M CRON- GAP THERVAL PHOTOVOLTAI C LARGE SCALE SUB-M CRON GAP METHOD AND

APPARATUS I nventors: Eric L. Brown, Canbridge, MA; Robert S. D Matte,
Canbri dgewoli2/i8sssno A. Nardel | i, Watertown, MA; Bi n Pemrgil/odddanzeskubei ,
Chi na; and 5Xi ao Li Wihan, Hubei, China This application clains

benefit of United States Provisional Application Nunber 61/308,972 filed on
February 28, 2010, and is incorporated herein by reference. 10 FI ELD OF THE

| NVENTI ONpaicRON-GRFETRERSEAL pﬁwﬁxgmmemR@ §0ATEC 9B mRRAN AR
photovol taic (MIPV) technol ogy for the solid-state conversion of heat to

electricity. Mre broadly, therhiAYeALlhMPELRRFakes el ectrical power when it

is inserted into a high tenperature environnent such as an industri al

mel ti ng furnac e ovol taic
devi ces (TPY)4. ?é%e%-f%?:%& Cﬁ g ﬁd %3%% DiM égge’égigglbgg érorragnetl C

energy across ‘a ga (ol halc deyl onVerts radi ant power
into electrical power. The am)unci of power a given TPV device area
is constrained by the tenperature of the hot side of the device and

20general |y reguidrpscaRR):idkng hehemRe R S3ate€ PEAiNIG PAPKdAHS tO it
practical use. By contrast, mcron gap thermal photovoltaic (MIPV) systens

al | ow t h%dnﬁi%?%f‘i?IOSQﬁmnﬁ?é@os@@\é@fua%ﬁ?S\eﬁﬁOté‘fﬂj ROMRIp&atddiRfroiAnd recei ver by
reduci ng the size of the gap between them By enpl oyi ng subni ¢ron gap

t echnol o@¥erddtg. achi evabl e power density for MIPV devices can be increased
by approximately an order of nmagnitude 25as conpared to conventional TPV.

Equi v%l er}»_ti% ggiggﬁgl\ﬁgﬁﬁiﬁ&tl ve area and power density, the tenperature on

t he hot Si evice can be reduced. This

The present invention relates {0 micron-gap thermal photovoltaic (MTPV)
technology for the solid-state conversion of heat {0 electricity. More broadly, the
invention generates slectrical power when it is inseried into a high temperature
environment such as an industrial melling furnace.

15 BACKGROURND OF THE INVENTION

Thermo photovolisic devices (TPV) consist of a heated black-body which
radiates electromagnetlic energy acress a gap onio a photovolitaic device which
converis radiant power into slectrical power. The amount of power out of a given
TPV device area is constrained by the temperature of the hot side of the device and

20 generally requires very high temperatures, creating barriers to it practical use. By
contrast, micron gap thermal pholovoltaic (MTPV) systems allow the transfer of more
power betwesn the power emitler and recsiver by reducing the size of the gap
between them. By employing submicron gap technology, the achievable power
density for MTPV devices can be increased by approximately an order of magnitude

25 as compared o conventional TPV, Equivalently, for a given aclive area and power

density, the temperature on the hot-side of an MTPV device can be reduced. This



allows for new applications for on chip power, waste heat power generation
and converter power. It has been shown that el ectronagnetic energy
transfer wetzoeensss7hot and cold body is a function of treTalSosie/0sqgsaci ng of
t he bodi es due to evanescent coupling 5 of near fields. Thus, the closer
t he bodi es, approximately one mcron and bel ow, the greater the power
transfer. For gap spacings of 0.1 mcrons, increases in the rate of energy

transfer fbwk ?&U@&ﬁa;ﬁﬁac&ﬁdﬁ% fansh magf&@ﬁ/eﬁr\f\%g@ﬁ@cﬁ\b@%r generation Bey di | emm,
however, is forming and then maintaining the close spacing between two

bodi es atwgvgfysp pHWeFon gap in order to maintain enhanced 10perfornance.
Wiile it is possible to obtain the sub-mcron gap spacing, the thernal

effects on th )
def ormati on oﬁ k{%gée%F%rTé‘ﬁP aﬁ% 961%%‘??8“5“@ \g/%?"rr %\é{)%{}gr ??%8% ﬁégn%g t her eby
resultin controllabl rlances | uf o] IIy, in
ordor  t o SPhEreREE AR S i e R ﬁa@?“ﬁm& Eiksety Bortndy o
art devic it has. bee ar i ncrease .t he te erat enperature
hor eSeed MR This ahe PRREERS ay?dtaﬁeawwma%w SFEFH aon Befign ey ot em
conponent s rmal, phot oI taic, stens are
ot bnt | aldFSP e R EPBTET 18 P SURE BHOLGL BT aNS LePPs sva%m%f@? heat to
electricity. M cronwgap 20t her mal ﬁhot ovoI taic devices are an i rrproved
met hod oferERBY FRNSTSs Kb aNAF CAl i anhiigher ¥eh8e™REr mal versi on of "sol ar
cell" technol ogy. Both nethods nmake use of the ability of photons to excite
el ectrons acr 088 diltrermisahdgayerof fermyegind redutaiotaining trehdessbspagser at e
useful electric current. The |ower the tenperature of the heat source, the
nar r oner behesdyamebgap!icof attcheubsmnirorc gae uctrder pussiniae ¢wagmeei de t he best
25match wth the incom ng spectrum of photon energy. Only those photons
W t h ®nengyformance. While it is possible 1o obtain the sub-micron gap spacing, the thermal

effecis on the hot and cold surfaces induce cupping, warping, or deformation of the

elements resuiting in variations in gap spacing thereby resulting in uncontroliable

variances in the power output.
Typically, in order {0 increase power output, given the lower power density of
15 prior art devices, it has been necessary {0 increase the temperature. Temperature
increases, however, are limited by the material of the device and system

componenis.

Micron gap thermal photovoitaic (MTPV) systems are a potentially more
efficient way {o use photovoltaic cells to convert heat to slectricity. Micron gap
20 thermal photovoliaic devices are an improved method of thermal photovoltaics which
is the thermal version of "solar cell” tachnology. Both methods make use of the
ability of photons {0 excite electrons across the bandgap of a semi~conductor and
thereby generate useful eleclric current. The lower the temperature of the heat
source, the narrower the bandgap of the semi~-conductor must be o provide the best

25  malch with the incoming spectrum of photon energy. Only those photlons with energy



equal to or greater than the bandgap can generate electricity. Lower energy
phot ons can only generate heat and are a | oss nechanismfor efficiency. A
pr ef er r edwoi2eronssgap t her mal photovol tai ¢ system woul d ipoTlusd@ 1m2aseur ce of
heat radi ated or conducted to an emitter |ayer which is suspended at a
sub-m cron gap above the 5surface of an infrared sensing photovoltaic cell.
By using a sub-mcron gap between a hot emtting surface and a photovoltaic

col | ect orgq @ B0k %r@d’t‘@&ﬂé@%é r@ér@fggb chbh 3Bstte bcPhRL 00%ef é@éﬂg?@hbi@n&o solid
IS observed than”is possible with |arge gaps. Additional transfer

mechani S, ahf ddhePhtd 8da0besrelNB8s %!émébf srﬁ'f@r"‘%uénéyﬁ‘w @bl Re rﬁa@@nat I on,

al t hough the spectral distribution of the photons is that of a black

body. Th akﬁﬁ‘erﬂtat a&o%iﬁ-{ OB, S8R0 ROWBYEL o sa”&é &%eab%a&ed’ geuum

envi ron I'S us to avoid excesslve heat conduction across the gap by

| ow ener 33%698@&&9&5&:’% Bak e?%ﬁ%mnh%% b8 p%'nﬁ%{r %Pé‘%hb B Qr’for Aap Ca%%%'g#éhon band.

To make I Clent use o e source ol hea ion 0O i gh energy
phot ons LA used to separate the emtting
surfage ﬁ%c$§f§€ﬁ% ovoqw g%ﬁéﬁ%ﬁﬁé 8 be both small in dianmeter and
also a very g od\ther |nsulat§r for the sane efficien onsr lerati ons.
The phot ovol t & &S89 SYRTYCTgR AP APIXPERA/E 5 YEY cHERE gr@%ﬂ “that it
Wil functlon properly At hl?h t enperatures, intrinsic carrier generatlon

swanps t KellERpy Anceesihanerd g of ti%‘“f‘%fr?éér‘mﬁﬂh EPPetdifye seiBl if &Epgedt

el ectrons. 20M cron gap thermal photovoltaic systens function as though the
em tter HAR BPosHPESH E@iﬁﬂ/%ﬁfe"\éfj@aﬁ’ért"a@ﬁf’a?ﬁ nrBanishe agRvAVET 6H'%f a bl ack
body is that it has an em ssivity value equal to one and this val ue cannot
be exceedea! $igwly Hege gy ¢idoe a?t%/?te}ﬁ?eﬁtﬁiﬁ%gﬁafﬁ%ﬁeﬁf‘ ifaEéiﬁir@atP@h@f Bfi ssivity
factors of 5-10 have been experinentally denonstrated using gaps in the
regi ot ofphoicee ig haoch@bigrs bods . The use of sThepigrogargaPat havevst, IpoesVdpbat o t ake
advant age of this phenonenon. In a conparable system if the tenperature of
t he enit tviangurs enfiaoerentds ket iotaveicsenressiva beati onductgapadssrinaloapbgt ovol tai ¢
system can be nade proportionately smaller and cheaper while producing the
sanme anourw eoéroglpbotanisdhatycan@, exclie alechnpaingblhe eindectBsysindnt ¢ snalised, t he

m cron gap thernmal photovoltaic systemw Il run at a considerably | ower

t enper at wffeidri ese bytheeducientf Hohe adogh freftiomatfdighatrsergs pbbtons masubact uri ng
the system In a prelimnary estimate, it was cal cul ated that by using

m cron gagntetdhdlihegyuthe: opel Btdapgrdte pesrattingeswefzca fibypihealhogystta@m coul d
be reduced from1,400°'Cto 1 ,000C and still produce the same out put of

el ectsi Cidel must be both small in diameter and aiso a very good thermal insulator for the

same efficiency considerations. The photovoliaic cell will generally have to be cooled
somewhat so that it will function properly. At high temperatures, intrinsic carrier
generation swamps the PN junction and it is no longer an effective collector of
glectrons.

20 Micron gap thermal photovoltaic systems function as though the emitter has
an emissivity value greater than one. The definilion of a black body is that it has an
emissivily value egual {0 one and this value cannot be exceeded for large gap
radiant energy transfer. Equivalent emissivity factors of 5-10 have been

experimentally demonstrated using gaps in the region of 0.30 (o 0.10 microns.



10Such a lowering of tenperature could nmake the difference in the
practicality of the systemdue to the wider availability and | ower cost of
possi bl e waterymiss? U S. Pat. Nos. 7,390,962, 6,282rA%601an00564 084, 173
and US Pat. Application Nos. 12/154,120, 11/500, 062, 10/895, 762,

12/ 011, 677, 12/152,196 and 12/152,195 are incorporated reference herein.
15Addi tional energy transfer mechani sns have been postul ated and the

ability to buirhgreSysleMstSioNga Ak A AheniRld of this ghakedesdamssmay find use
in many types of applications in accordance with the subject invention.

SUMVARY GBI WVENT LMo if the temperdilirel F td8MBEQT 880 0B 85k 19 sdhd Shé nvention

to provide a novel” mcron gap thermal 20photovol taic device structure which

is also %Erio‘?arc{ Q?Qﬁ@é{fpﬁﬁ&%i@aic system cah b'eSdeG% H(obgﬁfongﬁygé%%aiggé ShRi s

invention to provide such a mcron gap therml photovo vi ce which

results iéﬂe%&@vﬁaE'%‘?fr&&%c%riq%@%}%b%ﬁrﬂ@&M%?Bie%@%itf,@& k%rco%f}%r%ﬂg spotovol tai ¢

substrate. er object o hi's 1 nvention to provide

such. 3 Mot 93RLNAL L ASPNOh SRl bALG.HEHL SR ILaNgan ave @ | arge area

and is ca ufther "object of this
Yot o B 5Pl PRl B BB BNPLBL BB o0 VIR,
e o B R Sy SO 79 MBI P b o 1o
m cron g?ﬁc}o?aegraﬁgchnoiogy the operating temperature of a typical system could be
reduced from 1,400°C to 1,000°C and still produce the same oufput of electricity.
10 Such a lowering of temperature could make the difference in the practicality of the
system due to the wider availability and lower cost of possible materiais.
U.S. Pat. Nos. 7,390,962, 6,232,546 and 6,084,173 and US Pat. Application
Nos. 12/154,120, 11/500,082, 10/885,762, 12/011,677, 12/152,196 and 12/152,185
arg incorporated reference herein.
158 Additional energy transfer mechanisms have been postulated and the ability
to build systems using narrow thermally isclated gaps may find use in many types of
applications in accordance with the subject invention.
SUMMARY OF INVENTION
it is therefore an object of this invention to provide a novel micron gap thermal
20 photovoltaic device structure which is also easier to manufaciure.
it is a further object of this invention to provide such a micron gap thermal
photovoltaic device which resulls in high thermal isolation between the emitter and
the photovoltaic subslrate.
itis a further object of this invention to provide such a micron gap thermal

25 photovoliaic device which can have a large area and is capable of high yield.



phot ovol taic device with a uniform sub-n-1icron gap. It is a further
object of this invention to provide such a mcron gap thernmal photovoltaic
devi ce whwohoriosssdes greater energy transfer. It is a fPamtusesiiobjsect of
this invention to provide such a mcron gap thermal 10photovoltaic device
which is constructed without assenbling nultiple discrete pieces. It is a
further object of this invention to provide a nethod of naking a mcro gap

phot ovol tai ¢ €eyhe@ther object ofih?’siﬁ\ﬁenﬁoéﬁ%{)ﬂ&@fde%bﬁ%tm@foﬁ igStheANgNtion to
provide a mcron gap device useful as a thermal photovoltaic system and

al so usefylydyBit AL R8I cARRICALIWRRS: 1atked MG HPERPRRIOVOI tai ¢ system and

apparatus generates electrical power when it is inserted into a high

tenperature enviren t..S as, an.industrial Lting furn It consists
of a heat andﬂé%f]?%s|82r?bjre?sj&rs}pé’r’\?"%%\ygggg%@r{{)tvﬁdghﬁuggﬁ‘eﬁ“l(’,%na%%? @gﬁ?%{ui d- cool ed
mechani cal__assenbly .inside .that. makes contact with the inside walls of the
heat ed SWQP%}.\!O ﬁ’ﬁéwﬁféw it “’%n;genbl y facilitates and provi des a neans
for achi eving sub , o : , ,
-mi crén spaci Hd® B&EE Rbjegk glehiEriandpn dharoyivstsseb rraictonsaats Beesa! Heat i s
conducted fromthe inner surface of the shell to a spectrally controlled
radi at or PHGICVERRIC CREEe $ith &) unifPHE SHBANEIErYaPur f ace em ts the heat in the
form of el ectromagnetic energy, across a sub-mcron gap to a photovoltaic
(PV) device (&addfigttde pbicht pidhtsiiorendbn thpro2bleeath iasnicamvgrt bdrmba
electricity by the photovoltaic cell. The rest of the thernal

photovoifaic device which provides greater energy transfer.

it is a further object of this invention {o provide such a micron gap thermal
10 photovoifaic device which is construcied without assembling multiple discrele pieces.
{tis a further object of this invention to provide a method of making a micro
gap pholovoltaic device,
{tis a further object of this invention to provide a micron gap device useful as
a thermal photovoliaic systemn and also useful in other applications.

15 The thermo photovoliaic system and apparatus generates electrical power
when it s inserted into @ high temperature environment, such as an industrial melting
furnace. it consists of a heat and corrosion resistant, vacuum-tight shell, and a
liquid-cooled mechanical assembly inside that makes contact with the inside walls of
the heated shell.

20 The mechanical assembly facilitates and provides a means for achieving sub-
micron spacing between large emitter and photovoltaic surfaces. Heat is conducted
from the inner surface of the shell {0 a specirally controlied radiator surface (hot
side). The radiator surface emits the heat in the form of electromagnetic energy,
across a sub-micron gap o a photovoltaic (PV) device (cold side). A portion of the

25 heatis converted o electricity by the photovoltaic cell. The rest of the thermal

5



energy is renoved fromthe opposite side of the photovoltaic cell by a

| i quid cool ed, pinned or finned, heat sink. A major aspect of the design is
to al | owwonroimtsssat e contact of the emtter chips to tireTdaisedili/onesss de
surface, so that there is good heat transfer. The photovoltaic 5cells are
pushed outward against the emtter chips in order to press them against the
inner wall. A high tenperature thermal interface naterial inproves the heat

transfer HEtWagRrhbRSHehkhd BRRSsiS Widbaden Apehib NG ditifla fliiPecodibMy Spacers
on the emtter chips always maintain a sub-m cron gap between the hot

radi ati ngysidfA%enanddbgnphot ovol taic cells. 10The mechanical assenbly is
desi gned to push the hot and cold chi ps against the shell inside surface as

t he shel |l heat,s_up,.expan ,ngm@ S, hi eve. thi.s, .the %}tovoltaic
cells are att t'g‘crﬁégf ?%5%3?8%?\89%3; e %ﬁ%i?%?ﬁé?’%i@%a ?netd#éﬁ (t:hoen?rg& pt o the
shape of the .i sigﬁssur,fage of the shell. The, deformbl e.body . is .a.thin
rernl foich HerR At SRR S0 e, 7 Tl My te B P B R R i ot
pneumatic 15di aphragm and a |iquid nmetal filled cavity. } Tg l'iquid
et al ooV ElS S TReT CHEM B FORLTE AT I YRS O i A8 SRS e AEMBRER s de. of
the menbrane, which in turn pushes the photovoltaic chips against the
ot o dniteal Mah e nEe TRE ALy BAe TTOH SRPSHR PTG HPTEet he shape
of the shell inside surface; and 2% to carry excess heat away fromthe
phot ovol t&f%earothg shel I"‘tﬁ‘ﬁl’%ﬁ%’%ﬁ”@l%@’f R&igrekip. Tiny spaceRpOR MR §éBace i nsi de
the shell is a nearly perfect vacuum (< 10-3 To r), so that heat is not
conduct e&hw ANVRYSHEPGEEN B 158 DIHBLOR %Wd??“@ﬁ@” ﬁ?@d’i%é@m}ﬁé %ﬁ@@ﬁdéml | inside
surfaces and the heat sink. This invention is useful because it generates
el ect ri c&NOBYRAERIC £R®m heat t hat
10 The mechanical assembly is designed to push the hot and cold chips against
the shell inside surface as the shell heats up, expands, and warps. To achieve this,
the photovoltaic celis are attached to a deformabile body thatis able to conform to
the shape of the inside surface of the shell. The deformable body is a thin metal foil
(membrane}. Pressure is imparted to the membrane by means of a pneumatic
15 diaphragm and a liguid metal filled cavity.
The liguid metal cavity serves two purposes: 1} {o impart pressure to the back
side of the membrane, which in turn pushes the photovoltaic chips against the
emitter chips, while allowing the membrane {o flex and conform {o the shaps of the
shell inside surface; and 2} {o carry excess heat away from the photovoltaic to a
20 liquid cooled heat sink.
The empty space inside the shell is a nearly perfect vacuum (< 107 Torr), so

that heat is not conducted by air across the sub-micron gap and belwsen exposed

shell inside surfaces and the heat sink.



ot herwi se woul d be wasted. The electricity can be used to power other
devices within the plant, or it can be sold to the utility conpany. The

i nventi orwaizerdiwsssd herein is, of course, susceptibl e ofCeErdsoaiimessus i n
5many different fornms. Shown in the drawi ngs and descri bed herein below in
detail are preferred enbodi nents of the invention. It is to be understood,
however, that the present disclosure is an exenplification of the

principles of ThRenidmientd @ibrandcdeasi g@zﬁerb!e@‘eﬂe&rh,%i &M%é@%eh&h&he
illustrated enbodi nents. BRI EF DESCRI PTI ON OF DRAW NGS 10For a further

under st arb%é}@s&%fwdd"@ bQ@HéE& & &Q&tﬁ&iy%a‘%fbé R&ARE§RRRE olrBY 8BYiEAN, reference

shoul d be nade to the follow ng detail'ed description, taken i1 n conjunction

with the vﬁﬁ%ﬂﬁ@?ﬁ}’dtn&@é& DGS 1d {;5 m?h%oln‘a;}‘a%yel enents are given the sane

or anal ogous reference nunbers and erein Figure 1

illustrates therena.n Qgggg;gl;é@h&eﬁﬂg S GLAR: 93Re 9&95%8%@08@\’%@@ Figure 2A

15t echnol ogy in accordanceé Wt resent I nvention, Figure

: : : 32%{ 2{@%@&%&3@&@%&& iy iﬁé BQA@% d?rﬁﬁ%[%’eé?ﬁ&e@e@v%ggmﬁﬁus 't ates
an emnbodi, g?B eé%r@sgj %@ﬁ?&)&%@ (#f%'e 131y ts(m ;I Onav}a@efr%%%gfﬁ&%v%r l’ﬁhét ttht rates

a practl C SS sec

present disclosure is an exemplification of the principles of the invention and does

not limit the invention o the illusitrated embodiments.
BRIEF DESCRIPTION OF DRAWINGS

10 For a further understanding of the nature and objects of the present invention,
reference should be made 1o the following detailed description, taken in conjunction
with the accompanying drawings, in which like elements are given the same or

analogous reference numbers and wherein:
Figure 1 illustrates thermo photovoltaic and micron-gap thermo photovoltaic
15 technology in accordance with the present invention;
Figure 2A Figure 2A illustrates an embodiment of a single-sided MTPY
device;
Figure 2B iliustrates an embodiment of a two-sided MTPV device;
Figure 3 illustrates an embodiment 300 the operation of the MTPV device;
20 Figure 4 illustrates a practical embodiment 400 of a cross sectional view of a

front end of a "Quad” MTPV device;
Figure 5 is a cross sectional view 500 of a Quad;
Figure € illustrates a complete Quad mounted on the end of its assembly;

Figure 7 illustrates the various parts that are assembled to form a Quad,



front end of a "Quad" MIPV device; Figure 5 is a cross sectional view 500
of a Quad; Figure 6 illustrates a conplete Quad nounted on the end of its
assenbl y;wbi2guresss7i | | ustrates the various parts that areTass@mrbbesdsto form
a Quad; Figure 8 illustrates a conpletely assenbl ed Quad; Figure 9
illustrates a single Quad within its housing with its top cover renoved;
Figure 10 illustrates a quad nodule sliding into its hot housing through a

Sfurnace wal | Figure Biigifr8ted b @RONGIcR JREMLRCQMAI ning four Quads and
cool ant connection; Figure 12 shows an array of Quad nodul es connected to

common cool ant. | I.Ngs;, . . ek ol e, 13, ( Ui I, control

nodul es conne%{éga@ t ﬁiugﬁ‘ﬁ)%g\? s’ﬁ)ﬁa‘(ﬁ%laufg V@%@rﬁ%ﬁ‘ %(i;l%’éﬁ n%ﬁggr gj(r%?)t)(’rﬂéigg.lads. DETAI LED

DESCRI PT:{%‘%%‘? | NVENTI ON Turning to Figure 1, Figure 1 illustrates
tov

therno p ‘taic 104 and micron gap therm photovoltaic 106 technol ogi es

in accordance with the present invention, Both technol ogi es may use heat
fromthe conbfi§tRhl 8isyales ad?“ladd?ﬂ%ff’iidﬂ%im%%ﬁ"%té?o%@gﬁ@f)wh #20, waste
heat fromindustrial processes 130 oR solar heat 140. Therno photovoltaic
devi cés (tP95e 64 consi st of a heated bl ack-body 150 which radi ates
el ectromagneti c energy across a macro scale gap 190 onto a photovoltaic
devi ce 160 whighire bhebews amaditdntorpawer fowmt Ouadseptd ¢addni pomerctioThe anount
of power out of a given TPV device area is constrained by the tenperature
of the hot sidguef 12BBows an array of Quad modules connected o common coolant

lines; and

Figure 13 shows required control modules connecled to a MTPV panel

10 comprising one or more Quads.
DETAILED DESCRIFTION OF INVENTION

Turning to Figure 1, Figure 1 illustrates thermo photovoltaic 104 and micron-

gap thermo photovoltaic 106 technologies in accordance with the present invention.
Both technologies may use heat from the combustion of gas, ol or coal 110, nuclear

15 energy 120, waste heat from industrial processes 130 oR solar heat 140. Thermo
photovoliaic devices (TPV) 104 consist of a heated black-body 150 which radiates
glectromagnetic enargy across a macro scale gap 180 onto a photovoltaic device
160 which converts radiant power into electrical power. The amount of power out of
a given TPV device area is constrained by the temperature of the hot side of the

20 device and generally requires very high temperatures, creating barriers to it practical
use. By conirast, micro scale gap 185 thermal photovoitaic (MTPV) devices 106
allow the transfer of more power between the power emitter 150 and receiver 160 by
reducing the size of the gap 195 between them. By employing submicron gap
technology, the achievable power density for MTPV devices 106 can be increased

25 by approximately an order of magnitude as compared o conventional TPV devices

8



20devi ce and generally requires very high tenperatures, creating barriers
to it practical use. By contrast, mcro scale gap 195 thermal photovoltaic
(MTPV) dewocer/m87al | ow t he transfer of nore power bet Re&rUSkoig/opawer
emtter 150 and receiver 160 by reducing the size of the gap 195 between
them By enpl oying subm cron gap technol ogy, the achi evabl e power density
for MIPV devices 106 can be increased 25 by approxi mately an order of

magni t udepas ERRVARINAY, hoa gRMeROBRL Ha\h ARy iHeRSIy, HiAerkarval anhky, for a
gi ven active area and power density, the tenperature on the hot-side of an

MIPV deviiges@ns AR iietiaedce I Be P4 208, Fls ABWsIRMdEaEHIRAGIOb 87 Chi p

power, waste heat power generation and converter power. 1t has been shown

that el et manethSoHRSI Bl AARLELNDEL SRR A olaNd Scol d body s a

function o ose spacl ng e bodi es due 'to evanescent coupling of

fields. Thus, the. closer. the bodies. 170 r.oxi | e i d
below, the gr barerepRenslar: clskeraani i FORIE My Br" 8. P ALr ons. 180,

increases_jn the rate of ergy transfer. .of factqrs of five and gE}i her are
obser ged copliing titulh e e iRttt hadfs U8 s wmette§twlitacer 80
and a photovolt aic Oco} | ector 160, .a npre enhanced rate of transfer of
phot onb. 11F GoSGIGE 1 Eolnect T S iUt {haR 1S HUoL e R ATy ge. gaps
190. Additional transfer nechani snme are involved other than sinply Planck's
| aw of t WS!Padiapicsier B PRBUGIRTHRE. Speetr aPadrs ot P -BuriPERSdPCt he photons is
that of a black body. The use of sub-I| icron gaps, however, inplies that a
vacuum erVaredtaenindg Sig slernargy Gowifa Eiedesi¥jévaert NibeoadLtsesfdadhoss t he
gap by | ow energy photons that cannot excite electrons into the conduction
band. To YsHike? EfF-MeGremaardEs spivase soeirrdttop shdase 98 Mdghrhetaediasn of hi gh
energy photons nust be generated. The structure used to separate the
eni t titng collector 160, a more enhanced rate of transfer of photons from solid to solid is

observed than is possible with large gaps 190, Additional transfer machanisms are

involved other than simply Planck’s law of the radiation, although the spectral

distribution of the photons is that of a black body. The use of sub-micron gaps,

however, implies that a vacuum envircnment is used {0 avoid excessive heat

15 conduction across the gap by low energy photons that cannot excite electrons into

the conduction band. To make efficient use of the source of heat, a high fraction of

high energy photons must be generated. The structure used {0 separate the emitling

surface from the photovoltaic cell must be both small in diameter and also a very

good thermal insulator for the same efficiency considerations. The photovoltaic celi

20 will generally have 10 be cooled somewhat so that it will function properly. At high
temperatures, intrinsic carrier generation swamps the PN junction and it is no longer

an effective collector of electrons.

Turning to Figure 2A, Figure 2A illustrates an embodiment 200 of a singie-
sided MTPFV device. The embodiment includes a thermal interface 210 for

25  conducting heat between housing that is exposed 10 a high temperature and a hot
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surface fromthe photovoltaic cell nust be both small in dianeter and al so
a very good thermal insulator for the sane efficiency considerations, The
phot ovol twocoreloBss20wi | | generally have to be cool ed somremhmboizm2dshat it

wi |l function properly. At high tenperatures, intrinsic carrier generation
swanps the PN junction and it is no |onger an effective collector of

el ectrons. Turning to Figure 2A, Figure 2A illustrates an enbodi nent

200 of a sgidwhBestoedTAM M f@VESRier Eh@ LR BB M AebiHdes shdiheiaRl

interface 210 for 25conducting heat between housing that is exposed to a

hi gh tenmpgfabype a@ﬂ@r@q@;ﬂhat?‘éﬂﬁmﬁ—méél@ﬁ&&a’%@m irf[? )Q@Sai BbA8 S Ad8E 215 is

separated froma cold Side photovoltalc cel by a mcro-gap that is

mai nt ai ned hvnsP e%n%i&g@i a)% adh%é@%g gnﬂ d &Mrtﬁg%%ﬁtaﬁﬁﬁd@e“ the

cold sid ot ovo taic cont al ni ng a liquid netal that
[ i nt 5 235
ensures. ¢ %?%%@“ﬁo% Ol B PSR o PSR P bt B B0 e

t
] ncant 28 PRI EEEEE w?%{?ﬂ%ﬁk'ﬁ%%é%&%a?‘ﬁ% d%ewah*%’ﬁ*%%?&#éecéﬁ{‘ﬁﬁ

Eﬁaﬁbgfnt if%%f’céé%*sdé’pgﬁ‘a?{e%ﬁ0“%*"%”5‘*’“ SRR %’t“ﬁ%@%eo“‘%ﬁ%f@e“ %ﬁ%ig?ﬁ%“gchﬁnbngr

250 02

260 1 5 mil Y e SOARCIT . bPEbSuReTO LB ol ol PR oo™
et al .chanber

tact 1. the h k

Son e 12 a0 B B @tf?ﬁe?’%@ Rt MiaedhpaSdn spsdltes fei ?W@%W@Pw
terf 21 he h t hanmb f | 65

B g A NPl B e p%ﬁﬂa%tﬂfc%é%ﬂm HeibEesth £ ol d

270, which is 15connected to a continuous supply of circul ated cooling
wat er'%f or58odih Py et RElR eRFMEPIPg fraintained at ?d"pﬁ *ﬂ‘{j‘dt?breﬁ%ﬂﬁ%ﬁ@ém Fi gure 2B
illustrates an enbodi rent 205 of a two-sided he two-si ded

MIPV deviéféuieiBrides ¢dadis etinectavrepde %‘Eﬁf\ﬁé‘ﬁ%@ @’I%Eﬁ%%mf‘%“ Figure 2A
and an additional structure that is an inverted i rrgge of that 20 shown in
Fi gure 2A&NaIMPbatRed thoctHsieaminr édolixmbolidaemitenif 8l Be fymaThi s structure
enabl es the collection of heat fromboth sides of an MIPV devi ce.
imterface 210 and the housing. A pneumatic chamber fixed seal 265 is positioned
between the pneumatic chamber 260 and a coolant water manifcld 270, which is
15 connected to a continuous supply of circulated cooling water Tor cocling the heat sink
240,
Turning to Figure 28, Figure 2B illustrates an embodiment 205 of a two-sided
MTPV device. The two-sided MTPV device includes the structure described above
in relation to Figure 2A and an additional structure that is an inverted image of that
20 shown in Figure 2A attached to the common coolant water manifold 270. This
structure enables the collection of heat from both sides of an MTPV device.
Turning to Figure 3, Figure 3 illustrales an embodiment 300 that shows the
operation of the MTPV device. The MTPV device 305 is exposed o radiant and

convective heat flux 310, which heats the cuter surface and the hot side of the hot

25 sidefcold side pair 320, 330. A vacuum is maintained in the interior of the MTRPV

10



Turning to Figure 3, Figure 3 illustrates an enbodi nent 300 that shows the
operation of the MIPV device. The MIPV device 305 is exposed to radiant and
convect i weohemt1088sax 310, which heats the outer surfacepramastéie/obus si de of
the hot 25side/cold side pair 320, 330. A vacuumis naintained in the
interior of the MIPV device 305 and the cold side photovoltaic cell is
cooled fromthe inside by circulating water 340, 350. CQutput power 360 370

i's obtai npdicknemdniendeyierie3Miovoltaic ceiETéJédﬁiéthré@ i GHarcR aﬁ»caﬂ;%h
illustrates a practical enbodi ment 400 of a cross sectional view o a front

end of a yfuathy MEEV ey S8wel 860, @?@% béta%e@@@n?tk@%évﬁe”ﬁ)&i 5 bl ock for

i npl ernenti ng the MIPV 't echnol ogy. The front end includes a thermally

o e et Fi N TP e “fil%m%%' e S
420 450
i |e:)n€f’ Oy T2l o B 8- Qla by ieand hs S g TREE Rgmner

460. surface of a hea 470 .an d 450 nclose t he
oaui 8 iR Hindeoige e M o B bR aira S S el s T
absorb heat fromthe insi e housing of the Quad. An emtter chip 420
P R T 5 Sitgte e St Lo BT 6t maohi ned
silicon dioxide s acers on the side, The snooth side of the emtter 420
is pr essé"éfff’a“g’éiﬁﬁ‘s 24 n@ THHSr P b *Fﬁ%a”ﬁté’*tnpﬁ@ﬁ%‘i“?f‘d‘ R gt gRierEtastdver mal
interface material 410 is sandw ched between the emtter 420 and the

housi ng tB@digngévEemegioveitin spet40 TAdOhBEERY'a tothis fredorsd befwepadi ant and
convective energy within a furnace and the heat is conducted through the
housi ng, BRFESGR ARERHEID pid afifde enstatEendler 460 drfgrieat 6F & heaksink con
emtter 420, causing it to become very hot, 20The photovoltaic cells 440

are dési g’ir?@(ﬁﬂtddh%Bhi\fé?mb%ﬁé’rr?@ff‘mlﬁ@f’Ifh@mw@mfﬁf@b?mb@%@ hot body into
electricity. Mdire specifically, the photovoltaic cells 440 have a very flat

surface so thdhewhsusthéjhcasraitipreesXed tagbsors hebihieors plac essiean thidhe em tting
surface 420, a very small vacuumgap is forned. The spacers are designed so

t hat ver youbsihblog te@tad | awehsitoontucled tframyt hea doheenikhitigrmdd®ot o the
rel atively cool 25photovoltaic cell 440. The photovoltaic cell 440 and
em tter 430oAakedabseimadeadiined silicon dioxide spacers on the gap side. The smooth
side of the emilter 420 is pressed against the inside of the hot housing. A graphile
15 thermal interface material 410 is sandwiched between the emitter 420 and the
housing to improve heat transfer. The housing is heated by the radiant and
convective energy within a furnace and the heat is conducted through the housing,

across a thermal interface material 410 and into the silicon emitler 420, causing it o

become very hot.

20 The photovoltaic celis 440 are designed to convert some of the light emitted
from a hot body into electricity. More specifically, the photovoltaic cells 440 have a
very flat surface so that when they are pressed against the spacers on the emitting
surface 420, a very small vacuum gap is formed. The spacers are designed so thatl
very litle heat flow is conducted from the hot emitier 420 (o the relatively cool

25 photovoliaic cell 440. The photovoilaic cell 440 and emitter 420 are aiso mades of
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hi gh index materials to obtain a maxi num anount of near-field coupled

ener gy enhancenent. A percentage of the |ight passing fromthe emtters 420
to the phwoautssse cells 440 is converted to el ectri ci PgT/USR0IOREF44 O
Figure 5, Figure 5 is a cross sectional view 500 of a Quad. This Sviewis a
macr oscopi ¢ perspective that includes the el ements shown in Figure 4. The
Quad includes a water distribution housing, also known as a cool ant water

mani f ol d iedlinddx Retdraw Sulass e ¥maRlamaud.of Achemdid Shitked @h@@?enbl y 470, a
pneumat i ¢ subassenbly 530, 540, 550, a liquid netal conpartnment 460 (see

al so Fi glérnﬁa@em&}tn%”@réé}ﬁag@gftﬂgﬂgﬁtﬁggsﬁgg?%?Q%Séﬁir&@}syziﬂ@’thémo (see also

Figure 4), hot side 1l0emtter array see also Figure 4), and a
| i near a fisi SULE: OF, didhside the water distribution housing).
These el gﬁ&gﬁ{@ ?Eg%%&tﬁfeﬁgé’gﬁ%%ag eQbE%J('l rI%’c?ltighg bl ock. One or nore Quads are
normal Iy enclgsed in ey ted.encl osure or hot hgusing.that_is exposed
Lo hrgn t enpes ATRLD Fafdandi-it pioe sraspeline Shuattdechifvrife 450
liquid nmetal. 460, heat .sink 470, and hello Ssubassenbl i es 570 have very
coupl Sd TS DREPRScP S HE hir e Bl PO S I SHER SRRt L SHR nddR t he
water distribution housing 510 and the heat sink 470, one set of pellows
570" on' t RGN 0% B8R s oS Ba: o TR S B edl el THEBEN | ove 570
al so act as expansion joints, so_that when the housi ng heats up. and
expands, Y'Re? BEIT% R0 PEMBIGHERPEY: ariRatsi BRessTb A0 of RBSMMBnpr essed so
t hat they gr ovide 20 a force that pushes the heat sink and_nenbrane
assenbl i EEPEEREIY PHe He Sebwdiquid make pusRPHGerHSGset 6136 taie et | s 440
agai nst the emtter spacers and pushi}g(? the emtter 420 agai nst the hot
wal | . Whirenpigae RegdirhetovRitg eubRESeMPher Ha i ol drapsalro Fiowet &1 Nebsifiaiss t hrough,
it also acts as a suspended platformfor the photovoltaic cells. Through
fl exitig eMmitigrersal4Gnd2Bree aigerigha +oand edneansduainr psgswaregudarti | t
about 25two axes. This articulation allows the photovoltaic array 420 to
conf or m {ingeiertos wesr catliyutiondiousing). orfiesatelmeonts éfrmt e testc RisukbuigingThe
flexible menbrane 450 is there to deal with curvature of the hot housing.
block. One or more Quads are normally enclosed in a evacuated enciosure or hot

housing that is exposed o high temperatures for generating electrical power.
The membrang 450, liquid metal 460, heat sink 470, and bellows
15 subassemblies 570 have very coupled functionality. The metal bellows 570 transfer
water between the water distribution housing 510 and the heat sink 470, one set of
bellows 570 on the inlet side and the other set on the cutlet side. The bellows 570
also act as expansion joints, so that when the housing heats up and sxpands, the
bellows 570 elongate. The bellows 570 are always compressed so that they provide
20 aforce that pushes the heat sink and membrane assemblies foward the hot cover,
thus pushing the photovoltaic celis 440 against the emitter spacers and pushing the
emitter 420 against the hot wall. While the heat sink 470 has internal voids for water
to pass through, il also acls as a suspended platform for the pholovoitaic cells.
Through flexing of the bellows 570, the platform can move in and out and tiil about

25 fwo axes. This articulation allows the photovoltaic array 420 to conform,
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The nenbrane 450 is a second suspension for the chips. The first suspension
takes care of rigid body notions due to thernal expansion and tilt offsets
5due to meohlwnrwrgssvol erances and differential heating. Phe/useohnasses 450 i s
a flexible suspension for the photovoltaic cells 440, allow ng the array of
cells to push against the emtters 420 and bend and fl ex such that the
chips conformto the curved shape of the housing. It is inportant to note

that whemfieadcoblcang U Bertfiod Jilid e RL8ing! NBkSick® AnbATRAA{AY @ dr op
across the plate which causes thernmal bending, or 10 bow. The photovoltaic

cel I's 440,468, BeRdae LavABRREARE n8hustRe metal menbrane 450 has an

insul ating layer and a patterned | ayer of electrical conductors. In this

, th 4 o i . Ci it [ th
oS, ol 1o T AU 0 PR G T IR P LT g e
S e g N T e e
£20 0 5 RO R I SRS S Bl B B T
h h | 1 ai |.1's. 440 .h i 470. 'S d, b it
e, Bt ekl S cell 40, sad e bonk A GHTS kSRR REFRSRLLL 12

high tenperature nmetal and is securely closed after the Quads are placed
i nsi de. T9ETS| & Wpitipliet Hosi Mg IRt sSUen N & EHBRFOERE" H $8AUBEC on of
Quads. The inside surfaces are Fol i shed so that they have a | ow em ssivity.
The out sisiare gt Fadessiage liiptraptivn i rge datareadagdbavbracke! £ af'sh so t hat

.they will absorb nore radiant heat fromthe furnace. The housing has
25pass- t ifaiagheisor edemprratiggldroRyasas (e Rialeuwineh odysieAdheraed berded rdr cal
W res. The pneumati c subassenbly 530, 540, 550 sits between the

wat erttdi $1om. bt Winidialisicng!s 460 aridbemviedie sergirare 430, Tharmpgdelal lel with the
bell ows 570, the pneumatic di aphragm 530 pushes the heat sink 470 outward
towar d t meerhpenhddfingg antihidatvguessziang a prdtephat lover afailzctiowst bendig®rand
emtters 420 between the nenbrane 450 5and the hot housing. Wth the proper
anmount ofin pne e, Hof vembranedt Hradsas e printecherclit goad, hwtgaihecavity, the
menbrane 450, chips, and housing will all take on the same shape and the
gap bet wednidvhiaierelis €40 ¥@6thantt shieot endict anaiiciedridscaddtgiht leldagricitpitd or m (but
not necessarily flat). The heat flows into the housing, through the thernal
i nt er f aceheraties tidthe 4dbnbrane 450,

158 The membrane 450 is sealed around the edges to the platform, leaving a
small gap between the membrane 450 and the platform. This space is then filled
with liquid metal. The liquid metal serves two purposes. First, it provides a thermal
path between the photovoltaic cells 440 and the heat sink 470, Sscond, because it
is a fluid, it allows the membrane 450 to flex.

20 The hot housing is made from a high temperature metal and is securely
closed after the Quads are placed inside. The size of the housing depends on the
number and distribution of Quads. The inside surfaces are polished so that they
have a low emissivity. The outside surfaces are intentionally oxidized o a black
finish so that they will absorb more radiant heat from the furnace. The housing has

25 pass-through ports for cooling fluid, vacuum pumping, and electrical wires.
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10and into the emtter 420. It is then radiated across a sub-m cron vacuum
gap to the photovoltaic cell 440, where sone of the energy is converted to
el ectri ciwg ardiossiRen away by the netallization on the memhsang/ogasnd ace.
The rest of the heat passes through the nmenbrane 450, |iquid netal, copper,
copper pins, and into the cooling water, which is constantly being
repl eni shed. 15If the photovoltaic cells 440 are all put in series, then

bypass di odes tgaRnbeneRNas:eemal, asbeesm%@@s%@%érﬂ%%t&ﬂi&tﬁm&%h t hat,

if a photovoltaic cell 440 within a row were to fail, the entire row can be
bypassed,ho@@s@lg%ﬁ@ d%ld%ﬁé hé&t%;m&wd SR kel w@#t%ﬂ@é@%%ﬁat !Pm% éih%&maﬁsew-
Turning to Figure 6, Figure 6 | ustrates a conplete 00 nounted on

the 20endy, %ﬂ%@rﬁ 5%3%%%%0@%%8 Ink @7559%%? %\Aza? fé%t h%'ugﬁe e ster array

410, 420, ane tovo taic assenbly 44 I|q id netal chanber

460, heaty 8,0k, 44{, pﬁéﬁ%@%@'éﬁfh@(‘)’%h&’@mﬂ%ﬂ%?@bé&%engggg{&%ﬂégn%@o”ber 540,

el ectrical’ connections neunat1 ¢ connecti ons

The | near (6L Ha RLucfanSHBL 5,c0hoB B 90 AP SRR Le AoLa bauped T nsi de

of 25t he wat ef urposei’s t'o con the

f; 4
e, i R AT R R
di aph filled t | h ch |
that | ead” %‘@G?h‘ékﬁe‘%%ﬁvﬁ%"W@%‘%eﬁﬁgﬁﬁaﬁ%ﬁéﬁ%ﬁa@%} SRS RN bEe S Gocrcase
t he amount .of |iquid netal nd the nenbrane 450, the 5actuator is driven
outward &Py ”O?‘é{’s‘:ﬁeﬁ”ﬁ\’/g?@r The act uator also is used to control the

pressure int e | iquid nmet Betvvee ar a.ct tor and piston is
D e Spri ng. "Earee i derHEs O 084Nt et HACS BTG 408 | nto the
piston, so that the spring is always in conpre55|on This al |l ows for t he
act uafor ¥¢ Migdhe 9”‘Etﬁ’é HPqdietheera ‘ﬁﬁﬁde'%‘”é‘ﬁﬁ*‘;é} Sy BHETPR VEREDPER §hiPemai ns
stationar Conpression of the die 10spring is directly related to the
l'iquid né%ﬁ?ﬁvﬁit’&%ﬁ‘ &40, where somgh Hiperodrisqaneeted i geftacty N4 1gset ates t he
various parts that are assenbled to forma Quad 700. These include a

phot ovol &y barthayeraizading oRdhe MR puTa®, Hegesseiike BettraTeT20, wat er
housi ng top cover 735, servoneter bellows 725, water housing side covers
730, wat é&«mh@fmﬁiaws@evmb:neb%ﬂa, dogd coriplectines, PHET BaBVaTEDErthe cooling

water, which is constantly being replenished.
158 if the photovoltaic cells 440 are all put in serigs, then bypass diodes can be
connected at the ends of each row of cells, such that, if a pholovoltaic cell 440 within
a row were o fail, the entire row can be bypassed, and the electrical current will be
passed {o the next row.
Turning to Figure 6, Figure § llustrates a complete Quad 600 mounted on the
20 end of its assembly. Shown in Figure 6 is a hot side emilter array 410, 420,
membrane and photovoliaic assembly 440, 450, liguid melal chamber 480, heat sink
470, water distribution housing 510, pneumatlic chamber 540, electrical connections
610 and pneumatic connections 620, 630.
The linear actuator consists of @ motor and lead screw and is housed inside of

25  the water distribution housing 510, lis purpose is to control the amount of liguid that
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i sbell ows 750, and bell ows tubes 755. Turning to Figure 8, Figure 8
illustrates a conpletely assenbl ed Quad 800. As shown in Figure 8 a Qad

i ncl udes wophtwsss’t ai c array 710 and heat sink top 715pcsaseamerend bel | ows
725, water housing side covers 730, water housing 740, and el ectrical and
pneumati c connections 770 to external control nodules. 20 Turning to
Figure 9, Figure 9 illustrates a single Quad 900 within its housing with

its tOp GOWEKind SDNEEhHPRAWD. T m@&mf)mre@ BS§eRAblEdn athB888 (shown in

Figure 8, a hot housing 910, water cool ant connections 930, 940 and a
vacuum pogfindd@onNaty SHOWA Ry 8t ﬁ%{lﬁkﬁ%é; id Qied PRBETRE Gt OMiERLagOdUl €.

Turning to Figurel "0, Figure 10 i1llustrates a quad nodule sliding 1000 into

its 25hot,, H%é?&pfd%g%gﬁnﬁeigw&g%&?&%é H%c L Al Ha 880, adipt housi ng

1020, furnace wa i a Qua ule e osure 910, water cool ant

connect | ﬁgﬁﬁ?rggse 3 0ac-20d, Gannect) BPEﬁmanm%Fagﬁ%tgi%ag'ﬂ%)??f%ﬁ}bfrﬁﬂrjiéﬁ. s, vacuum

contr ol and pneumati c control nodu urning to

Fi 11, . Fl - : | e LAl Ni f . | ant

connect | g EAAHS Steh QAL PR, R R ot e B0 R AR B0 ea 500

apd ool by SORBBRL IR Rt 180 eotmeselHETDER AR Er LRl B 17

shows 24 qéjiad !m)du ers_%roo 3ﬁ;}(?nmgcq})erd t_thomm%ecq(S)ol ant Iiitgza 1? 0, %1240.

e e e e e Eer chips,
in X . ,

o om0 B lsa e lp SoRl i, amed b P AR, D ek T ol res

such that the unjts are cooled in series or parallel. Turning to Figure 13,
i our o T HOUGUEl e B RO TBIP NS Biac e COMS IR ol
conprising one or nore Quads 1300. Shown are a MPTV panel 151350, a cooling
cont r'§l FHHGE & ATEYY ritGd bR et Eie! RGEBY®1320 and a pneumatic pressure
control nodule 1330. _ . _ .

Turning to Figure 7, Figure 7 illustrates the various parts that are assembled

to form a Quad 700. Thess include a photovoliaic aray 710 and heat sink top 715,
heat sink bottorn 720, water housing top cover 735, servometer bellows 725, water
housing side covers 730, water housing 740, bellows connectors 745, servometer

15 beliows 750, and bellows tubes 755.

Turning to Figure 8, Figure 8 illustrales a completely assembled Quad 800.
As shown in Figure 8, a Quad includes a photovoltaic array 710 and heat sink {op
715, servomeler bellows 725, water housing side covers 730, water housing 740,
and electrical and pnsumatic connsclions 770 to external control modules.

20 Turning to Figure B, Figure 9 illustrales a single Quad 900 within its housing
with iis top cover removed. Shown are a complete assembled Quad 800 shown in
Figure 8, a hot housing 910, water coolant connections 930, 940 and a vacuum port
920. Notshown is a connection {0 a pneumatic control module.

Turning to Figure1(, Figure 10 illustrates a quad module sliding 1000 into its

25  hot housing through a furnace wall. Shown are a Quad 800, hot housing 1020,
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CLANS A nmethod for converting heat energy to electric power using
sub-m cron gap thermal photovoltaic technol ogy, conprising the steps of:

col | ecti nyohert108s3er gy by a coll ecting surface of a radipariuseeienedsus ng

| ayer from an 5inner surface of a thermally-conductive shell, the outer
surface of the she being exposed to a high tenperature heat energy source;
mai nt ai ni ng a receiving surface of a photovoltaic cell |ess than one mcron

di st ance ¢fiiam2 a1 8 UhE td N0as Wkt Riodheol AdiAbl AMBTCEAARGohaYES ;
receiving el ectromagnetic radiation by the receiving surface fromthe

em t Ui NG o3l £@af ok @bnO8 e Ad ﬂ&:@fﬁ&ﬁﬁé&cv&ﬂm cO¥rdi R apROkAYOl tai c cel |

provi ding pressure on the photovoltaic cell by a pressurized, thermally

conduct i ﬁ)‘ﬁeuﬁl\%a@w@t S JiBb{@ne for keeping the collecting surface of the

radiation-emtting layer in close contact with the inner surface of the

shel | and for Tgﬁ?ﬁih;g?az#ag&ecﬂok—“! 0k 12000, 15R00 Q’dtﬂé Eﬁ]t%ﬁéngrangé}%& Lfieat sink

in contact wt rmal Ty Conduct T ve def orna maxi m zi ng

cool i Rg. %ol&ﬁ& o, of (?'a"f‘lr%hgmi 5;5‘%%089&%8!&%?ﬂ@géﬁ?@%&%i@% gipcuum

bet ween t | ng 5ari%ce he fecelvi ng sur m ni m Zi ng heat

conduct i s} ngO%ané%%gt!&{b ,{ﬁ %3@ wher ei n the vacuumis less than 10-3
Torr. ' ’

Turning to Figure 12, Figure 12 shows an array of Quad modules 1200
connectad o common coglant lines. it shows 24 guad modules 800 connacted to
cornmaon coolant ines 1230, 1240, While each Quad contains arrays of phoiovoliaic

10 cells and emitter chips, a panel may contain an M x N array of Quads, where M and
N are greater than or egual to one. Quad arrays may be connected together by
cooling pipes such that the units are cocied in series or paraliel.

Turning to Figure 13, Figure 13 shows required control modules connected o
a MTPV pansl comprising one or more Quads 1300, Shown are a MPTV pansl

15 1350, a cooling control module 1310, a vacuum contrel modulei1320 and a

pneumatic pressure control module 1330,
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204. The nmethod of claim 1, further conprising maintaining a vacuum inside
of the shell. 5. The nmethod of claim1l wherein the distance between the
recei vi ngweunfzioessof t he photovoltaic cell and the em tPcmgssunfpagses of t he
radi ation-emtting layer is typically between 0.10 and 0.30 microns. WO
2012/ 108887PCT/ US2011/ 026544 6. The nethod of claim 1, further conprising
mai nt ai ni ng the di stance between the receiving surface of the photovoltaic
cel | and d;ha itting surface of the radiation-emtting |ayer by use of
thermal |y 1 nsul ated spacers. 7. The nethod of claim1, wherein the
deforrnabl e i.near actuator, and a liquid

nb i i db |
motol T ed BagrERd e RiRERahe AT el B dras BopEresiEs SisiTe S omy

interposing a. therma| .interface between the col|ecting surface of a
radi at i oﬁf-*%f‘ﬁ’éﬂ) %%&%@CB%O%@OWH@PQ%W PEEROBf the thermal | y- conductive

shell. 9. The method of claim8, wherein the thermal interface conprises
t her mal | goligdioadeet nasgy baphictectingrorfar ef areaddpnofmigting layer frofrugt her
conprising reducing a tenperature of the photovoltaic cell, the heat sink,
t he | isquiithanstidbce blanibermalhdcartiecief Srefabeoulvriase obirechet béiati ng cool ant
l'iquid through heat sink cavities. 11. The nethod of claim210, further
conpri si mypdéest foi otiph tgnewetiamtedl aqurgy tduroygh 15use of flexible bell ows
nd a water distribution housing.
maintaining a receiving surface of a photovoltaic cell less than one micron distance
from an emitting surface of the radiation-emitling layer;
receiving electromagnetic radiation by the receiving surface from the emitting surface
10 for generating electric power by the photovoltaic cell;
providing pressure on the photovoltaic cell by a pressurized, thermally conductive,
deformable membrane for kKeeping the collecting surface of the radiation-emitling
layer in close contact with the inner surface of the shell and for maximizing cooling;
and
15 providing pressure on a heat sink in contact with the thermally conductive
deformable membrane for maximizing cooling.

2. The method of claim 1, further comprising creating a vacuum between the

emitling surface and the receiving surface for minimizing heat conduction.

3. The method of claim 2, wherain the vacuum is less than 10™ Torr.

20 4. The method of claim 1, further comprising maintaining a vacuum inside of the
shell.
5. The method of claim 1 wherein the distance between the receiving surface of

the photovoltaic cell and the emitting surface of the radiation-emitting layer is

typically between 0.10 and 0.30 microns.
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12. An apparatus for converting heat energy to electric power using

sub-m cron gap thermal photovoltaic technol ogy, conprising: a collecting
surface oloaorzwssri on-emtting |ayer for collecting heaCTarserigp2dsaom an

i nner surface of a thermally-conductive shell, the outer surface of the
shel | being 20 exposed to a high tenperature heat energy source; a

recei ving surface of a photovoltaic cell being nmaintained at |ess than one

m cron digst anggs R a0 (%EH’_F,if@ﬂﬁe’%%ﬁﬁﬁigmgfméih@irﬁ@@i@tdiﬁﬁnm&%é@@ layer;
el ectromagnetic radi ati on being received by the receiving surface fromthe

em t Ui ng (gardARmd Qlif-88RE LRI SRR LIl GnR MEEMRNNG BERAOLAQMEI taic cel ]

t he photovol taic cell being pressurized by a pressurized, thermally

conduct i . : . . .00l l ecting surface of the
VediafiG]-OnidabL $fr%e]a(§§h&%&iil§%%§£&i %&fﬁ?b.. 9

radi ati on-emtting [ay se contact wt e inner surface of the
shel | and, for xim zing.cooling; .and heat, si nk being pressurized to be
T contadt w TRECHENGhEER | Bilets JoErte Pl e har P aRE Oy 2

maxi m_zi ng cooling. 13.The apparatus aof claim 12, further conprising

i nt erﬁosi“ﬁ@“‘rad “ﬁ‘ggr ds?‘ H‘ﬁ‘é?ﬂ%‘g f@@‘g\%‘@ ‘the collecting surface of a
radiation-emtting |ayer and the inner surface of the thermally-conductive
shel | . 1614. Thie apiapdeiudaior ! dudhencompripigreiprpoeing a Wermalinerees f ace i s
conprised of thermally conductive graphite. 15. The apparatus of claim 12,
wher ei n deberaiuieicolieming safactiobR ratsdiontanatiegiiaer ggd Sig fPacesumgetthe
receiving surface 16. The apparatus of claim 12, wherein a vacuumis

mai nt ai ndige Wiermiply-cdrslustied shell. 15 17. The apparatus of claim 12, further

conprising thermally insul ated spacers for maintaining the distance between
t he receivi ngTauriakcel of cldibes pltarevahd ticermeBhierfand chherierd thetrmgiysur f ace of

the radiation-emtting |ayer.
10 conductive graphite.
10.  The method of claim 1, further comprising reducing a temperature of the
photovoifaic cell, the heat sink, the liquid metal chamber and the deformable
membrane by circulating coolant liquid through heat sink cavities.
1. The method of claim 10, further comprising distributing coolant liquid through
15 use of flexible bellows and a water distribution housing.
12, An apparatus for converting heat energy to electiic power using sub-micron
gap thermal photovoliaic technology, comprising:
a coliecting surface of a radiation-emitling layer for collecting heat energy from an
innar surface of a thermaily-conductive shell, the outer surface of the shell being
20 exposed {o a high temperature heatl energy source;
a raceiving surface of a photovoltaic cell being maintained at less than one micron
distance from an emitling surface of the radiation-emitling layer;
electromagnetic radiation being received by the receiving surface from the emitting

surface for generating slectric power by the photovoltaic cell;
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18. The apparatus of claim 12, wherein the defornmable nenbrane is
pressurized by a linear actuator and a liquid netal filled cavity. 2019. The
appar at uswof2olmsssr 12, further conprising cool ant |i qui @cditcsteiioedsed

t hrough use of flexible bellows and a water distribution housing. 20.An
apparatus for converting heat energy to electric power using sub-m cron gap
thermal photovoltaic technol ogy, conprising a shell for enclosing the

conmponentyge ?ﬁot@v&é&dbeﬁ' M%Qﬂe@&&m@ﬂ S ;grfegéa_ar%aﬁm@frﬁ@w dwabiDéakned in close
thermal contact with the via a graphite thernal interface; a menbrane

and phot Quel Lake @EMBYRUB %e%ﬁé@ﬂg%&ﬁé&e b b8 @M Lk@ly chip array

by thermally 1 nsul ated spacers l'iquid metal chanber 1 n cont act with the

menbr ane é»%rumﬁ ﬁwf&%mﬁem&%ﬁﬁd %aggéﬁgyd@&wmqmwamfe t her mal

contact wth eat sin or accepting liquid

cool ant for cooling the menbrane, Iiquid metal chanber and the photovoltaic
array; a vvater d| strl buti on housing for distributi ng |l iquid coolant to
the heat sink 1 eurratl o

SubasSent JH SP TR SE Rt bR T P Tecealyir BN Th the 11 qui d
met al coc():{eg}nhwgp g ﬁt ovoI taic rra?ﬁll Eand a linear actuator pressure
act uat or SPETRIAG B BELHENg Hoylhig: pneumatic subassembly. 1521.The
apparatus of claim 20, wherein a vacuumis maintained within the shell.

13.  The appdratu& of claim 12, further comprising interposing a thermal interface

between the collecting surface of a radiation-emitting layer and the inner surface of

the thermally-conductive shell,

10 14,  The apparatus of claim 12, wherein the thermal interface is comprised of
thermaily conductive graphite.

15,  The apparatus of claim 12, whersin a vacuum is maintained befween the

amitting surface and the receiving surface
16.  The apparatus of claim 12, wherein a vacuum is maintained within the shell
15 17, The apparaius of claim 12, further comprising thermally insulated spacers for
maintaining the distance between the receiving surface of the photovoliaic cell and
the emitting surface of the radiation-emitling layer.
18.  The apparatus of claim 12, whersin the deformable membrane is pressurized
by a linear actuator and a liquid metal filled cavity.
20 18, The apparatus of claim 12, further comprising coolant liquid distributed
through use of flexible beliows and a water distribution housing.
20.  An apparatus for converting heat energy 1o slectric power using sub-micron
gap thermal photovoltaic technology, comprising a shell for enclosing the

components of a Quad, including:
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22. The apparatus of claim 20, wherein the nenbrane is pressurized by the
| inear actuator and a liquid netal filled cavity. 23. The apparatus of

cl ai m 20, woterxiogssthe Quad contains a nultiplicity of plrormsedtiazessand
emtter chip arrays. 20 24. The apparatus of claim 20, wherein a shell may
an Mx N array of Quads, where Mand N are greater than or equal to one.
25. The apparatus of claim 20, further conprising a cooling control nodule,

a vacuumponhiel cipaHhe ndftaReBNCHERE HerRERSSIHE WAARkE SheiMREHl®aphite
thermal interface;
a rmembrang and pholovoitaic array subassembly spaced apart from the emitler ¢hip
array by thermally insulated spacers;

5  aliquid metal chamber in contact with the membrane for maintaining the emitter chip
array maintained in close thermal contact with the shell ;
a heat sink subassembly for accepting liguid coolant for cocling the membrane, liguid
metal chamber and the photovoltaic array;
a water distribution housing for distributing liquid coolant to the heat sink
10 subassembly via a bellows subassembly;

a pneumnatic subassembly for maintaining the heat sink in close contact with the
liquid metal coolant and photovoltaic array; and

a linear actuator pressure actuator for maintaining pressure in the pneumatic

subassembly.
15 21, The apparsaius of claim 20, wherein a vacuum is maintained within the shell.

22, The apparatus of claim 20, wherein the membrane is pressurizad by the linear

actuator and a liquid metal filled cavity.

23.  The apparatus of claim 20, wherein the Quad contains a multiplicity of

photovoltaic and emitler chip arrays.

20 24, The apparatus of claim 20, wherein a shell may an M x N array of Quads,

where M and N are greater than or equal {o one.

25.  The apparatus of claim 20, further comprising a codling control module, a

vacuum control module and a pneumatic pressure conirol module.
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