm for A
= 2.0 um, and therefore it is clarified that the emission
peak position can be controlled by controlling the structural
period A. Small dips which appear in A < 2.0 ym are noise.

Using the RCWA technique, we calculate diffraction
efficiencies up to +7th diffraction orders. Absorptance a of
the microstructured sample is estimated from the following
equation,

a(l) =1~ i i(DER,,,(x) +DET,(A)).

{=—Nj=-N
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Fig. 3. An absorptance spectrum of the RPMS emitter with A =

2.0 pm calculated by RCWA with & = 5° and y = 45° (solid
line). Dotted line is the same spectrum shown in Fig. 2(b).
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Fig. 4. Incident angle dependence of the RPMS emitter’s
absorptance (A = 2.0 pm) calculated by RCWA with y =0° as a
function of A.

where DER,; is the (i, jith backward diffraction (refection)
efficiency, DET;; is the (i, jith forward diffraction (trans-
mission) efficiency, N is the maximum diffraction order
considered in this calculation (here, N=7). On the
assumption that the Kirchihoff's law is still satisfied in this
case, o. and & are equal. Hereafter, therefore, we
discussed about the calculated o and the measured .
Figure 3 shows an o spectrum of the sample with A = 2.0
um. The incident angle of the incident beam (6} is set to 5°
considering the expansion of the beam. The polarization
angle (y) is set to 45° as a mean value because we have
found from the calculation that the spectral shape at A » A
varies smoothly in the range of y = 0° to 90°. An ¢
spectrum shown in Fig. 2(b) is also plotted in the figure.
The overall feature of the calculated « is almost consistent
with that of the measured s. Especially the main peaks at A
= 2.0 and 2.2 ym in the ¢ are well reproduced in the a.. The
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Fig. 5. Temperature dependence of selective emission efficiency
(SEF) of the MS emitters. (a) SEF for inGaAsSb PV cells whose
sensitive region are supposed to A = 0 to 2.3 um. (b) SEF for
GaSb PV cslls whose sensitive region are supposed to A =0 10
1.7 pm.

higher £ value in longer ) is expected to be due to the
temperature dependence of (n, k). For an accurate
calculation, (n, k) at high temperatures should be
substituted into the RCWA calculation, however, we have
used (n, k) at room temperature because there is no
literature data about (n, k) at high temperatures. We have
confirmed from the calculation based on the Drude
madel" that o increases with increasing temperature. This
fact may support the speculation mentioned above.
Surface roughness on the samples is also considered as
another reasons of high «.

Figure 4 shows the incident angle dependence of o
for the sample of A = 2.0 um. This is obtained by RCWA
calculation with w = 0°. In the resonance region (A =~ A)
such as A = 2.0 or 2.1 pm, o varies sharply for 8 ~ 0°, while
it hardly changes for 6 > 5°. in the case of A > A such as A
= 3.0 um, on the other hand, o increases gradually in
proportion to 6. There is a peak at 8 = 27°, but its origin
has been not confirmed yet. We believe that it is a weak
resonance of the lateral component of the incident beam.
From Fig. 4, it is revealed thatc at A =2.0 and 2.1 ym (A ~
A) are higher than that at A = 3.0 pm for any value of 0.
From this results, it is strongly suggests that the RPMS
emitters show strong selective emission in the wide range
of the angle that radiation beam is emitted.

Selective emission efficiency (SEF) is often used to
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estimate the performance of selective emitters, and then
we apply SEF to the RPMS emitters. Generally, SEF is
defined as the ratio of the power emitted in the PV celi's
sensitive region to the total emissive power." The RPMS
emitters’ SEFs are calculated by multiplying the measured
& or calculated o, (only for A = 2.0 um, 0 = 5°, y = 45°) and
the blackbody radiation, changing temperature. In this
estimation we use the e shown in Fig. 2(b) for all
temperature, assuming it hardly depend on temperature.

Figure 5(a) shows the SEF for InGaAsSb PV cells,
whose sensitive region is supposed to A = 0 to 2.3 um, as
a function of temperature. The SEF of the RPMS emitter
with A = 2.0 um are 16 ~ 20% higher than that of a
graybody emitter with € = 0.9 for all temperatures shown in
the figure. A similar plot for GaSb PV cells, whose
sensitive region is supposed to A = 0to 1.7 um, is shown in
Fig. 5(b). The SEF of the RPMS emitter (A = 1.5 um) is
also 5 ~ 14% higher than that of a graybody. These values
will be improved by optimizing the shape and material.

CONCLUSIONS

Reverse-pyramid type microstructured selective
emitters have been fabricated with Si anisotropic etching.
The structural periods of the microstructures are 1.5 pm
and 2.0 um, which is matching with GaSb or InGaAsSb
photovoltaic cells. Their emissive spectra have been
measured and selective emission due to the resonance
effect has been clearly observed. It is confirmed that the
position of the selective emission varies with the structural
period. Numerical calculations based on rigorous coupled-
wave analysis have been carried out and the results agree
well with the measured data. It is also suggest from the
calculation that these emitters are expected to show
selective emission with a little directionality. Our evaluation
of selective emission efficiency shows that the
microstructured emitter is a promising option to obtain high
efficiency TPV systems.
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