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·w~ TUAI! btstittJMinn's lNcoitl'ORAhb, · rit electron, the Httpudty atoins iii the n-type 

6000 L;ntiitO.tt Avetttie, ballas., Texas, United region have a ilet positive cbiqe. Cott\rersely, 

. States· of Attterita, it corporation otgitnised and . acceptor itttpurides prodtitie the p-type reftion 

edating uttder the 11twt . of the State of t>eta• of the wafer, and in the lattice t\ttucture, re• 

5 ware~ U'1ited States of ~erica, du hereby quite an electron to ct>mplete their valettce bond 45 

declat~ the ipvention, for which we j;rity that Ill with the silicon •toms. ' Consequently, the 

patent tltaY. be granted tO us, and the method a~tt»r hnpurity atoms ti.ve • net neaative 

by "Which it is to be petfortned, to be partictilatly thar~e. A8 a ~ult of the positive chlrge 

. . d .. bed in It'd by the following statemettt:- · oi1 the donor ittoms and the ttegative charge 

10 This i'i\rention retat~ to an imprtWed type of on the acceptor atoms, an electric field ej[~sts 50 

radiant energy cortverter and, ttiore particul~ty at . the Jl.inction bet,weeti die t\1'0 regions which 

but not exclusiVely, ~o a seinic.ott~uctor solar · keeps etettrona irt the it-type rl'l;ion ~d ~les 

enet£Y e»n-.erter .which is more efficient than in the p-tyt>e regiM. When light p1irt1cles, · 

prevfously ptopmied COilverten~ . . . . hereinafter referred to aa phototis, are absorbed. 

15 ConversiOn uf &olllr. radiations into eleeti'icai by the silicon ciJBtal, it gives r~ to hole- SS 

~wer by melbs :of silicon p-tl junction electro ' paim i i the co 1ducti0ti band. The · 

photticelle is a c:ompatativefy recent. develoP- dectrit field ej[isting in the :wafer then forcea 

ttient in the art of seinicohdtictots. Discusiiotts the holes into the p-,region and the electrons 

of these solat energy converters have at>peared into the n-region thereby hlllking the p-region 

20 in suth . •tticles; as "A New Silicon P-N positive and the n-region negative. DispJaCe- 60 

i?nction Phot?CCll.foi' Cbnverting ~~lar R•d!a- inent of these newly freed chllrges ~auses a. 

t10n. into n1ectr1cal Power," ·~Chapin, vottage between the crystal ends which then 

'Fuller md fellr9bn, Journal of AP, · . Pliysia; supply electrical power to an external circtiit. 

Vol. 2.5, page 616 (1954), "Use o Siticon P".'N The energy of lhe stirt ~chiilg the earth's 

2S iunctfons fot Converting . Solar Ene!.&!r ta . a~rface .is approximately eighty-five . trillion 65 

Electrical Energy", by CUmtnerow, . l kilowatts (85 x 1oi2 kw) or, expresaed ddlerent-; 

lleoifto, V~I. ?5~ pages 561-562 (1954-), " dio- ly, one thousand watts per square mtter of · 

acti"e and Photoelectric l>-NJunction j>ower the earth's surface. A sili.coti p-n junction . 

. Source", . by w_. G. Pfann an w. van ltoos- . photocell of a unit area; though1 canMt con- · . . 

30 broeck, joantdl of ApfJliet!. Phyms1 Vol. 25, vert ~I of the photons. incident _upon it into 70 

page 1422 (1954), and, "S1bcon Solllr Energy electrical power for various reasons. Sotne of 

Converters'', by Prince, Journal of Applietl these reasons are (1) a relat.Wely large nurµber 

Phylics, Vol. 26, page 534 (1955). of the photons incident oil an untre11ted semi• 

. The photocell now used in. solar energy conductor surf~ .·stiffer · reRection and are 

35 converters ~nsists of a very thin wafer of lost, (2) of the photons entering the semi- 75 · 

silic0n. whidt has an electron rich n-regiort conductor, many: :ate either ttllllSmitted on 

and a hole rich p-tegion.. In the silicon w8fer1 through the material. or absorbed . at &Ome 

the rt•type repon, le produced by. dc>nor .itn- distance from the junctfon thus . ct-tilting 

. ' curities and, smce the dOnor impurities in ·~ cartiec pairs which. suffer teco~bation with-

• 40 attice structure eontribute Ith .excess or free out a>ntributing -to the useful converter out- 80 
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put, imd '(3) of the :carrier pairs which are lengths equivaf~nt to the energy gap ofthe 
separated by tJte junction, a pc;»rtion lire ·~st first layer, are absorbed in the first layer thus 
due . to the forward leakage cUi"rent. through . giving rise to hole-elec;tron paits. This layer is 

. the converter. H!)wevet1 neglecting all of sufficiently thin and traDsplitent to wavefongths 
: 5 thC$e reasons, Ii silicon p-n junction photo- beyond its absorption e~e, that is, the point . 70 

. \ electric energy converter still has on1y a maxi- at. which the energy contained in a waveJength 
.·' · · ; mum the()retical conversion efficiency_ for falls below the energy gap of the tnaterial, so that 

. sunlight of about 22%. The reasons for the the unabsorbed light passes through to the 
.. , , 2i3 theoretical limit of energy conversion are next layer. The second layer then absorbs. 

. 10 ~ircctly related to the energy gap of silicon the photon eriergy in the tle;tt shorter wave- 75 
·· or, in other words, the energy required to itjlgths ilti.d in the wav~enetft$ equivalent to 

raise a11 e1e¢tron in . the valence bllhd to t~e 1 its ~nergy gap· llbd hole-electron -p4irs ate, 
. conduction _band. 1'he energy 'gap of silicon. !ik.ewise1 p~duced _in this layer~ . 'l'he etie~gy 

, ' which is 1.U .electron V'Qlts and is the amount '. an W&vefongths of hght beyond the ~bsorpti~n 
15 of enetmr present. in light wa\lelengths of 1.2 edge of the aect)nd layer l11 transihitted to the 80 · 

microil8 «;ati8eS silicon to be trlltlsparent · to · ·third llbd sutce8Bive tayet111 eitth layer absorb­
wavelen~hs gteatet than ·t.2 ntfcrt;ns so that . Ing the photon energy tema.lnliig hi the shorter 
no carriers are getterated by that portiOn of · Wltvdengths and in the irivef enitha equtwtettt 
the sun's radiations 1onget ih. w:lvelength · to' its energy gatJ JlJ1d giving rise to hole-

20 than Lz ttiicrons. Further, only tu elec.tron 1 etectron p!lirs. It will be ob8erved that ea.«:h 85 
volts of energy frm~ eitch,hoton absorbed are l~er func!Whs only irt . the 4:()ttip."'tiyely 

•.. used· in the separatiop. o . bote-elettrorl pairs narrow region of the specltUtn in which 1t is 
irt the ctyStal and, thus, . i. · ext:t!llB energy tttost ef6.ei~t. SJnce fhe spectrtltti. ha8 been 
of th~ !Jhotter wavetenl!th, hi · energy photi>tt1t StJ dhrided th•t. du~ ntit:ttbtir of photoris . ab.;. 

25 is usctes:sty . dl&14*ed as eat. "It · fotlowa liOtbed by each · taayer ~ the aam.e1 essentiall) 90 
·that while siiiton is it very g(j()d . tnliterfal for equal eurtehts itte produced hi ellth layer ~a 
conv~tting light to et~ttici1 power iiJ the .' ttie tayers tnay thus ~ connected in sertts •. 
waveleng~ region from ~tit 0.8. .to 1.2 The invention will now be dellctibed . by 
microns. t'1~ tnlierent semicdrtductor cbtratter".' · •:Y of eutnpl~ with ref~rence to the licci>tn.- . 

30 istics ~r silicon timlts its efficleitty as ·a light · plihying drawings in which: . . 95 
energy ct:tn•erter. . . . · . · . Fl~re 1 is a scliettuttic representation of a 

. tn-the present lti\rentltHt, .there i8 provided iru.-ee _liyer. ~i".to.n~ti®t aoltt Citer~ con-· 
. a 'ifmte for tonverdng r.dl8bt ehe~ -~. vtrlet COnstructed tft ll(:COtdiince With the 
. electrical etteri)' wlµch ci>iilpi'.i&es it ptu,..tity preeent inyetttioii • . . · · . . 
35 of. distinct lqet9 t'Jf semicuttdtictot ttta~rllil; · · Figu~ 2 is a plot of twO t\lfVei; designated 100 

each contthtl,hg it p..ti jtit\ttlttii"att~ adap~d to is A iUid_ I, against eith~t wattlmgth in mic~ . · 
inte~t Billd en~, and each stniiconductor or tttergy in elect,Oit ·wlta irt which tUrve A 
layer .hitvl.ng_ att.-eri.etgy fntP dlfferettt frt>tn the represehts the- phuttttts incident ttpoti the 
othets. lrt the ptefertetl ptat:tice of this .ln- autiace of the earth ._,er micron *· cm2. and 

40 ventiori• t~e tff)iitr spectrutn la divided into cim'e B '8 the integral of cttrtre A in 1oi1105 
three or. bli>re waveltn~ regio.lill such that photons/cm.2. 11ec.: and . . . . . 
•he tttdn.bet of incident photon• in the _wave,. Figure ~ showt curves o( tight tratt81nissioii 
length regions of bite.test are equat A fimt in tJercent for silicon and . germanium as a 
aettilet>ndtittor hiatetiitl is selecte" whoae. ft'lnction or wavelength iti ini~miis. . .. 

45 energy gap is_ ~tcixintliteSy equal to the · Keferri~g now t!' the_. drawings, Figure· 1110 
photon energy of _tlie long waveltneth. edge of shows_ ll ·schernatJc repreaentation of one 
the shortest \ltllvel~gth division or the. ~lar- etp.bodiment. of this · invention. The solar 

. · spectrtim! Then• a second semiconductor energy converter of Figure 1 consists of three 
. material is seletted ·whose··energy gap corres- layers of 8emicoiiductor material; layers 10, . 
50 ponds to the long wave1~ng~ edge of the n~Xt H and 1~. Ea~h of th~ semioonducto~ layers 115. · 

shortest wavelength division of the solar 10, .11 and _12 lB compnsed of a p-region. and 
spcct~~ . and .· $0 ~~ .· u,tu semioon~u.ct~r . lih n~regiort wherebf the p~n juilcti9ns1 13, 
material with •~ llppr~priate enetg)' gaP lB 14 .and ~5.Lrespect1v~l_y; ate for1n.ed ,there- ·· 
selected .fot .each divistort of the spedrtnn. betw~ert .. The layers lite a~vantageousJY of a · 

55 Tht various layem; of s.ettt.itj)nductor material, &;~ 1/2" x 1/2" ~d ~11e a, thiekrie&s of 0.020". 120 

· i.:! :;,t~~~~t?;!: !:'c!0:rt1Jat'e~!t:· l~~fi~~ {:~;~~:~~r ::J:r.:r.,~J.,~f=;~r~~ 
layer With tJte latit!lt tttetRJ gap la positio~ed to• tlepth_ dc~dent upon the seiiiiooncluttor. 

. . to Nutlw "'' Uali.t w1ro firut iittd thu 6Uitii' lhtliii.'ial tlf the liifbl'1 1'hti diipettdenee of the 
to lay~ra !ll'e ar~ged ih the clucelldf"I order- of df ... 11ktn depth, upetn tho •tmlMftduato' JJ\ftt@.f• tll 

their energy gap. ·· lat results front the fact that the optical ab... . 
· The multi-layer .solar energy cotiverter sorption . consbifit of semiconductote is, in . · 
operates in the following inariner. _The high· general, of such a nature that,· fot photori · 
energy photons, that is, the energy contained energies large compared. to the energy Jap of . 

65 in the shorter wavelengths and in the wave- the mateHal, the energy is attenuate very 130 
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rapidly thereby causing generation of hole- elements, together . with the elements from 
. ,:- electron pairs vety close to the surface. lri. Group IV, represent a large number o( semi­

:.~ siliton, for exatnplc, at a wavelength of O.S ~nductors .each with a different energy gap. 
microns; 97% of the carriers arc freed within Further, as has been disclosed in Patent No. 

S to-s centimeters of the surface. 1'hus, to 2,710,253, issued June 7, 1955 to it. K. WUlard- 70 
prevent loss through recombination, it is son et al, it is possible to produce solid solu­
desitablc for the p-ti junction to be produced tions of compounds such· as alurnfrtium 
irt the layer within a minority carrier diffusiOn !lfltimonide and gallium antimonide and there-

. length or s(> from the depth of maximum by produce semi-conducto~ · with energy . 
to generation of hole-eleetrott pairs. gaps intermediate to the enel;'JiY gap or either '75 

· It will be noted that layers to, 11 dnd i2 p_areht composition. lt foOows from. the 
have been designated as having energy gap. . above thatt, wheil the solar spectrum has been. 

. equal to 1.90 ev, 1.36 ev and O.~ ev respective- divided into a number of waveienRth tegions, · 
Jy. As will be explained more fully below, any one of a number of semitoncfuctors with · 

· 15 the energy gaps of. the tnatetials have been . the tequi~d entrgy gllp may be selected for the 80 
cho,sen so tliat approximately equal tutrttlts layers 10, 11 athd 12. . 
witl be produeecf thus permitting the layers . As tnen.tfoned above, the energy gaps .or 
to be conrtected in series. The layers of Figure 1.90 ev for layer 10, t.36 ev tor layer-11 and 
I ate sh()Wrt connected in series with. the 0. 94- ev for layer 12 were selected in order to 

20 n-r~gion of tl!-yer 10 conrtett~d to the p•tegiori .Provide approximately equal cUrteht iii each 85 
of layer U by lead 16 attd the n-region of · layet and thus permit the layers to be connected 
layer 11 . conneeted to the p-reglon_ of fayer 12 in seti~. T~e selection of energy gaps to 

. bf lead 11~ ~ad 18, connette~ ~o the p'."regiott ~mphsh this purpose can be best uplained 
I o. layer to represents the pos1t1ve tonrt~fon by referring to ~he cu"es of Figure 2. In 

15 of the solar ettergy COtiVerte1· and lead 19, this figure; the abscissa of the cutves ttiay b.e 90 
connected to the n-regiort of layer · 12 re- read either "id terms of waveiehgth in mittohB 
presents. the negattive V<>ltage toiinection to or in terms of energy in etoctron ·volts. The 

. the ·solar eitert!Y C()nverter. Various means of reiation between waveh:nrth and energy ·In 
tonnecting the leads. to the. seJii.iC()nductor electron wits is expressed 6y the foi:iliula: 

30 layers ate· now -U-kno"Wn in the art and'."" '· · .l. = he . . . . . , ; , ,_·. . 95 
·it is not considered neCeBSllry to desttibe in 1.6021 :iC 10-•2\r · 
detaH the itltbher of tiWdna- such connections. where h · l'lanck1s C:Oli$tant 
It ahoutd be pointed out lt.ere that a ilel'ieil c = veiaclty. of light 
co01:1ection Cllti afso be achieved merely by . . V -: energy bl efectton \'Olts 

35 stacking th~ taye"8 10,, 1~ a~d 12 adjacent to "Therefore, .frf)tn this f~tntulll,; _it~ be ~ 100 
~ach other thereby ehm1natmg the connect- that. the higher photon ettergy .· .. contained 
mg leads 16 atld 17. irt the shorter wavelett~hs atnd decreases 

Jn tonstructi~g a solar energy converter with as the ·wavelength incre... Plotted ~ilat 
multiple layers, for example the layers 10, 1t the abscissa, either :wavelengths. in nt1crons. . 

40 and 12, it is ~ential to select semiconductor ·or energy in dectron volts; ate the cilrves A 105 
materials with different energy gaps for each and 11. . . Curve A . represents the . photons 
_of the layer&. Fot this purpose, semiconductors . irtcident upon the surface of the earth; in to11 
ate· available from 'the group comprised of the' · photons/micron sec. cm2~ iis a function of 

. cicments in Group tV of the periodic table; wavelength and curve B represents the integral 
45 the intertnetallic tonipounds of elements in 1 of curve A iii 1011 photob8/cm.2 se!C. The 110 

Groups 111 and V of the periodic table and · 'dotted lines 23, 24 and 25, drawn between the 
~he ;compounds, of, elements in Groups _11 8J!d electron ~It and the wavelength scates, inter-YI of the periodic table. The reJabonsh1p sect the integral cuh'e B bt such a manner 
l:Jetween the semJc<>nductor elellients in Group that· the solar spec;trum .is dividtd into wave-: 

$0 lV and betweeh ~ sem~conductor totnpounds , length regiOns. containing approximately equal 115 
qf elements in Groups III and V and Groups numbers of photons~ The continuation of the 
~·-and Vt is th.at ~e lighter clements of com- dotted ~ines · 23, 24- and 25 from the scale. of. 
pounds, appeari~g JR the upper part of each energy m electron· volts represents the energy 

. grotap; have a larger energy gap than· do the gap required of each layer 10, 11 and tl ·to 
55 ~eavi~t el~ert!B. or C?tnpe>ttlids. _'to iltustr:ite, sep~rat~ the spectrum ittto . the wavelen~h 120 

in Group IV, silicon is lighter. than ger11Ulfi1um regtons of equal nu!'lbers of photo~. Reading 
and has a largtr energy g~pj m the. Group Ill then be~een the mtersection of Imes ~3, 24-
~nd .v compounds, Galllum . arsenide (GaAs) . and 25 with cu"e B, it can be seen that layer 
rs lighter than. indium antimonide. (~nSb) 10 receives 1.07 x 1017 photons/cm.2 _s~. with 

• 60 ~nd. has _a largei: energy fap; and strndarly, an energy above 1.90 ~ {l. = 0.65 nucrons), 125 
m the Groups II and V compounds, zinc. layer 11 receives 1.Q2 x 1011 photons/cm.2 . 

. . sulfide (Zn~).· is lighter than cadi~m aelen!de ~· with an ~ergy abow 1.36 e:v (.< . • 0.91 : 
. ~CdSe) and has a larger energy gap. Thus1 macrons) and below 1.90 ev (l.-:-- 0.65 nucrons) 
~r, 1t is clear that the compounds available from _&;nd layer 12 reeeives 1.06'::1: 1017 pHotons/c~.2 
~the Group· III and V and Group II and vt sec. with an energy above 0.94- tv (.< = 1.31 130 
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,,..ft' micr.oris) and.below 1.36 CV (..C == 0.92 microns).. ' To illustrate the invention inOte specific­

The photon encrgl' falling ~pon the layers aUy, two examples of a three layer solar energy 

10, 11 and 12 is represented in Figure 1 by the converter are given as fotlows. In the converter 

. lines ~O, 21 and 22. Line 20 represents photon of the first example, the semiconductor 

· 5 energy greater than or equal to 1.90 ev, line materials eomprising the layers were <:admitim 70 

21 represents photon energy greater than or selenidc, silicon and gallium antimonide. 

. . equal to 1.36 ev and line 22 tej>rce.ehts photon . The energy gaps and ctirt~ts of the layen 

e~ergy greater than or equat to 0.94 ev. All in the order as named were 1.74 ev and 13.3 

of tl\e light wll\rc8 •re first incident upon layer ttia/cm.1, l.08 ev · and .13.8 tna/ctn.1; and 

t:O 10 aiti;I, the phottin energy. contained in the . 0.67 ev and 9.5 ma/ein.2:. . The afmbination · 75 

line 20 be~ gre.ter than 1.90 ev. the photons of these three layers reaUlml in a. con~rter 

'-n; a~OtbeCI -in layer 10 thus giving rise to ·With a net convetsiott cllicle~ from lipt 

ht>le-eleCtmii ~In. .The phoion energy of energy to eleetrlcal power of 17.4%. · ln the 

lines. 2i and 2Z beittg less than t.90 ev, iare ~net example of • three layer solat e.tiergr 

ts ~ntitted on througlt l•yer 10 to layer 11. · tonvettet, die· semiconductor hlllterials used 80 

The. photon energy .in line Z1 it greater thiih . were ialutnlnlum anti~11ide, htdlum: phosphide 

~136. el' Ind thu~ the· photbriB In tine. 21 ate iihd germanium. With ti:h energy •P ()f 1.88 

8')80t~d in layer tt gMttg rise to holt-- e;- ind a current of11. l m1/c:m.2 ft»tthe alumin-

. elettron ~irs. As In the drle of layer 10, him liiltittJUnide layer, 1." ev and t2.0 ttia/crn.2 

IO litYer 11 . iS transparent to the photori etiera . fur the indium phosphidt layer, and 0.82 ev 85 

1 1>f line 22 and this energy is trattsmltted mi to 1a1.d .9.1 ttlll/cm.2 for the m:rttwtiUth layer, the 

layer ti whe~ ·it la absorbed thus · givittg resulting dlicienc)t. ttf ii8'it conversion from 

tis~ to hole-electron pair11 in layer _12. Since light energy to electtital tJt>Wet wii 22%. 

. tltc photons 1tbsorbed in each of the layerti •re Whm it is realized that a ttWtitttum con-version 

25 aj>proximately equat in number, it fejftm\18 emciency of oniy i 1% h18 ~ ilttained to 90 

that equal . cUtl'Qllts . a~ 'Pi'Odtt<:ed in ~ch date with singte siliciJn ~n juncti()n photo- . 

. of the layers and the . arrangdllent described tells, it can t>e seen Wat the use ·of multiple 

permits them. to be conneet.ed in aeries.· fayers represents Ii *'18rked. ad~ in the art 

· The opaque . chataetet ~r semiconductot of semiconductor solar energy converters. 

30 riiatetiitls . to . photon . energlea above their lt shoutd be recognized that this invent.ion 95 

energy gap 111d transparent character to photon is subject io ntodification in ~y ways. For · . 

ene~es ~low their energy gap is well illus- enmple, the invention has been described · 

trated by . Figure 3 wherein the ttanmtissioil in terms of a three layer solllr energy converter. 

chilntct.ttlstic8 for silicon, and germanitim Howuer, the solar sptc!lruiD. can be· divided 

35 are sho'Wti. lit this fifire, the dllshed line for up into · even narrower bands of wavelengths 100 

siiicmt shows that it as completely opaque to and additional layers of .1M1miconductor material 

tight .~ ~f ll . length sltorter than one provided whose ene1l)' ·gap i• «:qual to the 

lilteWtl btit that, for wavel~ above 1.1 longest wavelength ffi. each divistbD of the 

ml~rttn1 there lia pta¢cally 100o,{, traitsrnhisfon solitr •pe<:trum.. · Since· lesser amaunts of the · 

· · 40 df, light· .Wilvea of a length up to two niicrons. photon .energy would then be. dissipated as 105 

'fht1111 the transmission in percent of silicon he•t, it follows that iin llicreue In the number 

~ina t(j _drop off for. longer W.velengthS. of semiconductor layen in the energy converter · 

Tlie eolid line curve for germanium shOwa thlt. results in an· in~ in the conversion effic· 

it. ia dl8entially opaque for Wllveienp Uf> to iency. from iight energy to •elec;trical tJ<>wer. 

45 1.67 trtici'Ons ancf the transmioion 1n percent lit addition. it is not ntoe88ilty for the layers 110 

of tight waves ittcteases sbari>ty until wave· to be oonn~d in sedea llttd provided with 

lengths of 2.25 mic~ are te8clied and there· equal clirrents in the "inllntter described herein. 

after the tranmiission is HK>%. It may be desirable ~nstt:•d to auppiy. a certain . . 

, The curlcs of Fig0re I also Uiustrate voltage to artothet c1rt:;U1t. 'thus, this voltage 

.1§0 another itnportant feature of the above de8- tan 6e . supplied by the outpilt froin one of 115 

cnbed-trtetgy COltVerteiS; this fclltUte takes lnto the lllyers and the remaining )ayers COMectcd 

acct>tltit the fact that only the ~etgy in photona in series or in piraUel. .. Further, while this 

equal to the energy gap of the. sem.iconductor invention has been described iri terms of Jight 

materiitl ia useful in Protfucillg hole-eleCttt»ii energy rccei'\l'ed frotµ the &Un; it is broadly 

55 i;aire, the ~litdet being uselessly dissipated contemplated that the . lilht energy may be 120 

aa heat. Thus, ai shmni by Figure 3, semi- received from any source Which has a frequency · 

conductor layers With a low enei'fY. gap; i.e. apectrum equivalettt le) thilt of the sun. 

gel1niiliuttt. a~ shielded from. high plioton WHAT WE CLAtM IS: . 

energies by lllyers with. larger energy gaps, 1. A de\rice for eomerting radiant energy 

60 f • .:. silit;bn. . This permits an ari:atigedient of to eledrical energy, comprising a plurality of 125 

. layers tit the cl*nding order of their trtergy distinct layers of semi conductor material, 

· aai;a with the· conseqttertt result. that each ~ cotttaininJ a .1?•n. jllilction and adapted 

· fajer operates in the wavelength ~ri. in to m~t said 1,"lllliant energy, each of said .· 

which it is ino8t efficient and thereby dissipates i layen hav.tritJ .a diffete.ftt etttrgy gap. · · 

65 leaser amount of photon aief81 u heaL Z. A device u diimed in Cta:im lt in which 130 
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., microns) andbeJo\v 1.36 cv (.C = 0.92 microns). 
The photon energy falling upon the layers 

10, 11 and 12 is represented in Figure 1 by the 
Jines 20, 21 and 22. Line 20 represents photon 

S energy greater than or equal to 1. 90 ev, line 
2l represents photon energy greater than or 
equal to t .36 cv and line 22 represents photon 

· energy greater than or equal to 0.94 cv. All 
or the light waves are first incident upon layer 

t.O l 0 and, the photon energy contained in the 
line 20 being greater than 1.90 ev, the photons 
are absorbed in layer 10 thus giving rise to 
hole-electron pairs. . The photon energy of 

· lines 21 and 22, being Jess than 1.90 ev, are 
IS transnlitted on through layer 10 to layer U. 

The photon energy .in Jine 21 is greater than 
1.36 ev and thus, the photons in line 21 •re 
absor~d in layer 11 giving rise to hole­
electron pairs. As in the case of layer 10, 

20 lajcr 11 is transparent to t1ie photon energy 
. of line 22 and this energy is transmitted on to 
· layer 12 where it is absorbed thus giving 

rise to hole-electron pairs in layer .12. Since 
the photons absorbed in each of the layers are 

25 approximatCly equal in nurnf>r.r, it follows 
that equal currents are 'produced in each 
of the layers and. the arrangement described 
permits them to be connected in series. 

The opaque character of semiconductor 
30 materials to photon energies above their 

energy gap and transparent character to photon 
energies 6dow their energy gap is well illus­
trated by Figure 3 wherein the transmission 
characteristics for silicon . and germanium 

35 are shown. In this fifire, the dashed line for 
silicon shows that it IS completely opaque to 
light waves of a length shorter than one 
micron but that, for wavelengths above 1.1 
micron, there is practically 1()()0,4, transmission 

40 of light waves ~f a length up to two microns. 
Then, the · transmission in percent of silioon 
begins to drop off for longer wavelengths. 
The solid line curve for germanium shows that 
it is essentially opaque for wavelengths up to 

45 1.67 microns and the transmission in percent 
of light waves increases sharply until wave­
lengths of 2.25 microns are reached and there­
after the transmission is lOOo/o. 

. The curves of Figur~ 3 also illustrate 
t;O another important feature of the above des­

cribed energy converters; this feature takes into 
account the fact that only the energy in photons 
equal to the energy gap of the semiconductor 
material is useful in producing hole-electron 

SS pairs, the remainder being uselessly dissipated 
as heat. Thus, aa shown by Figure 3, .semi­
conductor layers with a low energy gap, i.e. 
germanium, are shielded from high photon 
energies by I ayers with larger energy gaps, 

60 i.e. silicon. This permits an arrangement of 
layers in the descending order of their energy 
gaps with the consequent result. that each 
layer operates in the wavelen«th ~ion in 
which it is most efficient and thereby dis8ipates a 

6S lesser amount of photon energy as heaL 

, To illustrate the invention more specifiC­
atly, two examples of a three layer solar energy 
converter are given as follows. In the converter 
of the first example, the semiconductor 
materials comprising the layers were admium 70 
selcnidc, silicon and gallium antimonide. 
The energy gaps and currents of the layen 
in the order as named were 1.14 ev and 13.3 
ma/cm.2, 1.08 ev and 13.8 ma/cm.2, and 
0.67 ev and 9.5 rna/cm.2. The combination · 75 · 
of these three layers resulted in a converter 

· with a net conversion efficiency from light 
energy to electrical power of 11.4%. In the 
second example of a three layer solar energy 
converter, the semiconductor materials used 80 
were aluminium antimonide, indium phosrhide 
and germanium. With an energy gap o 1.88 
ev and a current of 11.1 ~cm.2 for the alumin­
ium antittJonide layer, t.25 ev and ti.O ma/cm.2 

;for the indium phosphide layer, IUld 0.82 ev 85 
and 9.7 ma/cm.2 for the ger1nanium layer, the 
resulting efficiency of light conversion from 
light energy to _electrical power was 22%. 
When "it is realized that a maximum conversion 
efficiency of only 11% has been attained to 90 
date with single silicon p-n junction photo­
cells, it can be seen that the use of multiple 
layers represents a marked advance in the art 
of semiconductor solar energy converters. 

It should be recognized that this invention 95 
is subject to modification in inany ways. For 
example, the invention has been described 
in teniis of a three layer solar energy converter. 
However, the solar spectrum can be divided 
up into even narrower bands (Jf wavelengths 100 
and additional layers of semiconductor material 
provided whose energy gap is equaJ to the 
longest wavelength in each division of the 
solar spectrum. Since· leeser amounts of the 
photon energy would then be dissipated as 105 
heat, it follows that an increase in the number 
of semioonductor layers in the energy converter · 
results in an incr.ease in the conversion effic­
iency from light energy to electrical power. 
In addition, it is not necessary for the layers 110 
to be connected in series and provided with 
equal currents in the manner described herein. 
It may be desirable instead to supply a certain 
voltage to another circuit. Thus, this voltage · · 
can be . supplied by the output from one of 115 
the layers and the remaining layers connected 
in series ot in parallel. Further, while this 
invention has been described in terms of light 
energy received from the sun, it is broadly 
contemplated that the light energy may be 120 
received from any source which has a frequency 
spectrum ~uivalent to that of the sun. 

WHA 1 WE CLAIM IS: 
·. 1. A device for converting radiant energy 

to electrical energy, comprising a plurality of 125 
distinct layers of semi conductor material, 
each cont:aininJ a p-n junction and adapted 
to in~~t said radilUlt energy, each of aid 
layers haVJn' a different energy gap. 

2. A device as claimed in Claim 1, in which 130 
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_the first layer is comprised of gemiconductor energy gap layer. 
· . 20 

_ ./? matetial r~ponsive to energy lying in the low 7. A device as claimed in Claim 6, includ- · 

:'tlfl'- nvelength region of the l~ght spectrum. ing a connection to the p-type region of sllid 

· 3. A device as claimed in Claim t or 2, first layer and a Cc:innection to the .il-type · 

;.· 

·~.· 

S wherein said layers are arranged so that the region of the lowest energy gap layer of said 

Ught energy absorbed by said at least one other plurality of layers. 
. 25 

layer is transmitted through said first layer. 8. A device as claimed in Claim J. in which 

4. A device as claimed in Claim 1 or 2, in the semiconductor layers ate selected tO per­

. which the · energy gaps of the other layers of mit substantially equal numbers of phott>ils 

. to selri.icondUctdr material are lower than the to be absorbed by each of said plurality of 

eneTIQ' g!lp of sllid first layer of setniconductor layers. . . . .· 

material. - . . 9. . A radiant energy conv~rter auMtaiitiaJJy 

5. A devl~ as claimed in .any .of Claims aa described with reference to tfie acoompany· 

. t to 4-, ht which said plurality of l•f!rs after the mg drawings. . . . . . 

15 first tqer llre positioned after said flrst layer · .Poi: the Abplicattta . · 

in the descending order of their energy gllJS. F. J. CLEVELANH & COMPANY 

6. A dmce · Iii d•imed ht Claim s, itt · · Chartered Patettt AKents . 

which the n".type tetion of on~ l11.yer is con- 29. SOuthampt~rt Builci.fttl!i tltaftcety Lane. 

nected with the p--type regiort of the nm.l~t 
. J.,on~n, w.c.2. · . 

30 

35 
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