M CRON- GAP THERMAL PHOTOVOLTAI C LARGE SCALE SUB-M CRON GAP METHOD AND
APPARATUS I nventors: Eric L. Brown, Canbridge, MA, Robert S. Di Matteo,
Canbri dge, MA, Bruno A. Nardelli, Watertown, MA; Bin Peng, Whan, Hubei,
Chi na; and Xi ao Li Whhan, 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. to FIELD OF THE
| NVENTI ON The present invention relates to mcron-gap thernal

photovol taic (MIPV) technol ogy for the solid-state conversion of heat to

el ectri ci ty. MMRENASHACETHERMAD @HOTMGLTHC §ARCESGALEEUBIMICROIN GaRer when it
is inserted into a high tenperature environnent such as an industri al
melting furnace. 15 BACKGROUNBETEODHEND REFEARRADNS Thermo phot ovol taic
devices (TPV) consist of a heated bl ack-body which radi ates el ectronagnetic
energy across a gagnéisdrig LpReveovesmbidgediddi Bebagnt. diMelineyeamlridgadi ant power
into el ectri calAp®ines A Nergelintiaiariowt. Miswir Pag: VWaha RyloleRimovndevi ce ar ea

i s constfained by the tenperat ur@odf uhanHdtresFad2of t he device and
20general ly requires very high tenperatures, creating barriers to it

practical use. BwisCRlidadsd claifisWenslit dpOnitet s PRIBLAYAlphAdatod MTPV) syst ens
allow the transfer of nore power between the power emtter and receiver by

reduci ng t hewsbaesedostdre igapnirebmarnd, bern, aklyisevplydtaithaeibby cron gap
t echnol ogy, the achi evabl e power density for MIPV devices can be increased
by appr oxi matfegbycean order of nmagnitude 25 as conpared to conventional TPV.
Equi valently, for a given active area and power density, the tenperature on
t he hot -18i dEERD Qb TNEPNVERTIO®ME can be reduced. This allows for new
applications for on chip power, waste heat power generation and converter
power . The present invention relates to micron-gap thermal photovoltaic (MTPV)

technology for the solid-state conversion of heat {o electricity. More broadly, the

invention generates electrical power when it is inserted into a high temperature

environment such as an industrial melting furnace.

15  BACKGROUND OF THE INVENTION

Thermo photovolisic devices (TPV) consist of a heated black-body which
radiates slecromagnetic energy acress a gap onto a photovoltaic device which
converts radiant power into electrical power. The amount of power out of a given
TPV devics 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 photovoltaic (MTPV) systerns allow the transfer of more
power between the power emitter and receiver 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 to conventional TRV, Eqﬁivaient!y, for a given aclive arsa and power

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



It has been shown that el ectromagnetic energy transfer between a hot and
cold body is a function of the close spacing of the bodies due to
evanescent coupling 5 of near fields. Thus, the closer the bodies,
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 of
factors of five and higher are observed. The dil enma, however, is
form ng and then nmaintaining the close spacing between two bodies at a
sub-mcron gap in order to maintain enhanced 19performance. Wiile it is
possi bl e t o atdssionndvihappdicdsions for om cligapowgacastghed hewdrpenenatiorefnidect s on t he
hot and col d surfaces induce cupping, warping, or deformation of the

el enent s r esahvertagedwer.vari ations in gap spacing thereby resulting in
uncontrol | abl e variances in the power output. Typically, in order to

i ncrease power dubgstesn ghawenthotmedromegnglioweergdsarsiarpeoen 5ppiand art
devices, it has been necessary to increase the tenperature. Tenperature

i ncreases, lGekidedy is adprctipp @i the slogR/snariBd FRMBPPEPS @ 0 IKAGENE PRI syst em
conmponents. ~Mcron gap thermnal, Ehot ovoltaic (MIPV) ste are a

pot ent | alfl y ShERes et BB despr 15 LRGBS HRBIBTAIT &re BEINEng BOLHnbBr t heat to
electricity. Mcron gap, 20 thermal photov ai.c devices are an ipproved
method of - { HEIHOPLUEEn £ Sk eBr o8 o he e e Rt B e Yool ar
cell™ techngl Ql ke . e.ability of photons to excite
el ectrons ag’b%ggtr?%gérggﬁ%%gﬁgi?’gg&g@ﬁ]ﬁsﬁgé}g%\%%gf’gg and thereby generate

ful el i . . ; , th
useful electri Cn@é&%gﬁbatgmvgpm&%%ﬁa'{ oﬁgﬁf}% gé[?ghggg‘ée %Qbee g"&ggp’%source t he

nar r owner t he ba_ _ he sem - conduc rovi he best 25
mat ch with t4RgbReAMbREEsSREGLE- RO oANRLRR: RNELISYn dRRbikeli hose photons with

ener
V 10 performance. While it is possible to obtain the sub-micron gap spacing, the thermal
affects on the hot and ¢old surfaces induce cupping, warping, or deformation of the
elements resulting in variations in gap spacing thereby resulting in uncontroliable
variances in the power output.
Typically, in order to increase power ouiput, given the lower power density of
15 prior art devices, it has been nacessary to increase the temperature. Temperature
increases, however, are limited by the material of the device and system
components.
Micron gap thermal photovoltaic {(MTPV) systems are a potentially more
efficient way to use photovoltaic celis to convert heat {0 slectricity. Micron gap
20 thermal photovoltaic devices are an improved method of thermal photovoltaics which
is the thermal version of "solar cell” technology. Both methods make use of the
ability of photons to excite electrons across the bandgap of a semi-conductor and
thereby generate ussful electric current. The lower the temperature of the heat
source, the narrower the bandgap of the semi-conductor must be fo provide the best

25  match with the incoming spectrum of photon energy. Only those photons 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
preferred mcron gap thermal photovoltaic systemwould include a source of
heat radi ated or conducted to an emitter |layer 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
coll ector, a nore enhanced rate of transfer of photons fromsolid to solid
is observed than is possible with |arge gaps. Additional transfer

mechani sns  amealitmwodreater tbathide bbindyap sempénerd alecikitiy. L.avgr eferphphatadi at i on,

al t hough the spectral distribution of the 19photons is that of a bl ack
body. The usenofiyseateraiedesirangapss ohpmevimnisn fypeifidency Wapreferied ouwon
environnment is used to avoid excessive heat conduction across the gap by

| ow ener gy pHBtTSalnhatoveigifRysleBvUEndrdect $BFE 9T hed redidednduct i on band.

To make efficient use of the source of heat h fraction %f hi gh ener gy
phot ons rrust"%‘é“‘*éf%ﬂ%ﬁﬁff@aw ey Vﬁ“f‘f“d%?‘iﬁ"%”‘?fé’é’(ﬁ“ls 8 At SPPEPRR B t ti ng
surface from the (ﬁhot VOl ita %? must, be both small in dianmeter and

al so a vety YoaE t‘?@r‘ eclsﬁgﬂ?%ﬁj OPEFC tHle sane effici ency consi derati ons.
The photovoltaic_cel.l wl

will function pr%’b%&fjl%/d&ﬁ m%f(’@rgd?é’ﬁ%@faﬁfﬁ?&m'gwﬁf’?gﬁ%|d8§gwﬁ%\éotrﬁd’égntergi| IOL
swanps the Pgﬁc NCL 18R & Bﬁm o +i§ Qﬂt??AS%??%hO%bﬂElfne'%ﬁf! t}')esoﬁ‘aoalslcg%\%d of

el ectrons. cron gap ovoltarc Systems function as t hough t he
em tter has tﬁ% 8 Bb S b 1Rl ddbs. 91(*@@5@{! trtsrli'@é} n%ﬁan&h'@aa@%fvbﬁb@ b#g: of a bl ack

body is that as an emssivity value equal to one and this val ue cannot

be exceeded tiﬁﬁfmﬁn@p%n@a@:ammr@néds@tmr ¥oligromns bgdctrafiisinuabestthen ssivity
factors of 5-10 have been experinmentally denonstrated using gaps in the

regi on ofo 0.:30tcheisOhaGf Abrtiomsly. The use of Sltemerarg@patholveast impivs thatyes t o t ake
advant age of this phenonenon. In a conparable system if the tenperature of
the enittingaswm evdsnigntiepedtha/cgherepssiiidien @ndictigapcrossheradp Pphot ovol tai ¢
system can be nade proportionately snmaller and
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 to separate the emitting surface from the photovoltaic
15 cell must be both smail in diameter and also a very good thermal insulator for the
same efficiency considerations. The photovoltaic cell will generally have to be cooled
somewhat so that it will function properly. At high temperaturss, intrinsic carrier
generation swamps the PN junction and it is no longer an effective collector of
electrons.
20 Micron gap thermal photovoltaic systems function as though the emitter has
an erissivity value greater than one. The definition of a black body is that it has an
emissivity value equal to one and this value cannol 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 to 0.10 microns.



cheaper whil e producing the sane anount of electricity. O, if a conparable
size 5 systemis used, the mcron gap thermal photovoltaic systemw /|| run
at a considerably | ower tenperature thereby reducing the cost of materials
used in manufacturing the system In a prelimnary estinmate, it was

cal cul ated that by using micron gap technol ogy the operating tenperature of
a typical systemcould be reduced from1,400C to 1,000C and still produce
the sane output of electricity. toSuch a | owering of tenperature could make
the difference in the practicality of the systemdue to the w der

avai | abi ity andrHeesnee aclesst 106 wpgsts iddeadnatiaye dlids phenomendd. B.a Pat, Nos.
7,390,962, 6,232,546 and 6,084,173 and US Pat. Application Nos. 12/154, 120,
11/ 500, 062, ct®@b88be FGERem liPhe Eine@Talyre DRhe Bhitiiabsuidesli? k4B hel@eathe

i ncorporated reference herein. IsAdditional energy transfer nechanisns have
been post ul atiedn aautheties! aimtpyoitgic stesn tarbepatepsrUienagnargishither mal | y

i solated gaps may find use in many types of applications in accordance wth
the subject SPPRASAVPIEPIOBONMARSSAEE IMeRaf alqtricity. Or, if a comparabiesighar of or e an
obj ect of thic inyentign to ro%h%E,ﬁ ngvek.niq on gap %herna

20phot ovdl té’?’%efaé”v‘i'&@g’t ?F\iﬁ??’ﬁﬁg% MERPHoLVy cgcosyékg} ‘5@ "M fanuf act ur e.

It is a further,ahj . .S | tL.on.. r.QVi ; 1.cron gap

t her mal phot08§% ‘%?%%E@&é%%%@ggjﬁﬁf écﬁX:%g %ﬁ%p gﬁ?%}@ﬁ?%ﬁ?ﬁﬁ%ﬁ%ﬁp@ﬁﬂ%l ation between

the emtter %gfakﬂﬁnfﬁgts?s}f&”!ﬁiacizrtgim;r ﬁstﬁﬁrata_, it was calcutated that By &ifgir t her

object of this invention to provide such a mcron gap therna

25phot ovol t @0l 8N GENIMYHGG TheCRRrIHAY Rinibel-Rirg 8f AtBRalSeinsot8RBbl € of high
yi el d. It is a further object of this invention to provide such a

m cron gap téwiedirordheDoWDbt 1000 Clend el prtiuedithalshoesufpat ofleiceical. t her nal
expansi on.

10 Such a lowering of temperature could make the difference in the practicality of the
system due fo the wider availability and lower cost of possible materials.

1.8, Pat. Nos. 7,380,962, 6,232,546 and 6,084,173 and US Pat. Application
Nos. 12/184,120, 11/500,062, 10/895,762, 12/011,677, 12/152,196 and 12/152,185
are incorporated reference herein.

15 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 o provide a novel micron gap thermal
20 photovoitaic device structure which is a!sd easier to manufacture.
it is a further object of this invention to provide such a micron gap thermal
photovoltaic device which results in high thermal isolation between the emitter and
the photovoltaic subsirate.
it is a further object of this invention to provide such a micron gap thermal

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



It is a further object of this invention to provide such a mcron gap

t hermal photovoltaic device which is efficient. 51t is a further object of
this invention to provide such a mcron gap thermal photovoltaic device

wi th a uni form sub-m cron gap. It is a further object of this
invention to provide such a mcron gap thermal photovoltaic device which
provi des greater energy transfer. It is a further object of this invention
to provide such a mcron gap thermal tophotovoltaic device which is
constructed without assenbling multiple discrete pieces. It is a further
obj ect of this iingentd@nochiectpf bisitkentormnebimiicalciakiicg gaptheme! gap

phot ovol t ai ¢ devi ce. It is a further object of this invention to
provi de a nipbotovoligepledew vidieh albefuidr latsrshthehent eglanphot ovol t ai ¢ syst em and

al so useful in other applications. 15The therm photovol taic system and
appar at us gener dties fathec tbjec al thipomentiavhieprovidei ssich asdertregap thermnah hi gh
tenperature environnent, such as an industrial nelting furnace. It consists
of a heat amlolvuiipissievre woish steflivient vacuumti ght shell, and a |i qui d-cool ed
mechani cal assenbly inside that nmakes contact with the inside walls of the
heat ed shel | . 20Theé furéehabibe af thisgreentibntofsrideisugh asticiploqr boimdés a neans
for achieving sub- mcron spacing between |arge emtter and photovoltaic
surfaces. HehetoyataissRveR yilfya uniform sub-micron gap.

It is a further object of this invention to provide such a micron gap thermal
photovoltaic device which provides greater energy transfer.
It is a further object of this invention to provide such a micren gap thermal

10 photovoltaic device which is constructed without assembling multiple discrete pleces.

it is a further object of this invention to provide a method of making a micro
gap photovoltaic device.

it is a further object of this invention ¢ provide a micron gap device useful as
a thermal photovoltaic systern and also useful in other applications.

15 The thermo photovoltaic system and apparatus generates electrical power
when it is inserted into a high temperature environment, such as an industrial melting
furnace. It consists of a heat and corrosion rasistant, vacuum-tight shell, and a
fiquid-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 achigving sub-
micron spacing between large emitter and photovoltaic surfaces. Heat is conducted
from the inner surface of the shell {0 a spectrally controlled radiator surface (hot
side). The radiator surface emits the heat in the form of slectromagnetic energy,
across a sub-micron gap to a photovoltaic (PV) device {(cold side). A portion of the

heat is converted {o electricity by the photovoltaic cell. The rest of the thermal

3
23

5



fromthe inner surface of the shell to a spectrally controlled radi ator
surface (hot side). The radiator surface emts the heat in the form of

el ectromagneti c energy, across a sub-micron gap to a photovoltaic (PV)
device (cold side). A portion of the 25heat is converted to electricity by
t he photovoltaic cell. The rest of the thermal energy is renmoved fromthe
opposite side of the photovoltaic cell by a liquid cooled, pinned or
finned, heat sink. A nmjor aspect of the designis to allow for intimte
contact of the emtter chips to the shell inside surface, so that there is
good heat teansfBremdhd fphohevpbdsite sidd otk bBotavaiajpushiega bytdeootkdagai nst t he
emtter chips in order to press themagainst the inner wall. A high

t enper at ur e piihed ofinnedtheaffsirde nat eri al i nproves the heat transfer between
the shell inner surface and the emitter chip. Tiny spacers on the emtter
chi ps al ways maifAmajonaspesiuls i dasign igaplibe fovedimateh@ntuot oftfadéraitteng sur f ace
and the photovoltaic cells. toThe nmechani cal assenbly is designed to push
t he hot andcbips th thériipsd insifiei swgeca, he thehidkle i$ getdheat iarfsise Thsphaievol#iel | heat s
up, expands, and warps. To achieve this, the photovoltaic cells are

at t ached 5t o CallschE? BYSHRS P@“’Eﬁﬂcﬁﬂdﬁ‘ﬁh@f‘e eaitieh PR i§ ORISR ORTRSS e H’é‘a‘ﬁﬁé?fe of the

i nside surface of thes . def g is a thin foil
(menbr ane) . MBFEEAL AN al”f?ﬁ%ﬁ“f%ﬁ“e{raai i g?‘ﬁ‘é’ﬁ%‘g h% Wo%mhe eumati c
15di aphr ag u§d met metal cavity

serves two a‘i""ﬁ%@@ﬁ "ﬂﬁl Py S"’ﬁ%ﬁrﬁnd iﬁ‘éé"gﬁ?r C% T"FY pﬁage?%n tA ClOLIJ"ngothe
menbr ane, hgé‘?sgv\f}\ﬁﬁhuﬂﬁ%%&%snmm% %%g%iﬁ gh b t‘r"ﬁ'}#«ﬂﬁ Q&@z’c@%&d e emtter

chips, while ‘menbr ane x an con to t he” shape of the
shel | insi d%h(%,pd‘;@;@%e;;sand 2) to carry excess heat away fromthe
photovoltaic to a 20liquid cool ed heat sink.

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 photovoliaic cells are attached to a deformable body that is 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 liquid metal filled cavity.

Thé liguid metal cavity serves two purposes: 1) to 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 to the shape 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 belween exposed

shell inside surfaces and the heat sink.
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The enpty space inside the shell is a nearly perfect vacuum (< 10-3 Torr),
so that heat is not conducted by air across the sub-m cron gap and between
exposed shell inside surfaces and the heat sink. This invention is useful
because it generates electrical power from heat that otherw se would be
wasted. The electricity can be used to power other devices within the
plant, or it can be sold to the utility conpany. The invention discl osed
herein is, of course, susceptible of enbodinent in 5 nany different forns.
Shown in the drawi ngs and described herein belowin detail are preferred
enbodi nents of tie ihvenest iseBeful BechSsetingdberattaddycaiconbwehbove edit thdthat t he
present disclosure is an exenplification of the principles of the invention
and does nobtherwisd woilidbe westnd.i Bire ¢lecttdite cin baistedde edveanied demiosss. BRI EF
DESCRI PTI ON OF DRAW NGS 10For a further understandi ng of the nature and

obj ects of wiikinreesientoriivasheisod to hefuditeaearastioul d be made to the fol |l owi ng
detail ed description, taken in conjunction with the acconpanyi ng draw ngs,

in which |ike eldWénestiay@qnsoaRofeiRds ChREHr SeitaP Bive OerBIrBHEe nunber s
oD ety ot G e M) PR BRR R RaL 20d,
e o Y AU e R R o R T
two- si ded MIEM. AW &8ured SVELnpiifidtitiSoiAd HihcMbsSFRRGWVERRE #0Qckde operation
of the MIPV ééVICE;
not limit the invention to the Hllustrated embodiments.
BRIEF DESCRIPTION OF DRAWINGS
10 For a further understanding of the nature and objects of the present invention,
reference should be made to 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 MTPV
device;
Figure 2B illustrates 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 @ "Quad” MTPV device;
Figure 5 is a cross sectional view 500 of a Quad;

Figure 6 illustrates a complete Quad mounted on the end of its assembly;

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



20Figure 4 illustrates a practical enbodi nent 40() of a cross sectional
view of a front end of a "Quad" MIPV device; Figure 5 is a cross sectional
view 500 of a Quad; Figure 6 illustrates a conplete Quad nmounted on the end
of its assenbly; Figure 7 illustrates the various parts that are assenbl ed
to forma 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
housi ng t hrough a 5furnace wall; Figure 11 shows a nodul e contai ni ng

four Quads and cmgirastiveeapes thapstelyiegsarebldOsdibws an array of Quad nodul es
connected to common cool ant |ines; and Figure 13 shows required

control nodul es GERBeGhEFatbOa ainll RN apaiteh itd Bowapwiihgisngy @ver or nore Quads.
DETAI LED DESCRI PTI ON OF | NVENTI ON Turning to Figure 1, Figure 1

il lustratesréherap photovoltaic 104 and micron-gap therno photovoltaic 106
technol ogies in accordance with the present invention. Both technol ogies
may use heat fr dfydrba0 dosiisd @ quadohodyssslidiap intoits lwd abuskrhGhrongtcd ear 15 ener gy
120, waste heat fromindustrial processes 130 oR sol ar heat 140. Therno
phopovolﬁﬁjdwden$%ﬂs (TPV) 104 consist of a heated bl ack-body 150 which
radi ates el ectromagnetic energy across a nmacro scale gap 190 onto a :
phot ovol t ai ¢ devifigge 166hwwd z moddnventziging fdr @nedsgoveeolpritcontEceatri cal power .
The amount of power out of a given TPV device area is constrained by the
t enperature of tHigwhog sdvghearodirrayhpd Quad modules connected to common coolant

fines; and

Figure 13 shows required control modules connected to a MTPV pansl
10 comprising one or more Quads.
DETAILED DESCRIPTION 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 cormbustion of gas, oil or coat 110, nuctear

15 energy 120, waste heat from industrial processes 130 oR solar heat 140. Thermo
photovoltaic devices (TPV) 104 consist of a heated black-body 150 which radiates
slectromagnetic energy across a macro scale gap 190 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 contrast, micro scale gap 195 thermal photovoltaic (MTPV) devices 106
allow the transfer of more power between the power emitter 150 and réceiver 160 by
reducing the size of the gap 195 between themn. 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 to 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) devices 106 allow the transfer of nore power between the power
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 1VITPV devices 106 can be increased by approximately an order of

magni t ude as conpared to conventional TPV devices 104. Equivalently, for a
gi ven active area and power density, the tenperature on the hot-side of an
MIPV devi ce 1anEhgvdi@giydecs gildh &tiad drosand sowanevnsitppihé atpemnse botheon chi p
power, waste heat power generation and converter power. It has been shown

t hat el ect r owagdedflicn MTRY dyvidercan b exdubat. vighinallawh 6t nandpBicetaind fsody is a
function of the close spacing of the bodies due to evanescent coupling of
near fi el ds.chibipawer, phste beaigwiver grrembidn ard aop@ertespprvexi mat el y one m cron and
bel ow, the greater the power transfer. For gap spacing of 0.1 mcrons 180,
i ncreases i n t helt hagteenshevrethgheleotramegratic gherfinansfes befvetn gdomd hi gher are
observed. By using a sub-mcron gap 195 between a hot emtting surfacel50
and a phdt oveldtbavis Bdertipielthe clogospagingst e batighduedo PENeseint eRIN er  of
photons fromsolid to_soljd js observed_than is ssible with |arge gaps
190. Addi t i Ghaferfipidhstiae: W@@hﬁﬁitgﬂodﬁ%?ﬁn@?@f%@dﬂ‘gi’H‘é?mfcﬁ?rf” inply Planck's
|l aw of the radiation, although the spectral distribution t he photons is
that Cof . bitaek’ el U8 s e Pk bk Ry 1 RTB % ot Bt hat
vacuum envi rsr%%%gtg in e r"é?c-?&gh%g?%%ﬁer%%%@% S8 e hi%&er%ﬂm&&-&%)ﬁcr oss the

gap by | ow ener phot ons cannot excite electrons 1 nto the conduction

band. To nakginghfs6iGdbn 5818 bR 68itRly N850t APndigvakkib on of high
ener gy photons nust be generated. The structure used to separate the

em tti ngiesurchiderr i @M rhdte cpRBley Blid &iteingiet o phbishs fiem belidhe semalid 1 n di amet er
and al so a very good thermal insulator for the sane efficiency
consi der at i @bservékhibaphBebsaitod tvith Eropedaps 190, Additional transfer mechanisms are
involved other than simply Flanck's law of the radiation, although the speciral
distribution of the photons is that of a black body. The use of sub-micron gaps,
howaver, implies that a vacuum environment is used to avoid excessive heat
15 conduction across the gap by low energy photons that cannot excite electrons info
the conduction band. To make efficient use of the source of heat, a high fraction of
high energy photons must be gensrated. The structure used to separate the emitling
surface from the photovoltaic cell must be both small in diamster and also a very
good thermal insulator for the same efficiency considerations. The photovoltaic cell
20 will generally have to be cooled somewhat so that if: will function properly. At high
temperatures, intrinsic carrier generation swamps the PN junction and itis no fonger
an effective collector of electrons.
Turning to Figure 2A, Figure 2A illustrates an embodiment 200 of a single-

sided MTPV device. The embodiment includes a thermal interface 210 for

25  conducting heat between housing that is exposed to a high temperature and a hot



20w Il generally have to be cool ed sonmewhat so that it will function
properly. At high tenperatures, intrinsic carrier generation swanps the PN
junction and it is no |onger an effective collector of electrons.

Turning to Figure 2A, Figure 2A illustrates an enbodi nent 200 of a

si ngl e-si ded MIPV devi ce. The enbodi nent includes a thermal interface 210
for 25 conducting heat between housing that is exposed to a high
tenperature and a hot side emtter 215. The hot side emitter 215 is
separated froma cold side photovoltaic cell 225 by a mcro-gap that is

mai nt ai ned bidespaice 235, 2R holsiflo ehiteelt ianey2368d frem pasidtsidepddtdbetaeen t he
col d side photovoltaic 225 and a chanber 235 containing a |iquid netal that
i s mai nt ai ned! Ridara wont-gapl thads peiekged by shiess 40e dcfoif mpalraohddsr 5 235
ensures that the hot side emtter 215 and thernmal interface 210 is

mai nt ai ned PASIEINGY HeGAR HEtCOW F4¢ RO VIIRIIAAPNg weha@bel 49€ CORMPEEAL ure range.
Adj acent to the liquid netal chanber 235 is a heat. sink 240 that is cool ed
by a conti nd%gn’ﬁf%wab‘f’%m%ﬁﬁ“qdﬁr il s WRa b PresaYIZed FRABRRS| ant

Ceal 250 ‘and R FnBaar: i bIaNEEr s AFF B EnEaR Peges e Nl R
chanber 260 g, it a5 @, GADLLAN, tsﬁggrraﬁﬁ%s% L8534 B3, RRET e Lhat

cl ose contact IS maintal ne ween t e liqu nmet al

chanber 235, dhensbd 285 %ex R & %ﬁ:@@(ﬁgéns Lhedits ﬂn%o@@i&% 8fccdkm the

thermal interface 210 an ousi ng. A pneurmatic chanber fixed seal 265

i's positionegd, befiaMeerndee 24951%%%%@%@{24_%6&@%%@ FO0h dRéuNALer
mani fol d 270, which is 15connected to a continuous supply of circul ated

cool i ng wat ehafinsr 2600) b Bgoladiendredadr ssaitkd 2dda pneumatic Tharmban@otide Begur e 25,
Figure 26 illustrates an enbodi nrent 205 of a two-sided MIPV device. The
t wo- si deth MERY tisvireemiancthaddsr $dies swimtpinagrad adestolipdpassibotnduitrerrel ation to
Figure 2A and an additional structure that is an inverted image of that 20
shown in Fi gupiee hat deseseoniagt is gaiirineddiphmendohen sinhat & thenighidrestsl 270. Thi s
structure enables the collection of heat from both sides of an MIPV devi ce.

Turning to ENYORE 235 g eRld eosemitpietd 3‘(‘5@ sife ened et 992 hat shows the

interface 210 and the housing. A pneumatic chamber fixed ssal 265 is positionsed
between the pneumatic chamber 260 and a coolant water manifold 270, which is
15 connectad to a continucus supply of circulated cooling water for cooling the heat sink
240.
Turning to Figure 28, Figure 2B iflustrates 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 desvice.
Turning to Figure 3, Figure 3 lllustrates an embodiment 300 that shows the
operation of the MTPY device. The MTPV device 305 is exposed to radiant and
convective heat flux 310, which heats the outer surface and the hot side of the hot

26  sidefoold side pair 320, 330. A vacuum is maintained in the interior of the MTPV
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operation of the MIPV device. The MIPV device 305 is exposed to radiant and
convective heat flux 310, which heats the outer surface and the hot side 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
is obtained fromthe device 305. Turning to Figure 4, Figure 4

illustrates a practical enbodi ment 400 of a cross sectional view of a front
end of a "Quad" M TN device. The Quad is a basic building 5 block for

i mpl ement i n@edikeesOFERY theeaithatioghntovbhsc talidntomatirdnn i tekick gy drbe@atingl | y
conductive graphite interface 410 between a high tenperature housing and a
hot side enwteeB4@1260. Buiplicrosregafl, 430 isicbtairgidritoai thedebist Ween t he hot si de
emtter 420 and a cold side photovoltaic cell 440. A foil nenbrane 450 is
posi ti oned bet weemitdte Fipira4 Jiglee éifiustraes dd@cianbersbddirgant dotretadrogshanber

460. A surface of a heat sink te 470 and the foil nenbrane 450 encl ose the
li qui d met abedhoatyiew dgdont end of aw@atﬁwrﬁ’é/s@vbﬁ tTheQem sadrsichaliiing to
absorb heat fromthe inside of the housin the Quad. An emitter chip 420
i s typicdl | ylockhls ’V?Rﬁm&?ﬂé'ﬁ%%é‘ﬁﬁ\{/tﬁdﬁﬁ’ﬁ@yog h%ff‘PVit@B?\'”ah’éie%‘ég"‘eﬁi’%f;b’o machi ned
silicon dioxide spacers on th side of the emtter 420

h i de. .
i s pressed SGHUALE dopp ngrégggﬁﬁ%{\zéeﬁﬁ@ h'ﬁ%%é’?‘ﬁ’@a ”rﬁha?%%‘i’rfdea ?‘ﬁer mal
| nterface mal & 813% %%LgtA W(écﬁggm%’%q%%gp %"l{\(@ etvget}ﬁ% the %g,ra 0%12’( c*r%%’ the

housing to | ousi ng he”f adi ant and

convect i ve eaenayq Wb ihofibILaRes A L oS, g&mﬁg& Gelubdlf UG the

housi ng, across a t interface nateri al 10 "an he si licon

em tter 420me%uﬁd;dwem&wtm%ﬁ@errgwaﬁfeyaa Bdmbe? Adhen B0 \6Ph hadiGinkel | s 440
are designed to convert sone of light emtted froma hot body into

el ectri ciot y 470VariEthe peiGhdrhisiand 4560 einbi@s{pmmth&m chaidras@40 have a very fl at
surface so that when they are pressed agai nst the spacers on the emtting

surface 420, a Vek)hufB bf tHaemiarsgep id ® doesivdat flhethe paeersthar € desi gned so
that very little heat flowis conducted fromthe hot emtter 420 to the

rel ativel y eoming28eotueado |Anainditerehip 424G tyditaly phohovebesadly,.cedde of40 and
emtter 420 are also made of high index materials to obtain a nmaxi mum
amount of netisorfanglhds oduphedhiseibsitppn diviidn seasrit on fie gep eidnt Aeesradotit he | i ght
passing fromthe emtters 420 to the photovoltaic cells 440 is converted to
el ectri ci ty side of the emitter 420 is pressed against the inside of the hot housing. A graphite
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 fumace and the heat is conducted through the housing,
across a thermal interface material 410 and into the silicon emitter 420, causing it to
become very hot.
20 The photovoltaic cells 440 are designed o 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 that

very little heat flow is conducted from the hot emitler 420 to the relatively cool

25  photovoitaic cell 440. The photovoitaic cell 440 and emitter 420 are also made of
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Turning to Figure 5, Figure 5 is a cross sectional view 500 of a Quad. This
5 viewis a nmacroscopi c perspective that includes the elenents shown in
Figure 4. The Quad includes a water distribution housing, also known as a
cool ant water manifold 510, a bell ow subassenbly 560, 570, a heat sink
subassenbly 470, a pneumatic subassenbly 530, 540, 550, a liquid netal
conpartnent 460 (see also Figure 4), a nenbrane and photovoltaic
subassenbly 440, 450 (see also Figure 4), hot side 1l0emtter array 410, 420
(see also Figure 4), and a |inear actuator pressure regulator (inside the
wat er di st r inlgatinder mataisisng pbtaibhesexdirelrmemust df opanfichiecdogisd en€@uad bui | di ng

bl ock. One or nore Quads are normally enclosed in a evacuated encl osure or
hot housi ng etetceingnteXpmsedtage ohing fightenpenraian te ehittergéilioded ng el ectri cal
power. The nenbrane 450, liquid netal 460, heat sink 470, and bellows 15
subassenbl i @gotgriaitaels 4ASy cweidd efeghiety-onal ity. The netal bell ows 570
transfer water between the water distribution housing 510 and the heat sink
470, one set of benrHREIBTOSIHIURE i§ HEEES scienchWaw BA@ bt Rerd-sBYS on t he

outl et side. The bellows 570 al so act as expansion joints, so that when the
housi ng Reat'§Wipa HRATEIPIRIESPECHE i%w%sw&%w%%wﬁ NFiguBdt Mfs 570 are
al ways conpressed so that they provide 20 a force that pushes the heat sink
and membr an&VES LEREPS %%"%%Wﬁ&%“t?%gmf‘i%‘?g’@ gﬁn?wfg At (’?)(3 %?’ﬁgerm?@&%‘f?}ot ovol taic
cells 440 agyj he .em [ IS I L em 20 agai nst

t he hot wal %%’Gﬁﬁ“}éwfg %tgghéeétﬁy gi&%ggg’ﬁhﬁggmﬁ E%é&%tﬁ;{)@i%g{)&%@ﬁﬂgt er to pass

through, it sé‘éa%@erﬂ&% %3@,‘%4% %H?&&{}Q&Met%l AfRnMehMsolih ARPLQHELU &l ¢ cel | 's.

Through flexing of the bellows 570, the platformcan nove in and out and

tilt about 2R&WRaRXRa phdBisitarldibsisbablyano ddoquse dAheriphouqwet sigd c array 420
to conform macroscopically, to the orientation of the hot housing. The

f | exi bl ejoreshitanerdb0i0, $20 3es alsb Oigdead), aidiningar actiaiorerabuhegdeadr housi ng.
The nenbrane 450 is a second suspension for the chips. The first suspension
t akes care (@hsidd Gedvabodistrivotirdnsisidge These Blemesik fexdembisonleaibuliing of f set s
block. One or more Quads are normally enclosad in a evacuated enclosure or hot
housing that is exposed 10 high temperatures fo} generating electrical power.
The membrane 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 outlet side. The bellows 570
also act as expansion joints, so that when the housing heats up and expands, the
bellows 870 elongate. The bellows 570 are always compressed 80 that they provide
20 aforce that pushes the heat sink and membrang assemblies toward the hot cover,
thus pushing the photovoltaic cells 440 against the emitler spacers and pushing the
emitter 420 against the hot wall. While the heat sink 470 has internal voids for water
to pass through, it also acts as a suspended platform for the photovoltaic cells.

Through flexing of the bellows 570, the piatform can move in and out and tilt about

25  two axes. This articulation allows the photovoltaic array 420 to conform,



5 due to machining tol erances and differential heating. The nenbrane 450 is
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 when heat flows normal to a flat plate, there is a tenperature drop
across the plate which causes thernmal bending, or 10 bow. The photovoltaic
cells 440 are bonded to nenbrane 450. The netal nenbrane 450 has an
insulating layer and a patterned | ayer of electrical conductors. In this
sense, the menhrsamecalp o detcsicalstian @ithatte dowsimge dine fbdiEe dentydneghSo five

phot ovol taic cells 440 together in series and/or parallel and carrying the
el ectri city theare tdisabdiffeciofatyrhof e bt oweind50. 15The nmenbrane 450 is seal ed
around the edges to the platform |eaving a snall gap between the nmenbrane
450 and t he pl at flermemiTthis4¥piaesccadtsvepention fadhanhigs. [Thediisl metal . The
liquid metal serves two purposes. First, it provides a thermal path between
t he phot ovolstigticsioe takes gare opfiaid berty ridians duhie taypal paind argdialixds it is a
fluid, it allows the nmenbrane 450 to flex. i 20The hot housing is nmade from
a hi gh t énpébatUreciiaiciesiges %"%@%?@i%mﬁt‘%eH’ea{f“f’Eﬁ”a?%g‘)%Bﬁds are pl aced

e’ T (358 sl BRI BB RENERs b SR RS RE0befl Bifbbur Lon of
The outside Suh{AEESALE dLERPLANGH tex AAhAGHL bbbl o b Rlypby SO that

they will absorb nofe radian rom ur nace. e housi'ng has

25pass-t hr O%nglgpﬁrtﬁéhdcu%ﬁwgpﬁﬁg iiGrtdrdt 4 Shte YREWHER RIBMRIVAGorAAd, ghgct ri cal
W res. he pneumati c subassenbly 530, 540, 550 sits between the

wat er di str iR itfe ROUSMPEaRAD AP dolobE B Rlte WhibK cabiéBs thefnasdlidggbr Wi th the
bell ows 570, the pneumatic di aphragm 530 pushes the heat sink 470 outward

toward the hot. adshatgvoltbibustissiiders bargiet empinbitzoy 85Q. aite: roekl s 440 and
emtters 420 between the nenbrane 450 5 and the hot housing. Wth the

pr oper anoumtengfrapdilries iao ifsoletiey layeh apd epatieroed layertoéelptiged! donvetials. cavi ty,

t he menbrane 450, chips, and housing will all take on the sane shape and
the gap bet Wed¥s seHee. dif meabrang 45Gads phoroiey cleuE bestna®® will be uniform
(but not necessarily flat). The heat flows into the hou%iﬁ‘g%; t hrough t he

t her mal i nt @Ppigratajegelt #44 ogstoer i sereR VRt RpreliskandReryiag ey 05 7t hen

radi ated across, a b-m cron cuum gap to the photovoltaic cell 440, where
sonme of theﬂé"‘h%jrgﬁﬁﬁ? Y @?ﬁ%@'to electricity and taken away by the
metal lization onﬂ:% he menbr gg. su asses through

\ rface. J@e restt ﬂ{? t! hqat )

the merbPane 4504 THPATwATAP ScapREaH"d DB SHEF BliRP=m PRI T he cool i ng
water, whi Ct\!:m'a 98;993’&5\/%1;% €h¥ npp%bqgﬂberﬁa)l a%gyéq;ﬁgforr%S eraB‘sB&PHQ%%R\‘;PA& aic cells
440 are all “put *ih series, then bypass 'di odes can be

with liquid metal. The liquid metal serves two purposes. First, it provides a thermal

path between the photovoliaic cells 440 and the heat sink 470. Second, 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 to 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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connected at the ends of each row of cells, such that, if a photovoltaic
cell 440 within a row were to fail, the entire row can be bypassed, and the
el ectrical current will be passed to the next row Turning to Figure 6,
Figure 6 illustrates a conplete Quad 600 nmounted on the 20end of its
assenbly. Shown in Figure 6 is a hot side emtter array 410, 420, nmenbrane
and phot ovol tai c assenbly 440, 450, liquid nmetal chanber 460, heat sink
470, water distribution housing 510, pneunatic chanber 540, electrical
connections 610 and pneumatic connections 620, 630. The | i near
act uat or consi stEegincamait ibassechblyesad, S0 850 sin deingch Ouseder digitddorof 25t he
wat er distribution housing 510. Its purpose is to control the anpunt of

i quid that housnd&Hi avd tbdieeatreinb A @dhen45Glie T tractaliavod 7 tHevmsumalpi st on,

which is attached to a rolling diaphragm The interior of the di aphragmls
filled with ddphuigth ¥8trahieathe eat siak ABeoyupgdanvarhFeighhesen®ls that |ead to
the liquid netal/nmenbrane chanber 460. To increase or decrease the anpunt
of liquid n@ﬁ‘éﬁ&tﬁ‘@ﬁh%ﬂ‘o@%”%%‘?éﬁ%a%@mﬁ%é%éé‘%’vﬁ%‘fH‘Pm%“ka??‘%fgﬁ outward or

d, I Th I d h
e 3 e P B i e S S

spring.. For ge from Ezt;\ﬁiy,ﬁﬁé BBl 8983 OO0, S 983G OFe the

pi ston, so t ows for the

actuator to gga@éaa tﬁéﬂsad &&H&& tngmlttapﬁﬁﬁaﬂrpﬂotoeaﬁr&aofas &miwton remai ns

stationary. ression of the die 10spring is directly related to the

l'iquid net a'un%rﬁﬁ(&kﬁﬁx npceqsar,;y‘mﬂm ng to Figure 7, Figure 7 illustrates the
various parts that are assenbled to forma Quad 700. These include a

phot ovol t ai ¢ ar rey hehOf@ERdntb &at hosising, thepghythb thdraatintsifatk nedrtomo/20, wat er
housi ng top cover 735, sen/oneter bellows 725, water housing side covers
730, water hodsitnte 24GiorB20.1 bisshaondietrt ecwsy 4 Sub-sErorometien gdibobed | ows 750,
and bel |l ows tubes 755. Turning to Figure 8, Figure 8 illustrates a
conpl et el y absiontiiasd-ed4ll vee®. sors o Fmvanerdy ?‘W@M?@dfiﬂ elgclopiyerdi@eldes a
photovoltaic array 710 and heat sink top 715, servoneter bellows 725, water

housi ng si dé""’é’b\‘?éﬁ%’ mEglizafgh e tkﬁd‘ﬁ%‘i‘?ﬁ@“(’mﬁaﬂ’anﬁ“ﬁéf’ﬁ@f e bgpt fé‘ﬁ%ﬁ‘*pneunatl c
connections 770 to externa ont rol es. 20 Turnin ure 9, Figure
ST st r at A5 Re GRS GOR b CPPS s g art g s o0 cover
renoved. Shown are .a c | Quad 800 shown in Figure 8, a hot
housi ng 910W3v%{t’vmm !8 ?n%ggﬁﬁ %lrgg‘hsg’g%%, 940 and a vacuum port 920. Not

shown is,.a Connei?{h'e%otto(?oi@nc%ﬁ’éw@)térg aff PGS B rpass diodes can be

connected at the ends of each row of cells, such that, if a photovoliaic celt 440 within
a row were 1o fall, the entire row can be bypassed, and the electrical current will be
passed fo the next row.

Turning to Figure 8, Figure 6 illustrates a complete Quad 600 mounted on the

20 end of its assembly. Shown in Figure 6 is a hot side emitter array 410, 420,

membrane and photovoltaic assembly 440, 450, liquid metal chamber 460, heat sink
470, water distribution housing 510, pnsumatic chamber 540, electrical connections
610 and pneumatic connections 620, 630.

The linear actuator consists of 2 motor and lead screw and is housed ingide of

25  the water distribution housing 510. its purpose is to controf the amount of liquid that
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Turning to Figurel 0, Figure 10 illustrates a quad nodul e sliding 1000 into
its 25 hot housing through a furnace wall. Shown are a Quad 800, hot
housi ng 1020, furnace wall 1030, a Quad nodul e encl osure 910, water

cool ant connections 930, 940, and connections to electric power facilities,
vacuum control nodul e, and pneumatic control nodul e 1010. Tur ni ng
to Figure 11, Figure 11 shows a nodul e containing four Quads and 5 cool ant
connection 1100. It may include up to four doubl e-sided quad nodul es 800
and cool ant connections 1130, 1140. Turning to Figure 12, Figure 12
shows an ar isehehpilt #admbredeiss TH20Rtuan deekedidian, eoihireteobddint | i nes. |t
shows 24 quad nodul es 800 connected to conmon cool ant |ines 1230, 1240.
Whi | e each @ilig dizphtagimsTharimternys obifie plptregolis Hied wito liged instahmdtickieet t er chi ps,
a panel may contain an MKk N array of Quads, where Mand N are greater than
or equal tob@ﬁémpﬂb@ﬁmamp@V@aﬁﬁwfb@dévﬁﬂé@#%ﬂmﬁ%@@$h@ﬁeb%ﬁ@ﬁﬁﬂahg pi pes
such that the units are cooled in senles or Earallel Turning to Figure 13,

Figure 13 sRBW&™4aE8 AT ?Gé?&ﬂ@é%mer%ﬂm“ﬁbﬁdﬁ‘ég”@% ke femeranereC dhpel

1300.. Sh | is1350, N
Control HoddhGe a0 VAT BBHE: GrRDUDH T egBh ACR GREARbL 1 & prosour 6

cont 1ol modul o 33 rocs il HBidu el NS LT AR (PLLLAG DEtho SOGARY 1O

el ectric power
a die spring. Force from the actuator goes through the spring and into the piston, so

that the spring is always in compression. This allows for the actuator to modify the
liquid metal pressure, even if the piston remains stationary. Compression of the die

10 spring is directly related 1o the liquid metal pressure.

Turning to Figure 7, Figure 7 illustrates the various parts that are assembled
to form a Quad 700, These include a photovoliaic aray 710 and heat sink top 715,
heat sink bottom 720, water housing top cover 735, servometer bellows 725, water
housing side covers 730, water housing 740, bellows connectors 745, servometer

15 bellows 750, and bellows tubes 755.

Turning to Figure 8, Figure 8 illusirates a completely assembled Quad 800.
As shown in Figure 8, a Quad includes a photovoltaic array 710 and heat sink top
715, servometer bellows 725, water housing side covers 730, water housing 740,
and electrical and pneumatic connections 770 to external control modules.

20 Turning to Figure 9, Figure 9 illustrates a single Quad 900 within its housing
with its 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. Not shown is a connection {0 a pneumatic control module.

Turning to Figure10, Figure 10 lllustrates 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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t hermal photovol tai c technol ogy, conprising the steps of: col | ecting heat
energy by a collecting surface of a radiation-emtting |ayer from an 5i nner
surface of a thermally-conductive shell, the outer surface of the shell

bei ng exposed to a high tenperature heat energy source; maintaining a
receiving surface of a photovoltaic cell |less than one mcron distance from
an emtting surface of the radiation-emtting |ayer; recei vi ng

el ectromagnetic radi ation by the receiving surface fromthe emtting
surface 10for generating electric power by the photovoltaic cell; providing
pressure on fRgcphat10¥0) 4 @i Meduie Mticauroas sdibiZReiant dehdmbhyszpnduct i ve,
def or mabl e nenbrane for keeping the collecting surface of the

radi at i on- er4t} danidgoh@ycesnsi o elebeis powenidditibs, Watdun dvatroimetules und ace of the
shell and for maxim zing cooling: and 15provi ding pressure on a heat sink
in contact wnthmatheoting rrelieyiOtonductive def ormabl e nmenbrane for maxim zing
cooling. 2. The nethod of claim1, further conprising creating a vacuum
bet ween the em t Turage Surigusedl.dngre heshansel wedle candinieelopoPuatsindi zi ng heat
conduction. 3. The nethod of claim2, wherein the vacuumis |ess than 10-3
Torr. 20 %, m%’aWéPH%t‘%1@0ali‘W@ inglyglerypdp Tub ApfiestidRy aHae Mmodilke RB0 a vacuum

i nsi de of the sh f claim1 wherein the di stance between

t he receivi r‘?&d%‘r‘f%égm@f&%g‘%ﬁ &oltaic cell and the emitti ng surface of
the radiation-enffing, h&‘&(»&ﬁz,'ﬁg&g% SAWan S LYEFAL A0 Ald B30 m crons.

connected to common coolant lines. It shows 24 quad modulas 800 connected to
commaon coolant Enes 1230, 1240. While each Quad containg amrays of photovoltaic
10 cells and emitter chips, a panel may contain an M x N array of Quads, whare M and
N are greater than or equal to one. Quad arrays may be conneacted together by
cooling pipes such that the unils are cooled in series or parallel.
Turning to Figure 13, Figure 13 shows required control moduies connecled to
a MTPV panel comprising one or more Quads 1300. Shown are a MPTV panel
15 1350, a cooling controi module 1310, a vacuum control module1320 and a

pneumatic pressure conirol module 1330.
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6. The nethod of claim11, further conprising maintaining the distance
bet ween the receiving surface of the photovoltaic cell and the emtting
surface of the radiation-emtting |ayer by use of thernmally insul ated
spacers. 7. The nethod of claim1, wherein the deforrnable nmenbrane is
pressurized by a 5linear actuator and a liquid netal filled cavity. 8. The
met hod of claim1, further conprising interposing a thermal interface
between the collecting surface of a radiation-emtting |ayer and the inner
surface of the thermally-conductive shell. 9. The method of claimS8,
wherein the dgipggal interface conprises thermally toconductive graphite,
10. The nmethod of claim1, further conprising reducing a tenperature of the
phot ovol t ai g, cel A metHag f&%@ﬁveﬂin@%ea@é}@qyitélldie@t_riﬂ?é@ér uehg Rbemiasdgddhe
def or mabl e nenbrane by circul ating coolant |iquid through heat sink
cavities. MHermIhmotmbadectobaicomblsing e tskes otonpri sing di stributing
coolant liquid through 15use of flexible bellows and a water distribution
housi ng.  12oliebin@iRpPacairgsby HeolleCMguiradagf heatiatbRengyng Ryalfeatdrd ¢ power
usi ng sub-mcron gap thermal photovoltaic technol ogy, conprising: a
col l ecti g dwuef asincobf atheadiiptomiucie dhel, tige dugrexntharof tel dhetbeing heat ener gy
from an i nner surface of a thermally-conductive shell, the outer
surface of teheosedd 4 higkiangpepiuregalss@raydodrchi gh t enper ature heat energy
source; a receiving surface of a photovoltaic cell being nmaintained at |ess
than one i erabreiting e agedinursoriacepf @rahptovelpiogt fegs dagfong WecreadiBlanéon- eni t ti ng
| ayer; A

from an emitting surface of the radiation-emitting 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 keeping the collecting surface of the radiation-emitling
layer in close confact 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

emitting surface and the recsiving surface for minimizing heat conduction.

3. .The method of claim 2, wherein 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 suface 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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AY

el ectromagnetic radi ati on being received by the receiving surface fromthe
emtting surface for generating electric power by the photovoltaic cell;

t he photovoltaic cell being pressurized by a pressurized, thermally
conductive, deformabl e nenbrane for keeping the collecting surface of the
radi ation-emtting layer in close contact wwth the inner surface of the
shell and for maxi m zing cooling; and 5a heat sink being pressurized to be
in contact with the thermally conductive deformabl e menbrane for maxi m zi ng
cooling. 13.The apparatus of claim 12, further conprising interposing a

t hermal i nt & f acthdoettheeo ddive iciktheabmpgsisgmbatniaf tha distdicabetenerem t ti ng

| ayer and the inner surface of the thernmally-conductive shell. 1014. The
appar at us oftheileasinng 2yrfashof B phtthelitisariand haeatirc eufase obipri sed of
thermal |y conductive graphite, 15. The apparatus of claim 12, wherein a
vacuum i s nap¢istEnmesiting eyrrdry usp el Baimaly mgulsigemae®and t he recei ving surface
16. The apparatus of claim 12, wherein a vacuumis naintained wthin the
shel | . 1517,7The Hppashede’ dfimdl ahereindhe defprmable reniipnesic REpseHEeARY By

i nsul ated spacers for maintaini ‘nP‘,t he di stance between the receiving
surface of tRE FREEKYEMY Al@itBERIHRE PA¥: emitting surface of the

radi ation-emtting |layer. 18. The apparatus of claim 12, wherein the

def or mabl e Menbr BRI o<b?fégagrﬂr1i,@étaer comprising interposing a thermal interface

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

the thermally-conductive shell.

9. The method of claim 8, wherein the thermal interface comprises thermally
10 conductive graphiie.

10.  The method of claim 1, further comprising reducing a temperature of the

photovoltaic cell, the heat sink, the liquid metal chamber and the deformabie

membrane by circulating coolant liquid through heat sink cavities.

11,  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 electric power using sub-micron

gap thermal photovoltaic technology, comprising:

a collecting surface of a radigtion-emitting layer for collecting heat energy from an

inner surface of a thermally-conductive shell, the outer surface of the shell baing
20  exposed to 2 high temperature heat energy source;

a receiving surface of a photovoltaic cell being maintained at less than one micron

distance from an emitling surface of the radiation-emitting layer;

glectromagnetic radiation being received by the receiving surface from the emitting

surface for generating slectric power by the photovoltaic cell;
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by a linear actuator and a liquid netal filled cavity. 2019. The appar at us
of claim12, further conprising coolant |iquid distributed through use of
flexible bellows and a water distribution housing. 20. An apparatus for
converting heat energy to electric power using sub-mcron gap therma

phot ovol tai ¢ technol ogy, conprising a shell for enclosing the conponents of
a Quad, including: an emtter chip array maintained in close thernal
contact with the shell via a graphite thermal interface; a nmenbrane and
phot ovol tai c array subassenbly spaced apart fromthe emtter chip array by
t hermal |y i nsubrateditsoeadidety passliiading amedsalirieh apderally cordogtivact Wit h t he
menbrane for maintaining the emtter chip array nmaintained in close thernal
cont act wi t hiefolrealdhelembrana fdrdatpisg ik collsotigsamiby offibs radmbepeitiorol | qui d

cool ant for cooling the nenbrane, liquid netal chanber and the photovoltaic
array; layepiatciose gpgeetivih theonneigudaaegf thershall end fopueiimigingicadlind cool ant to
the heat sink to subassenbly via a bell ows subassenbly; a pneunatic
subassenblyaﬂ6r mai ntai ning the heat sink in close contact with the liquid
nmetal cool ant and photovoltaic array; and a |inear actuator pressure

act uat or 5 o N9l kR ATRICHIERUP b irconket Wiishriftealygpadsli| y

deforrnable membrane for maximizing cooling.
13.  The apparatus 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, whersin the thermal interface is comprised of
thermally conductive graphite.
15.  The apparatus of claim 12, wherein a vacuum is maintained between the
emitting surface and the receiving surface
16.  The apparatus of ¢laim 12, wherein a vacuum is maintained within the shell.

15 17. The apparatus of claim 12, further comprising thermally insulated spacers for
maintaining the distance between the recelving surface of the photoveitaic cell and
the emitling surface of the radiation-emitting layer.
18.  The apparatus of claim 12, wherein the deformable membrane is pressurized
by a linear actuator and a liguid metal filled cavity.

20 19.  The apparatus of claim 12, further comprising coolant liquid distributed
through use of flexible bellows and a water distribution housing.
20.  An apparatus for converting heat energy to slectric power using sub-micron
gap thermal photovoltaic technofogy, gomprising a shell for enclosing the

components of a Quad, including:
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1521. The apparatus of claim 20, wherein a vacuumis maintained within the
shell. 22. The apparatus of claim 20, wherein the nenbrane is pressurized
by the linear actuator and a liquid netal filled cavity. 23. The apparatus
of claim20, wherein the Quad contains a multiplicity of photovoltaic and
emtter chip arrays. 20 24. The apparatus of claim 20, wherein a shell may
an Mk N array of Quads, where Mand N am greater than or equal to one.
25. The apparatus of claim 20, further conprising a cooling control nodule,
a vacuum control nodul e and a pneunatic pressure control nodul e.
an emitter chip array maintained in close thermal contact with the shell via a graphite
thermal interface;
a membrane and photovoitaic array subassembly spaced apart from the emitter chip
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 liquid coolant for cooling the membrane, liquid
metal chamber and the photovoltaic array;
a water distribution housing for distributing liquid coolant {o the heat sink
10 subassembly via a bellows subassembly;
a pneumatic 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 apparatus of claim 20, wherein a vacuum is maintained within the shell.
22, The apparatus of claim 20, whergin the membrane is prassurized 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 emitier ¢chip arrays.
20 24, The apparatus of claim 20, wherein a sheil may an M x N array of Quads,
where M and N are greater than or equal {o one.

25. The apparatus of caim 20, further comprising a cooling control module, a

vacuum control module and a pneumatic prassure control moduls.
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