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(57) Abstract

A technique for enhancing the generation of carriers (ex. Electrons and/or holes) in semiconductor devices such as photovoltaic cells
and the like, receiving radiation from a heated surface, through the use of micron juxtaposition of the surface of the device and the heated
surface and with the gap thereinbetween preferably evacuated. ' .




wavel ength of the thermal radiation. Hence, the thermal radiation transfer
Is characterised by 25 the Stefan-Boltzman Law and its spectral
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the above classical theory it is assuned that the distances between

radi ating, auEESSND'SF THE INVENTION

10
In a common photovoltaic cell, a semiconductor p-n junction is formed close to the sUrface_of
the semiconductor material that forms the cell. When photons emitted by a light source such
as the sun impinge on the cell surface, electron-hole pairs are created. Tﬁese electron-hole’
pairs ére separated by the spacé—charge potential that is a consequence of the p-n junction.

15  The net result is a DC current. Thermophotovoltaics operate in a similar manner except that,
instead of a light source, a surface ata highér temperature than the semiconductor material
acts as the source of photons. In this case, thermal radiation is the mechanism of energy
transfer and the iemperature of the .emitting surface which dictates the spectral composition of
the radiation must be matched to the material and electfonic properties of the semiconductor

20  such as its bandgap in order to optimize conversion efficiency.

Prior thermophotovoltaic devices and systems have been designed such that the distance
between the emitting surface and the cell surface is large relative to the characteristic
wavelength of the thermal radiation. Henée, the thermal radiation transfer is characterised by

25 the Stefan-Boltzman Law and its spectral composition by Planck's law.

CONFIRMATION COPY



| arge conpared to the wavel engths of the energy involved. Planck hinself
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Radi ati ve Heat Transfer Bet ween C osel y Spaced Bodi es", Physi cal
Review B, Vol. 4, No. 10, pp.3303-3314 and " Levin, ML. et.al., 1980,
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falloff is very rapi.d whereas at wavelengths greater than lambdamax the falloff is much r_nore
gradual. At lower temperatures lambdamax occurs at longer wavelengths. _
15 |
In the above classical theory it is assumed that the distan_ces between radiating surfaces is
large compared to the wavelengths of the energy involved. Planck himself imposed this
condition on his derivation. Over the last several decades a small segment of radiative heet
transfer theory and experiment has developed wherein the spaces between l;ac_!iating solids
20 are on the order of and smaller than the characteristic wavelengths of the radiation
exchanged. There is experimental evidence to show that energy exchange between two
surfaces (dielectric to dielectric or metal to metal) separated by a distance of the same order
as the wavelength or less can be several times larger than at larger disfances, and that the
magnitude of this effect increases sharply with decreasing distance. Examples of such
25 experiments are Cravalho, E.G. et. Al, Nov.1967, "Effect of Small Spacings on Radiative

Transfer Between Dielectrics”, Journal of Heat Transfer, pp.351-358; Hargreaves, C.M., 1973,

"Radiative Transfer Between Closely Spaced Bodies", Philips Res. Reports Supplement No.5,

pp.1-80; and Kutateladze, S.S. et.al., Aug. 1978, "Effect of Magnitude of Gap Between Metal
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10  Generation Via Microscale Radiative Transfer, MPC — An Electric Power Finance Instrument

Policy; Interrelated Innovations in Emerging Energy Technologies, dated June 1996, is my

novel conceptual insight and discovery that these previously unrelated technologies of
thermophotovoltaic energy conversion and of small spacing radiative heat transfer systems
could synergistically be combined in such -a manner as to enhance the generation of
15  semiconductor carriers (electrons and holes) in semiconductor devices such as photovoltaic .
cells and the like, receiving radiation, such as photons, from a heated surface, through the use

of very small gap juxtaposition of the surfaces of the device and the heated surface.

OBJECTS OF THE INVENTION

20 |
A primary object of the invention accordingly, is to provide a new and improved method of
enhancing the generatien of carriers (ex. Electrons end/or holes) in semiconductor devices
and near their surfaces, receiving radiation from a heated surface, through the use of very
small gap ("microscale") juxtaposition of the surface of the semicondector surface or device

25 and the heated surface.

A further object is to provide an improved thermovoltaic system.



5 In summary, fromone of its broader aspects, the invention enbraces
a net hod of enhancing the generation of carriers in a sem conductor
near its surface receiving radiation frgma heated surface, that
conpri sesWO9@g t he surfaces in juxtaposition, and adj uslt¢'1‘ig¥98/nusspace

t her e- between to mcron scale separation. 10 Mor e

gener i c&Pther andiurthew ebjects wiltberbkplaised hersinafter and miltbatrode padibulatiy delireated

t her nophot o- vol t ai c- energy conversion and of small spacing radiative
heat tr dn#iecappepdedalaims such a " manner as to enhance the generation
of sem conductor carriers. 15 Preferred and best node desi gns and

i npl enentations will later be detail ed. DRAWNGS - " The "~
invention will now be described in connection with the acconpanying

drawi ng,SYMMARY)  schenmmtic figure-of which illustrates the novel

princi ples of the invention as applled to an - _.exenplary appllcatlon of
a t hérnophot ovol tai ¢ devi ce. 'PREFERRED EMBODI MENT(S) OF THE

| NVENTI ON 25 Referring to the drawing, a .heated surface emtter of

radi at i JR SUMRANANG 9BR&F #R Yrogder aspects, 4o invantionuembrasps drmethod of ﬁnmmmor m

of a substanti all | anar hot surface at tenperature TJ] e\rfé&

j uxt aposBa 9PRErEERLP %TS\M 2 semirongvciarngar l'tﬁx?lé'ﬁ?‘i%'ﬁce'i"ﬁg Igtion e a heated

pr oxi mtsy%gIa a. substanti al é lgaral | el surface 2 of a. sem conductor

r ecei verSYgce, tha t cRIMRIsesHPlaging fhe, surfgesdp WR"&F'&"C%‘P‘! agjpsting the ‘space there-
between to micron scale separation.’

10

More generically, the invention combines previously unrelated technologies of thermophotb—

voltaic energy conversion and of small spacing radiative heat transfer systéms in such a

manner as to enhance the generation of semiconductor carriers.

15  Preferred and best mode designs and implementatibns will later be detailed.

DRAWINGS

The invention will now be described in connection with the accompanying drawing, the
20  schematic figure of which illustrates the novel principles of the invention as applied to an

exemplary application of a thermophotovoltaic device.
PREFERRED EMBODIMENT(S) OF THE INVENTION

25 Referring to the drawing, a heated surface emitter of 'ra'diation, including photons, is
schematically shown at 1 in the form of a substantially planar hot surface at temperature Ty,
juxtaposed in accordance with the present invention, in very close proximity to a substantially

parallel surface 2 of a semiconductor receiver of the radiation, such as a photovoltaic cell of



5 PCT/ 1 B98/ 01130 relatively cool tenperature of Tc, as
descri bed on page 46 of ny said thesis. srCeII current col l ection
contacts WE')CL (not shown) would be provided in the bott

surface or 9%6ﬂr ecessed fromthe front active surface of eﬂégesﬁq% 5
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<Evacua&s&sﬁaa}m&t%g%n%a%sekaeeeflmeﬂcggtons up to the order of about 1

m cron, as prese page 46, and in sone cases of |onger
wavel engths (as in cryogenic applications and 10 the |ike) even up to the
order of 100 microns as shown on page 77 of said thesis, 0.01-20

m crons Jhal %I‘?'na?\ﬁgtﬁ %&Rérpéﬁc 'FBSCF Pk iRPSHtioRNR! tbARS P @%mf cant incread®€ir tifier .
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ny said g[eﬂe3| VI ces as piezoelectric controlled Ievelli ng .

stages Qky Eﬁﬁg hbl‘a%o%'?r{b né&‘&ti@ﬂ&bs@&%ﬁmﬂfy dFfiMe EQfdtes 1 and 2 Qﬂhmhﬁ'd 84p

I'n view of the very sma gap, noreover, vibration isolation may be

requi r eqegsclileF GAYN)ESH ih%’&‘ﬁer of 0.01 hﬁ%ﬁé P thalgs ctrBolte rrhdrKﬁ .as p}Qsented

Wiile the invention has been described in connection with the exanple of a

phot ovoldrpdfd page 46 S5 MOSUINE EQdestsbitger Wavelehghs (ﬁgf’ﬁ ciydgbnit ppFaatibh£and
enhancenment effect from cl ose juxtaposition a sem conduct or
sur figce REUke) LSRN Gt W aer of 100 RiEions! dsy st bﬁfpabs 7meF st fndsis, 0.01-20

microns being a preferred range for most applications.

The fine adjustment of the crucial micron range separation gap between the surfaces 1and 2
may be controlled as more fully described on pages 84-85 of my said thesis by such devices
15  as piezoelectric controlled levelling stages or the like such as the Model 8095 of New Focus

Cbrporation.

In view of the very small gap, moreover, vibration isolation may be required as by conventional
iéolation tables and the like. |

20
While the invention has been described in connection with the example of a photovoltaic
semiconductor device, |t is evident that the carrier enhancement effect from close juxtéposition

of a semiconductor surface and a heated surface is generically applicable and useful.

25 Instead of flat surfaces, as described on pages 66 and 67 of my thesis, patterns may be
etched or otherwise formed into three-dimensional forms (channels, islands, etc.) to tailor the
electromagnetic spectrum of the radiant energy being transferred to the juxtaposed semi-

conductor surface. There may then be a natural progression from one dimension, MTPV, i.e



25 Instead of flat surfaces, as described on pages 66 and 67 of ny thesis,
patterns may be etched or otherwi se forned into three-di nensi onal
forms (channels, islands, etc.) to tailgr the el ectromagnetic

spect rum o¥O9%e70endi ant energy being transferred to the juxpepasssbisson -
conductor surface. There may then be a natural progression from one

di mensi eontrdliitd/thel distance between two surfaces, to three dimensions wherein in addition to the

6 PCT/1B98/ 01130 . controlling the distance between two.

sur f acedicroscalarspaciog,the prapestieshof tiee Burfacesddid fupdtidrooft the two lateraVdiRigiBRAL €
spacing, the properties of the surfaces as a function of the two |ateral

di mensi @ms also contralles. alnssunooary; ibklamd. y are iadherplayie of thexEmittbr and Receivet bisip

pl ane of the Emtter and Receiver chip "surfaces and z is

per pendisudacas and zhierpeménsiiculdnco dheme thenothef dageelsnofafresdam laed:vie botviden thée
chips, z within one or both chips, x and y within one or both chips, and x
and § ofchipsez avithin one or beth|chirisy ¥ and ¥ Wishiptdneror both chips, Swirk@mddriot omeschip
include Si and binary, ternary, and quaternary corrpound ‘seni conductors

‘i ncl udi megfativene the pthens; and | nGaAsSb and ot hers® 10 -“The -heat ed
surface, noreover, may, as described in said thesis, not onI y i-nvol ve
lattice and carriers at the sane terrp'erature but al so conditions
where the carriers are at _a hotter erature than the lattice ("hot-

el ect r ofeNicensluctors inphidenSorm |bmarbftemaacta iptemaYy epropeynd ‘semicenductors

Furt her difications will also gccur to those skilled in this art, and
such ar é"‘@fﬂ‘ﬂﬁ béselnGads; and InGaAsSbgndiathers he spirit and scope of this
|nvent|on as defined in the appended cl ai ns.

The heated surface, moreover, may, as described in said thesis, not only involve lattice and
carriers at the same temperature, but also conditions where the carriers are at a hotter

temperature than the lattice ("hot electrons”) as throuigh absorption of electromagnetic energy.

15 Further modifications will also occur to those skilled in this art, and such are considered to fall -

within the spirit and scope of this invention as defined in the appended claims.



7 PCT/ 1 B98/ 01130 CLAI V5 1 A met hod of enhanci ng
the generation of carriers in a sem conductor surface receiving

radi ationyégspAeated surface, that cohprises, placing thq,cslylrgg%]&ﬁ?oi n
{ cron

juxtaposition, 5 and adjusting the gap therebetween .
scal e sefafpig on- 2 A nmethod as claimed in claim1 wherein the
gap is evacuated and the separation is ~ adjusted to the order

of fromabout 0.01 to 100 mcrons. - 10 3 A nethod as clainmed in
claim2 wherein the sem conductor surface conprisesa -

| . . . . . . | H H
1 SR Y S e s B
the heated sugfRaén frof 5%35@8%%5%?{1% &lfiprises, pIacig% the éurfa § g&&gp@sﬁipn,

clainmed in claim4 wherein one or of the |uxtaposed-suff-aceés: are -
pattgrned.  and adjusling the ?\aﬁ%mw&ﬁoﬁhﬁﬁﬁu ddiLdpaptpniher ein i n addition
to controlling the separation 20 o bet ween 't hesurf aces, -t he
properties of one or nore of the surfaces in dinensions

ort hogonal and parallel to the separation are varied.” = " - &%

2 A method as claimed in claim 1 wherein the gap is evacuated and the separation is

adjusted to the order of from about 0.61 to 100 microns.

0 3 A method as claimed in claim 2 wherein the semiconductor surface comprises a

relatively cooler photovoltaic device.

4 A method as claimed in claim 3 wherein the surfaces of the photovoltaic device and of -
the heated surface are substantially planar.
15
5 A method as claimed in claim 4 whérein one 6r both of the juxtaposed surfaces are

patterned.

6 A method as claimed in claim 4 wherein in addition to controlling the separation
20 between the surfaces, the properties of one or more of the surfaces in dimensions

orthogonal and parallel to the separation are varied.

7 A combined radiation transfer and thermophotovoltaic device apparatus having, in
combination, a photovoltaic cell surface and a heated radiating 'surface, the latter being
25 positioned juxtaposed to the cell surface and separated therefrom by a gap of the

order of microns or a fraction thereof.

—
0 g



7 A conbi ned radi ation transfer and thernophotovol taic device apparatus
havi ng, in conbi nation, a photovoltaic cell surface and a
heated radi ating surface, the latter beigng 25 positioned

j uxt aposewva /072t cel | surface and separated therefrom by argapBasfoitioe
order of mcrons or a fraction thereof. :

8 8 PCRppBRitid 24 imed in clim 7 wiigrpinrthk Wapds evhaiat@dl ahd tied sépardtion is
wherein the gap is evacuated and the separation is : adjusted in
t he range of amijustdd if t8E radnge 20 abduti0disto 20 microns. 9 Appar at us conprising a

conbi ned sem conductor surface and a heated surface for 5

| npi ngi ng radi ation thereupon to generate sem conductor carriers wth the
surfaces bei ng supported in close juxtaposition separated by
an evac@®at ed Apparaifis conherisin a combined semicanductonsudacenand acheated tshefaeo for
10 A net hod of enhancing the generation of carriers in a sem conductor
surf&ce receiimpingingl@diation thereupenlitaigeoerate semicohdutericatiefsawith thénaurfaces ©
conprises, emtting radiation froma heated surface of

t enper at ur e Heing buppooted! inncloseh pixtapdistion cepatates i amnevacuatest gap ghprdeasrof
reception by a relatively cool sem conductor surface naintai ned at

t enper at ur e Tpieranp or a fraction thereof. where TH>T[err]; and adj usting the

t hi ckness of the gap to the order of subm crons/ ~mcrons to
achi eve an enhanced increase in the senmi conductor generation of charged 15

carriers in response to the radi ation coupled through thec?ap. :
10 A method of enhancing the generation of carriers in a semiconductor surface receivir)g

10 ' radiation from a heated surface, that compi‘ises, emitting radiation from a heated
| surface of temperature Ty; coupling the radiation through an evacuated gap for
reception by a relatively cool semiconductor surface. maintained at temperature Te,
where Ty>Te; and adjusﬁng the thibknéés of the gap to the order of submicrons/
‘mi_crons to achieve an enhanced increase in the semiconductor generation of chérged

15 carriers in response to the radiation coupled through the gap.

11 The method claimed in claim 10 wherein one or both of the heated and semiconductor
surfaces is provided with material formed for tailoring the spectrum of the emitted

radiation coupled through the gap.

20
12 The method as claimed in claim 11 wherein the material is provided along one or more
of the X, Y and Z axes of either or bbth surfaces.
13 The method as claimed in claim 11 wherein either or both of the surfaces is provided
25 with one of patterns, channels, islands and three-dimensional forms.

14 The method as ciaimed in claim 10 wherein the su_bmicronlmicron thickness is

adjusted by controlling the levelling of the surfaces.

* [ L L} S %*




11 The nethod clainmed in claim10 wherein one or both of the heated and

se.mi condu;:’;d(zr surfaces is Br ovided with material formed for
tailoring %,@gﬁct rum of the emtted radi ati OpcERBIR)
t hrough the gap. The nethod as clainmed in claim 11(ﬁ\i/j\3her ein

the mtggial 4 %JE @X#%gsu?r%\&i]ﬁ’\ S&fn ‘waﬂafelii e gap susolatﬁg fg‘ImWB tin, Y and Z

axes of |the aces. as c aimed in
claim 11 wherein either or-both of t-he surfaces is provided 25
mnth one of patterns, channels, islands and three-dinensional forns.

The mtﬁ%%@tﬁo& la@'cme& th tﬁi\l@i gﬂ wHetEhE IsBriidbRdSetBRis CoRSinittéd fyender

thlgkness y controlling the levelling of the
sur f aces

a photovoltaic device 9
PCT/IBQ8/011§b P %% The nethod as claimed in claim10 wherein the
gap ks isolated fromvibration. 16 The nethod as clainmed in
claim 10 wherein the sem conductor is constructed to render it
a_phot oygl t ai £ {iRYd L& enh5ncmg the deheratioh dTRbfiefs Pfa SethizBAduEort Siffage retieiingon
of carriers in a sem conductor surface receiving radi ati on

from a heat eq,8ifi6RGfom ' Abale8NRirtat8S thdt Udniitiek fuddposing! fhec earfadeshwith a
thermal Iy insulative substantially | ossless radiation-transmtting medi um

di sposed  thermally mshiaﬁ{;@mibmﬂauyau&s&@s Ugtdiztion ti@sinltiing mediunf dispesed
medi um t her ebet ween 1 n submi cron/ m cron range.
therebetween; and adjustlng the thickness of the medium therebetween in the

10 submicron/micron range.

18 The method as claimed in claim 17 wherein the thermally insulative substantially

lossless radiation-transmitting medium comprises an evacuated gap.

15 19 .A combined radiation transfer and carﬁer-génerating semiconductor apparatus having,
in combination, semiconducfor and heat-radiating surfaces, wherein the heat-radiating
surface is operated at a temperature greater than that of the semiconductor surface; a
thermally insulating and substantially lossless radiation-transmitting medium disposed
between the surfaces for coupling the radiation from the heat-radiating surface for
20 , reception by the semiconductor surface; the thickness of the medium being adjusted to
the order of submicrons/microns to achieve an enhanced increase in the semi-
conductor gené}ation of charged carriers in response to the radiation cbupied through

the medium.
25 20 Apparatus as claimed in claim 19 wherein the medium comprises an evacuated gap.

21 A method of enhancing charged carrier generation in a semiconductor surface in

response to incident heat radiation from a heat-radiation surface, that comprises,
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18 The method as clainmed in claim17 wherein the thermally insulative

substantially | ossl ess radi ation-transmtting medi um conpri ses
an evacuaf ed gap. 15 19 A conbingd radiation transfer and
carri er- geMeP¥pT2Yy sem conduct or appar at us havi ng, PCT/IBY$301130

conbi nati on, sem conductor and heat-radiating surfaces, wherein the .
heat - r adi at i ngpmbining the phenomeinbh af thel ificrepsicriel ratiatdn! SRR ScHBRgIpreal&d
than that of the sem conductor surface; a S thermal |y insulating
and subst ant iatl the ihtesfabes betwastinad ipaiv- bf pamiielt surfgesmiought GBS eshether and
bet ween the surfaces for coupling the radiation fromthe heat-radiating
surface for iterein.one surfacede ptheabrdtiationegenenatingrsirfat®)rtogethéawith tidaxciting

t hi ckness of the nedium being adjusted to _ t he order . of

subni cr ons/ i efichargedcagisnigeneration imen semicdnductoreasiace in tdsporsseto-heat radiation,
conductor generation of charged carriers in response to the radiation
coupfed t hr ouyh directing such increpeedrdhtiat nnadiatio? Sener@y) exchamgea paddigedsar Isaidred

in claim19 wherein the medium conprises an evacuated gap. 21 A
met hod of entiBiedReRs wany e gemigondustonsurtacat i on in a seni conduct or surface
in _ response to incident heat radiation froma heat-radiation
surface, that conprises, WO 99/ 07021 o -

10 . PCT/1B98/01130 conmbi ning the
phenonerfén ofA Methed,ef enhangingdhe genaration of elasticgl curertaiinge conddctive dr semi-
at the interfaces between a pair of parallel surfaces brought closely

t oget her and conductive surface regeiving radiatien §iont aheated surfiseet thabenraprises, emitting

generating surface, together with the exciting
10 radiation from a heated surface of temperature Ty; coupling the radiation through an -

evacuated gap for reception by a relatively cool conductive or semi-conductive surface
maintained at temperature Te, where Tw>Tc; and adjusting the thickness of the gap to
the order of submicrons/microns to achieve an enhanced increase in the relatively cool
_surface generation of electrical currents in response to the radiation coupled through

15 the gap.

23 The method claimed in claim 22 wherein the magnitude of the electrical currents

generated is controlled by the adjustment of the gép.

20 24 The method of claim 23 wherein the energy enhancement achieved by the
submicronlmicrqn gap adjustment creates energy stimulation that is converted into the

enhanced generation of the eleétriwl currents.

25 The method of claim 24 wherein the relatively cool surface is a photovoltaic surface
25 and the enhanced generation of the electrical currents manifests itself in the power

output of the photovoltaic surface.
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of charged carrier generation in a sem conductor surface in response to
heat radi ation, 5 by directing such increased heat radiation

energy e roduced at said i nterfaces
senlcondﬁ@ orﬂggﬁface 22 A met hod of enhancinguﬁﬁﬁnggﬁE?gtion

of electrical currents in a conductive or sem - conductive
surface receiving radiation froma heated surface, that conprises, emtting
10 radi ati on froma heated sdiftace of tenperature T[err]; coupling
the radiation through an evacuated gap for reception by a
relatively cool conductive or sem -conductive surface

mai nt ai ned at tenperature T[err] where TH>T[err]; and adjusting the" .
t hi ckness-of the gap to ~ the order of submcrons/mcrons to . --
achi eve an enhanced increase in the relatively cool “surface:”
generation of electrical currents in response to the radiation coupled ;
t hrough-- .15 .. .. . the gap. - ..23 -The nethod clained in claim.22 ..
wherein the magni tude of the eIectrlcaI currents ' " generated i's,
controlled by the adjustnent of the gap. 20 24 The nethod of claim
23 wherein the energy enhancenent achi eved by the .

submi cron/ mi cron gap adj ustment creates energy stinulation that is -

converted into the enhanced generation of the el ectrical
currents. 25 The method of claim 24 wherein the relatively coo
surface is a photovoltaic surface 25 and the enhanced generatlon

of the electrical currents manifests itself-in the power
out put of the photovoltaic surface.
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