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. FIELD OF THE INVENTION Q

. . . . -Et\e /CI‘G
This invention was made under contract WlthAU.S. gJW

10 Departmenf of Energy.

The present invention relates to the field of
thermophotovoltaic (TPV)‘direct energy conversion. In
parfigular, the present inventioﬁ relates to filters which
increase conversion efficiency for use in TPV systems to

15 prevent parasitic capture of sub-bandgap energy.

.
.
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BﬁbKGROUND OF THE INVENTION

Thermophotovoltaic (TPV) eneigy systems convert
fhermal energy to electric power using the same princible
as solar cells. In particular, a heat source (thé
radiator) radiatively emits photons which are incident on a
semiconductor TPV cell. Photons with energy greater than
the semiconductor bandgap (Eg) excite electroq$ from thé
valence band to the conduction band (inter—pg;d
transitiéh); The‘resuitaht electron-hole pairs (ehp) are

mobile and may be collected by metal contacts, in tuxrn

~ powering external electrical loads. Photons with less

energy than E; are parasiticélly absorbed as heat.

To increase the efficiency of a TPV energy
system, some form of spectral control is employed to reduce
the amount of energy that ié parasitically absorbed. The
spectral sensitivity range of a TPV cell is related to the
celllbandgap by tﬁé following relationship:

- . Ag(pm) = 1.24/E,(eV)
The TPV cells are sensitive to incident radiation with a
wavelength equai‘to or less than A,.

Iﬁvestigators have been reporting attempts to
fabricate a practical TPV conversion system since the early
1960’s. Early attempts were abandoned because they were
based on silicon cells which required very high radiator
temperatures due to their high bandgap (1.1 eV); silicon
cells are not sensitive to radiation longer than about 1.1
micrometers. Unleés the radiator could operate above

several thousand degrees Celsius, a system based on silicon

-2- " DOE CASE S-82,081
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TPV cells would siffer from low efficiency and very low
powexr output.

When other semiconductor mgterials became
available, the potential for lower bandgap TPV celis

created renewed interest in TPV energy conversion. See An

Experimental Assessment of ILow Temperature Voltaic Enerqy

conversion, Baldasaro, P.F. et al, First NREL Conference on

wET

Thermophotovoltaic Generation of Electricityi‘July 24-27,

1994. 1In particular, Fraas et al., U.S. Patent No.

5,403,405, referenced a TPV conversion system based on GaSb
in 1989. Because of their lower bandgap, the sensitivity
range of these cells was extended to about 1.7 micrometers.
Ternary systems such as InGaAs have been fabricated with a
bandgép'of 0.55 eV which extend the sensitivity range to
about 2.2 micrometers.

To understand the significance of lowered TPV
cell bandgap,:consider a TPV system with a blackbﬁdy
radiator operating at 1250°C. If silicon cells are
employed, only 2.7% of the fotai radiant flux is above the
cell bandgap; thus, more than 97% of the energy is

unavailable for conversion to electric output. If the

‘silicon cells are replaced with GaSb cells having a bandgap

of 0.73 eV, the fraction of the radiant spectrum above the
bandgap increases to 18.4%; an increase in electric power\
output by a factér of more than:5. If the low bandgap'
InGaAs (0.55 eV) cells are used: the fraction of radiant

energy above the bandgap for a 1250°C radiator increases to .

35.4%.
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"It is nd%éd however, that while‘the lower bandgap
cells significantly increase the power output, a
considerable fraction of the input radiant energy remains
below the cell bandgap and is, therefore, unavailable for
conversion. In the example of the Gaéb cells above, 81.6%
of the energy emitted by the 1250°C’rédiator is not

convertible and will be absorbed as waste heat; drastically

adE

‘reducing system conversion efficiency. Furthermore, at

lower radiator temperatures, the problem is aggraVated.
For example, at a radiator temperature of -1000°C, the waste
energy fraction with GaSb cells increases to 90.4%.‘

A numbér of investigators have addressed the
issue of waste gnergy'in an attempt to improve overall
system conversion efficiency: In one approach, the

blackbody radiator was replaced with a "selective emitter"

which emits radiant energy in a narrow band above the cell

bandgap. Rare earth oxides are known to display this ’ ~4
: & A
g

emission character%;tic: Nelson et al., U.S. Patent No.
ol -

4,746,104 describefone such system. Although this concept Péﬂ%

may improve efficiency, the power output will be

., ‘unacceptably low in most applications at praétiéal radiator

temperatures. For example, consider the emission spectrum
for erbrium oxide. At a radiator tempefature of 1000°C,
the total radiant emission éﬁ a pérfect blackbody will be
about 15 Watts/c§f. of that value, 23.1% (3.4 watts/cm?) is
above the bandgap of the 0.55 eV in InGaAs cells. For the
erbium oxide selecﬁive emitter, it is estimated that the -

radiant output available for electrical conversion will be
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less than 0.4 watfé)cm?. Thﬁs; very little energy, in
absolute terms, is availablé for conversion to electricity.
Another approach to the waste energy issue is the
back surface-reflection cohcept. Most of the above-bandgap
energy is absorbed in the activé‘region of the cell while
most of the below-bandgap ehefgy passes through the cell

ahd reaches the back surface. It is reflected and returned

v

to the radiator after passing through the cgil a second
time. This is discussed in Charache, G.W. et. al.,

Thermophotovoltaic Devices Utilizing a Back Surface

Reflector for Spectral Control, The American Institute of

Physics (AIP) Conference Proceedings, Vol. 358, p. 339,

July 1995. ‘One critical issue associated with this

approach is the amount of below-bandgap energy

parasitically absorbed during transit through the cell.

Another answer to improve efficiency is-the
placement of a selective filter between the radiator and
the TPV cell. The simplest filter is a short wave pasé
pultilayer dielectric interfgréﬁce filter. See Thin Film
Optical Filters, Macﬁeod,,H.A., Chapter 5, pp. 101-107,
Chapter 6, ‘pp. 111-124, pp. 143-153, McGraw-Hill Publishing
Co., 1969. The theoretical design ana fabrication of
ipterferencé filters are well under;too@ processes. The
drawback of the interference filter is its limited
reflectionh range. The well designed filter transmits
epergy above the cell bandgap (A<lg),and reflects enexrgy
below the bandgap kk>lg). It is not reasonable, however, to

expéct the reflecfion-range to extend beyond about 219. In
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a typical TPV sysﬁéﬁ, approximately 25% of the blackbody
spectrum lies beyond the reflection band of the shortwave
pass filter and will, therefore, be absorbed as waste heat.

Diffraction fiiters work well but require too
much volume (by at least a factor of 10). Interference
filters are small, can be highly transmissive above the TPV
cell bandgap and have excellent reflectivity Pelow the TPV
cell bandgap. They also show very sharp trgigition between
regions of high and low reflection.’ Unfortunately, thev
reflectivity range of interference filters is limited. 1In .
most cases, approximately 25% of the blackbody radiation is
emitted at wavelengths beyond the reflective range of é
practical intérference filter.

‘Instead of an interference filter, one may
substitute a solid-state plasma filter.. These plasma
filters are typically transparent conducting oxide (TCO)
films or layers of heavily doped (~10%° cm™) semicoﬂductors.—
As an example, indium/tin oxide films have been employed in
architectural Qindow design under the general description
of "heat windows" to control heat ingress and losses.
Plasma filters have an ektended reflection range far intov
the infrared region. The transition from transmission.to
reflection, however, is slow and plasma filters always
suffer from a region of pafasitic absorption ﬁear the TPV
cell bandgap wavelenqth which results in larée\energy
losses. The filter shows a gradual transition between fhe
low reflection andihigh reflection regions. The reflection

zone also extends far into the long wavelength region.

4
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The cohéept of a tandem filter has been proposed
which uses both the plasma filter and the dielectric

interference filter. Almer U.S. Pat. No. 4,017,758,

proposed such an arrangement for application in an
incandescent light bulb design. His'concépt used a low
mobility TCO film designed to transmit in the visible light

region. Extending his approach to the near IR region

a~t

results in significant increases in parasitjic losses.

Almer does not discuss these losses because of his limited

application to the visible region.

Fraas et al. U.S. -Pat. No. 5,403,405 proposed the
use of a noﬁ—segregatéd tandem filter concept in an
infrared TPV application.' In his eﬁbodimenth however, he
failed to address the anti-reflection effects associated
with the direct application of a dielectric‘interfefence
filter on a plasma layer. This effect reduces the A
reflection performance bf‘tﬁe plasma filter beyond the
fefiecfion range of the interference filter which increases
the parasitic losses due to absorption of below-bandgap
The Fraas et al. non—segregated tandem filter was
fabricated on a substrate. A transparent conducting oxide
plasma filter was deposited on the substrate fglIOWed by a

short-wave pass interference filter. This filter was
basically quarter-wave layers of high optical index and low
optical index materials deposited in alternating fashion.

The non-segregated tandem filter has limited success

because the plasma filter unavoidably functions as another
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layer of the intef%erence filter based on its thickness and
optical index. Invariably, this causes the interference
filter to act as an anti-reflection coating in the spectral
region beyond 21” where the plasma reflection should be
large. Beyohd about 5 micrometers{ one weuld expect to see
increasing reflection ffom the plasma filter; instead large

oscillations occur in thls region due to interference
-x\: =

.

phenomena. ‘ . g
In a TPY conversion system, spectral control via
selective filters requires a filter (or filter systeﬁ)ywith
high transmission of energy above the TPV cell bandgap:;
high reflection of energy pelow the TPV cell bandgap; sharp
transition between regions of high and low reflection; low .

absorption of energy at all 51gn1flcant Wavelengths,_and

which is phy51cally small so that the TPV system malntalnSQf&u‘

high volumetric power density. None of the filters xf’} ﬁ’_
Quipae L\\T[7

1dent1f1ed above meets all of gﬁé these requirements.

!
i

There 1s, therefore, a need for a filter system

that will increase conversion efficiency by minimizing the
fraction of below-bandgap eﬁergy that passes through the

filter systenm.

OBJECTS AND SUMMARY OF THE INVENTION

It is an object of the present invention to
provide a segregated tandem filter for a photovoltaic
conversion system that provides high transmission of energy

above the TPV cell bandgap.

-8- DOE CASE S-82,081
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It is‘aﬁ%ther object of the present invention to
provide a segregated tandem!filter for a photovoltaie
conversion system that provides high reflection of energy
below the TPV cell bandgap;

It is still another object of the present

. invention to provide a segregated tandem filter for a

photovoltaic conversion system that provides a sharp
transition between regions of high and low yé%lection.

"It is an object of the present invention to
provide a segregated tandem filter system for a
photovoltaic conversion eystem that provides low absorption
of energy at’all significant wavelengths.

It is another object of the present invention to
provide a seéregated tandem filter for a photovoltaic

conversion system that provides a physically small filter

unit so that the TPV system maintains high volumetric power

density.

In summary, the bresent invention provides a
segregated tandem filter for a photovoltaic enérgy
conversion cell to transmit short wavelength radiation and
reflect long wavelength radiation. The filter comprises an

optically transparent substrate segregation layer with at ,43?

Qﬁﬂ?
o

dlelectrlc interference fllter dep051ted on one side of the (%lﬂ

least one coherent wavelength in optical thickness; a

G/N/ 96
substrate segregation layer, the interference filter
being disposed toward the source of radiation, the
interference filter including a plurality of alternating

layers of high and low optical index materials adapted to

i
1Y



10

15

20

25

=10- DOE CASE S-82,081

change from transmlttlng to reflecting at a nominal
tothe G/l @17/ &
wavelength A” approximately equal; bandgap wavelength lg ot/éiz

\ [ﬂl'

the thermophotévoltaic cell, the interference filter beind
adapted to transmit incident radiation from about 0.5, to

(e and reflect from A to about 21“, and a hlgh mobility

plasma filter deposited on the opposite side of the

substrate segregation layer, the plasma filter being

S

adaptedlto start to beeome reflecting at wayelength about
1.54,,.

These and other objects of the present invention
will become apparent from the following detailed |
description.

-

BRIEF DESCRIPTIONS OF THE DRAWINGS

Figure 1 is a schematic diagram of a typical
thermophotovoltaic system with selective filter spectral
control. ' . /! ‘

| Figure 2 is a graph.of'a blackbody emission
spectrum at approximately 1000°C.’

Figure 3 is a cross-sectiona; view of a

segregated tandem filter with a transparent conducting

oxide or grown semiconductor plasma filter made in

accordance with the present invention.

Figure 4 is a graph of the reflection
characteristic of a dielectric interference filter.

Flgure 5 is a graph of the transm1551on

/characterlstlc of a dielectric interference fllter.
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Figure 6 is a graph .of the reflection,
transmission, and absorption for a plasma filter.

Figute 7 is a cross-sectional view of a

"segregated tandem filter with highly doped implanted or

diffused, semiconductor plasma filter,‘made in accordance
with the present invention.

Figure 8 is a cross-sectional view of a

re

ant

segregaﬁed tandem filter bonded to a thermépﬁotovoltaic'
cell.

Figure 9 is a cross-sectional view of segregated
tandem filter directly deposited onto a thermophotovoltaic
cell. o ‘

Figure 10 is graph of the reflection
characteristié-of the segregated tandem filter of Figures 3

and 7.

DETATILED DESCRIPTION OF THE INVENTION

’A typical thermophotovoltaic energy conversion
system is disclosed in Figufe 1. A front surface selective
filter 2 is situated between a thermal radiator 4 and a low
bandgap conversion cell 6 for spectral control. The
electric energy'is‘dissipated in an external load 8.
Typical cells for a practical application have bandgaps
between approXiﬁately 0.5 and 0.85 eV. The radiator
temperature for the tYpiqal éysﬁem is between appfoximately
750°C and 1500°C. . .

'-for ;lluétration pﬁrposés, calculations will be

presented for a system with 0.55 eV bandgap InGaAs cells .

-11- DOE CASE S-82,081
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(corresponding to "about 2.2 micrometer wavelength) and a

blackbody radiator operating at 1000°C. Figure 2 shows the
radiant energy spectrum for a 1000°C biackbodyiradiator;
the peak energy radiaﬁion occurs at 2.28 micrometers which
is well matched to the InGaAs cells. Of the total radiant

energy, 23.1% 1s above the bandgap and, therefore,

available for conversion to electrlclty, 76. 9/ will be

A perfect spectral control system will have 100%
transmission in the energy region above the cell bandgap:;
in this example from about 1.1 to 2.2 micrometers. At 2.2
micrometers, fhe system will abruptly change to 100%
reflecting and remain so to about 15 micrometers. It is
noted that these breakpoints are determined by the
particular temperature and bandgap>of this example; the
concept of the front surface filter is equally valid for
other cases but the extent of the reflection and
transmission regions will Be dictated by the parameters of
those systems. ‘

An embodiment of a segregated tandem filter R
madévin accordance with the present invention is disclosed
in Figure 5.4 An interference filter 2 is disposed on top
of a plasma filter 4 separated by a segregation layer 6.
An optical coupler 8 is disposed between the segregation
layer 6 and the plasma filfer 4 to increase the reflection
performance of ﬁhe plasma filter 4. The interference

filter 2 and the plasma filter 4 are used together to
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. )’J !
-achieve high reflection of below-bandgap energy far into

the infrared region.

The interference filter 2 is on top of the plasma

filter 4 to minimize the parasitic absorption in the_plasma
filter 4. The segregation layer 6 advantaéeously
supﬁressés unwarited anti-reflection behavior of the
interfefénce filfer 2 in adjacent wavelengthkzegions. The
layer 6 thickness is greéter than a coheréngé'lehgth of the
incident iiqht; i.e. about 100-200 micrometers or more in
optical thickness to be completely effective. The light
must be incident on the interference filter 2 to minimize
parasitic absorption.

?he optical c§up1er 8 (anti-reflective coating)
is appliéd between the substrate 6 and the plasma fiitef 4
to méintain high reflection.

The segregation layer 6 must be transparent to

"infrared radiation at all significant wavelengths and the

layer must be mechanically stable and chemically compatible
in the filter system. Materials of higher refractive index
are désirable because the segregation effect is achievable
with a layer of smaller physical thickness. Silicon is éhe
preferred material for the sub;traté 6. Other suitable
materials include zinc selenide, zinc sulfide, thorium
fluoride, lead phloride, cerium oxide, lead fluoride and
éryolite. l
Preliminary calculétions supported by .

measurements of sample segregated'tandem filters R indicate

that layers 15-50 micrometers in optical thickness are
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z . A ) .
’partially effective in their suppression of the anti-

reflection behavior in the segregated tandem filter R.
Segregation layers that\are'thicker still are expected to
show eﬁen better perfoimance. |
The short-wave pass interference filter'Z is
deposifed on one siae éf the transparent sﬁbstrate 6. The
interference filter 2 is formed from alternaE}ng layers 10
and 12 of high optical index and low opticaliiﬁdex
materials; respectively, and is designed such that the

transition wavelength,. A approximateiy nmatches the TPV

- cell bandgap, Xg. The typical interference filter 2 will

transmit from ébout 0.5A,; to 1, and will reflect from A to
ébout 2A-

The preferped matérial for the high index layers
10 is silicon. Silicon mon&kide is the préferred material
for the low index layers 12. It is-notéd that silicon is
an acceptéble material in this application because these
systems>operate in the infré;ed region (silicon becomes
transparent beyond about 1.1 micrometers). Silicon would
not be acceptaﬁle in the visible region 5ecauée it totally
absorbs visible light. Alternative materials for the high -
index\layers 10 aré zinc selenide, zinc sulfide, niobium
oxide or other suitable materials.’ Alternative‘ﬁaterials
fér the low~index'1ayers.12 are silicon dioxidé, alumina,
magnesium fluoridé, and cryolite. Materials must be
selected with an eye to their compatibility for chemical
reactions, residual film stress and adhesion on the chosen

substrate.'
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All materials identified are commonly used in the

optics. industry and fabrication techniques are well known;

these include electron beam evaporation, thermal

evaporation, ion sputtering, chemical vapor deposiﬁion and ,
plasma enhanced chemical vapor deposition. Other ”
fabrication techniques may be used as well.

The reflection and transmission performance,
respectively for the interference filter 2 designed for a
0.55 eV conversion cell and a 1000°C radiator are shown in
Figures 4 and 5, respectively. Approximately 85% of the
energy radlated above the cell bandgap (1.1 to 2.2
micrometers) is transmitted through the fllter, the
remaining 15% is reflected back to the radiator. The
refleetion band-extends from about 2.2 to 4.2 micrometers;
within this band, nearly 100% of the energy emitted by the
radiator is reflected back for reabsbrption. The weaknese
of this filter when used alone in a TPV system is that only
about 40% of the energy emltted beyond 4.2 micrometers is
reflected; the remaining 60% is transmitted to the cell
where it is parasitically absorbed and converted to waste
heat. When this filter is used in conjunction with 0.55 eV
cells\and a radiator operating at 1000°C, the resultant

spectral utilization is about 50% which indicates that

fully one-half of all absorbed energy is being converted to
waste heat.

The plasma filter 4 (Figure 3) is deposited or
grown on the opposite side of the subetrate or segregation

layer 6 from the interference filter 2. The plasma filter
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4 is designed sucﬁlthat its plasmé wavelength occurs at
approxiﬁately 1.519. High mobility indium/tin oxide is the
preferred material for the plasma filter 4 but indium
oxide, cadmiuﬁ stannate or highly doped gallium arsenide,
gallium antimonide, or silicon may be substituted. The
plasma filter 4 is a layer from 6.1 to 1.0 micrometer
thick. : : -

l As describéd previously, the refleétion
performance of the piasma filter 4 is reduced-by
approximately 10%iif the light is incident on the plasma
layer 4 through the substrate 6. This is due to the fact
that the index of refrécfion of the substrate 6 is higher -
than the index for air (n=1.0). This penalty is
advantageously avoided by use of the optical coupler 8.
Basically, fhe coupler 8 is an anti-reﬁlection'layer
designed -to functioﬁ between the substrate 6 and thé plasma
la&er 4 and suppress reflection ip‘the range of about 219 to
419. In doiﬁg so, the light incident on the plasma filter 4
emerging from the substrate 6 "appears" to be coming from
air rather than the higher index material of the substrate
6. -

The reflection, tfanémission and absorption for a
plasma filter designed for usé in a TPV enerqgy cénversion
system with 0.55 eV cells (Ag = 2.2 micrometers) and a
1000°C radiator is shown in. Figure 6. The filter begins to
become reflectivg at a“‘plasma wa&elength of approximately 3

micrometers (which is about 1.519).
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The freé'éarriers (electroné or holes) oscillate
in response-tO‘the eléctric field associated with the
incident radiation. Tpe fields created by the displacement
of the charge carriers will reflect most of the incident
1igh£'with freguency belﬁw the plasma frequency, o, of the
filter. The'plasma frequency is given by:

mpz = (47Ne?/m*E, ) -

where N is the free carrier charge density,;ﬁ* is the

effective carrier mass in the material and E, is the

" dielectric .constant of the material.:

.The "turn-on" wavelength, Ap, for a plasma filter

is determined from the plasma frequency as;follows:
Ap = 27rc/mp

where c is the speed of light.

In addition to reflection and transmission,
Figure 6 shows the typical plasma filéer absorption band
due to interéction between the incident iight and theA
carriers. The absorption band occurs near the plasma
wavelength and repfesents a major limitation to the
effectiveness of plasma filters in a TPV applicétion. The
Width of the plasma absorption band is inversely o
proportional to the free(carrier relaxation time‘which is
dependent on the carrier mobility of the méterial in
question. Higﬁ performance plasma filters will have high
Carriér mobility to limit parasitic losses ahd‘sharpen the
transition to its refléction state. Most commercially

available plasma4filters have carrier mobilities from 10 to

40 cm?/V-sec.; Almer, in his patent, discusses plasma
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filters with mobilities less than 50 cm?/V-sec. For the

present iﬁvention, plasma materials with free carrier
mobilities of approximately 70 cm’/V-sec (or greater) are
desired.

Another embodiment of the segregated tandem
filter S is disclosed in Figure 7. The filter S is
fabricated by implanting or diffusing suitabl? dopant atoms
into a specified substrate to produce a pla§3; filter layer
in fhe substrate 16. Silicon is the preferred material for

the substrate or segregation layer 16 but gallium arsenide,

gallium antimonide, or other suitable materials may be

. substituted. A .short-wave pass interference filter 18 is

fabricated on one side of the substrate 16 which is formed
from alternating layers 20 and 22 of high optical index and
low optical index materials, fespectively. All design
parameters are similar to the segregated tandem filter R
fabricated with a.groWn or deposited TCO plasma filter as
sﬁoWn in Figure.3 and dgscribed above.

fheyhigh mobility plaéma filter 14 is created
within the substrate 16 by the incorporation of a suitable
dopant material. ‘ The doped region is 0.1 to 1 micrometer
thick. The preferred dopant is phosphorous but arsenic,
boron or other suitable materials may be substituted. The
dopant maﬁerial may be incorporated into the host material
via ion implantation or thermal diffusion-techniques.
Alternatively, the dopant atom may be introduced during the
growth process of éhe'substrate'materiali It is noted that

this approach has the disadvantage of not permitting an -

-18- _ DOE CASE S5-82,081
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"optical coupler"'%etween the substrate 18 and the plasma
filter layer 14. Reflection beyond about 2i,, will suffer
approximately a 10% reduction.- | ’

A thermophotovoltaic system T employing the
segregated tandem filter R is disclosed in Figure 8. Thé
TPV cell bandgap; E,, corresponds to a wavelehgth lg and the

blackbody radiator operates at a temperature such that its

P

-

Qeak radiative output occurs at about Ag.
'Thé optical coupler layer 8 is deposited on the
substrate 6 and acts as an anti-reflection coating designed
to function between its adjacent materials and to minimize’
reflectién between 219 and 4Ag. The high mobility plasma

filter 4 is deposited over the optical coupler 8. The

-plasma filter is designed such that its plasma wavelength
\ B

Aph occurs at approximately 1.519. The short-wave pass
interference filter 2 is fabricated on the upper side of
the substrate 6. The alternating laYers 10 and 12 of high

optical index and low opticalvindex.materials,

respectively, are designed such that the reflection "turn

on" anelength/ A, occurs at about the bandgap wavelength
(i.e., Ay ® A,). The interference filter 2 is transmissive
from ab;ut d.skw to A, and the reflection band will extend
from A, to about 24

The filter R is bonded to the TPV cell 24 with an
opticalladhesive 26, such as a two-material adhesive system
that is heat cured or an ultravioletrcured adhesive. If an

ultraviolet cured adhesive is used, the segregated tandem

filter R must be transparent to the particular wavelength
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of ultraViolet,light required to carry out the curing
process.

The filter S without the optical coupler 8 may

‘also be bonded ‘to the TPV cell 24 ‘with the optical adhesive

26.

. Another émbodiment of a thermophotovoltaic system
U is disclosed in Figure 9. In this embodimept, the tandem
filter R is fabricated directly on the TPV 9211 24, thus
omitting the need for the optical adhesive. The finished
TPV cell\zh with a bandgap, E, (which correspbnds to a’
wavélength Ag).is coated with a high mobility plasma filter
28 designed such that its plasma wavelength, Ap, will equal
approximately 1.519. over this filter zé,,an optical
coupler layer 30 is deposited. - This layer is an anti-
reflection coating designed to funétioh between its
adjacent materials and to minimize reflection between about
2Ag‘and 4h,. Qvef the optical coupler 30, a thick
segregétion layer 32 is deposited; it is at least one
coherenc§ length in thickness (100-200 micrometers optical
thickness) and is fabricated from silicon, zinc selenide,

zinc sulfide, lead fluoride, cryolite, cerium oxide, lead

chloride, thorium fluoride, or other suitable material that

- is optically transparent from about 1 to 15 micrometers.

Over the segregation layer 32, a shorf—waye pass
dielectric intérference filter 34 is aepositéd; it is
formed from alfernéting layers 36 aﬁd 38 of high optical
index and low optical index materials, reséectively,

designed such that the reflection "turn on" wavelength, A,

4
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occurs at about tfe bandgap wavelength (ir.e. y A R kg) .
The filter 34 is transmissive from about 0.5, to A, and
the reflection band will extend from A, to about 2A.

Thé~reflection performance of the segregated
tandem filter is shown in Figure 10. Note that beyond about
4.5 micrometers,'reflegtion'by the segregated tandem filter
is controlled by the performance of the plasm§ filter and
that reflection values are cloée to those offfhe plasma
filter alone. Furthermore, there is no marked interference
behavior (i.e. oscillatory suppfession of reflection) in
this region which would be characteristic of a tandem
filter without the éegregafion layer. The\purpose and
effect of the segregation layer in the segregated tandem
filter is to alleviate these intefference effects.

It is useful to define a parameter to quantify
the effectiveness of a'filter system. Spectral utilization
(F,) is the fraction of all energf absorbed that is above
the cell bandgap (available for conversion to elecfricity).
It is defiﬁed below:

Energy absorbedAabove TPV cell bandgap

F =
¢ All energy absorbed by the TPV cell

Table 1 gives typical values for several spectral

control options for a well designed TPVAsystem:

TABLE 1 SPECTRAL, UTILIZATION
- No spectrai control =0.25
Interference filter alone =0.50

Plasma filter alone ‘ =0.30

Segregated tandem filter =0.60
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The ségf;déted tandem filter advantageously
improves the conversion efficiency of TPV systems by
increasing the reflectivity of the fi}ter in the below-
bandgap region; by suppressing the anti-reflection behavior
of an interférence filter deposited directly on a plasma
filter; by not requiring development of new ihtefference
filters or plasma filfers; by permitting éffestive spectral
control filters to be.deposited directly on;%he,TPV cell;
and by omitting the need for filter substrates and the
attendant problems of attaching the filters to the TPV
cells with optical adhesives.

The segregated tandem filter advantageously

‘satisfies the requirements for an efficient TPV system,

such as high transmission of.énergy above the TPV cell
bandgap; high reflection of energy below the TPV cell

bandgap;'sharb transition between regions of high and low

‘reflection; low absorption of energy at all significant

wavelengths; and small physical size so that the TPV system
maintains hiQh volumetric power density.

While this invention has been described as having
preferred design, it is understood that it is capable of
further modification, uses and/or adaptations of the
invention following in general the principle of the
invention and including such departures from the present
disclosure as come ﬁithin known or customary practice in
the art to which the invention Qertginé, and as may be

applied to the essential features set forth, and fall
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within the scopé of the invention or the limits of the

appended claims.
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ABSTRACT
A filter system to transmit short wavelength
radiation and .reflect long wavelength radiation for a
thgrmophotovoltaic energy conversion cell comprises an
opt}célly transparent substrate segregation layer with at
least one coherent wavelength in optical thickness; a

dielectric interference filter deposited om one side of the

g

substrate segregation layer, the interferengé filter being
disposed toward the source of radiation, the interference
filter including a plurality of alternating layers of high
and low optical index materials adapted ﬁo change from

transmitting to reflecting at a nominal wavelength 4,

" approximately equal to the bandgap wavelength Ag of the

thermophotovoltaic cell, the interference filter being
adapted to transmit incident radiation from about 0.5}.IF to

A.. and reflect from'A.IF to about 2A; and,é high mobility

IF
plasma filter deﬁosited on the opposite side of the
substrate segregation layer, the plasma filter being
adapted to start to become reflecting at a'wavelength of

about 1.5A“.
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