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‘We, TaxAs INSTRUMENTS IncoreoRraTED, of electron, the iinpuiity atoins in the n-type -
6000 Leminon Avenue, Daltas, Texas, United region Have & net positive charge. Conversely,
States of Afmerica, 4 cotporation organised and _acceptor impurities produce the p-type region
existing tnder the laws of the State of Dela- of the wafer, and in the lattice structure, res
5 ware; United States of Ametica, do hereby quitean electrob to complete their valence bond 45
dectart the ifvention, for whiich we t’ﬁray-thfat a with the silicon atoms. . Consequently, the
ga’t'eht may be granted to us, and the method  acceptor jinpurity dtoms have a net negative
yy which it is to eperfommd,tobepaﬂicuiarly charge. As a result of the positive charge
N described in ard by the following statement:— ~ oh the donor atoms and the negative charge
ip ‘This ivention relates to an improved type of on the acceptor dtorns, ah electric field exists 50
radiant eh'e':fy coltverter and, more particularly  at the junction between the two regions which
but fot exclusively, to 2 semiconiductor solar ° keeps electrons in the n—m‘efion and holes - .
ener'%'y converter which is more efficient thai in the p-type region. ight particles, -
previously proposed converters. hereinafter referred to as photobis, are absorbed.

15 Cohversion of solar radiations into electrical by the silicon crystal, it gives rise to hole- 55
power by meuhs of silicon p-n junction efectro1 pairs i1 the co sduction band. The-
hotocells is a comparatively recent develop-  electric field existing in the wafer then forces

mient in the art of semiconductors. Discussionis  the holes into the p-region and the electrons

of these solar energry converters have appeared  into the n-region thereby making theg-regipn -
- 20in such articles, as “A New Silicon P-N positive and the n-region negative. isplace- 60 !

Junctiois Phutql)ceﬂ for Converting Solar Radia- ment of these newly freed charges cduses 2. :

tion into E ectricel Power,” by Chapin,’ voitage between the crystal ends which then

Fuller and Pearson, Journal of Applied Physics, suqy y electrical power to an external circuit.

Vol. 25, page 676 (1954), “Use o Silicon P-N ~ 'The energy of the sun reaching the earth’s: ;

25 Junctions fof Converting Bolar Energy to surface is approximately eighty-five trillion 65

ectrical Energy”, by Cummerow, 3 ! ‘kilowatts (85 x 1012 kw) of, expressed different-;
Review, Vol. 95, pages 561-562 (1954), “ dio- ly, one thousand watts per. square meter of -
active and Photoelectric P-Nd)unction Power the carth’s surface. A silicon p-n junction

_ Bource”, by W. G. Pfann and W. vai Roos-. photocell of 2 unit area, though, cannot con- -

30 broeck, Journal of A‘rplied Physics, Vol. 25, vert all of the photons incident upon it into 70
page 14 {1954), and, “Silicon Solar Energy electrical power for various reasons. Some of .
Converters”, by Prince, ournal of Applied these reasons are (1) a relatively large number
Physics, Vol. 26, page 534 (1955). of the photons incident on ah untreated semi=

The photocell now used in_ solar energy conductor surface " suffer " reflection and are -

3% converters consists of a very thin wafer of lost, (2) of the photons entering the semi- 75
silicon_ which has an electron rich n-regiont conductor, many afe either transmitted on -
and 4 hole rich p-tegion. Iu the silicon wafer, through the material or absorbed.at some
the i-type region, is produced by donor .im-  distance from the j
purities and, since the donor impurities in the cirtier pairs which suffer recombitiation with-

unction thus creating -
“40 fattice structure contribute an excess Or free. out contributing to the :n'seful. converter out~ 80
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put, and E) of -the ‘carrier pairs which are
separated by thé junction, a portion are lost

' due to the forward lcakage citrent. through.

the converter. However, neglecting all of

. 5 these reasons, a silicon p-n junction photo-

clectric enictgy converter stifl has only a maxi-

-, mum theoretical convetsion efficiency . for
- . sunlight of about 22%,. The reasons for the

22%, theoretical limit of energy conversion are

' 10 directly related to the energy gap of silicon

or, in other words, the energy required to
raise an clectron in the valence band to the
“conduction batd. The energy gap of silicon,

" which is 1.11 electron volts dnd is the amount
15 of energy present in light wavelengths of 1.

" beyond its absorption

lengths equivalent to the energy pap of the

first layer, are dbsorbed in the first layer thus

giving rise to hole-clectron paits. This layer is -

sufficiently thin and trmiparent to wivelengths
e

at which the energy contained in a wavelength
falls below the energy gap of the material, so that

‘the unabsorbed light passes through to the

The second layer then absorbs.
in the fiext shorter wave- 75
equivalent to
dirs are,

next layer.
the photon _ener;
lepgths and in the wavelen
its energy gap and hole-electron

- likewise, produced in this layer. .‘The enerpy
' in wavelengths of _lifht beyond the absorption

2 ' edge of the second

microns causes silicon to beé transparent to -

wavelerigihis greater than 1.2 nifcrons so that

no cartiers dre generated by thit portion of *
- the sun’s radiatiohs longer i wavelength

20 than 1.2 microns. Futther, only 1:11 electron

|

volts of energy from-each photon absorbed are -

..-tised in the separation of hole-clectron pairs

in the ctystal and. 1 ﬁs,_? exbess energy

of the shorter wavelenjth, high energy photons
2 ligsi as Heat, It follows
‘that while silicon is a vety good material for

convertin&‘ light to efectrical power in the'

i tegion from about 0.8 to 1.2

waveleng

microns, the inheérent semicotiductor chardcter- -

30 istics of silicon limits its efficienicy 4s-a light
energy conveiter. T -

_ %ﬂt‘he présent invention, there is provided

~ a ‘device for convertiig radisnt energy  to

electrical energy which compiises a plurgli&r

35 of . distinct layers of semicotiductor material,” -

- each contdin‘ifg a p-ii jutiction- and adapied to

intercept sald energy, and each seiticonductor
layer Yiaving an.eiictgy gap different from the
others. In the preferred practice of this in-
40 ventioni, thie solir srectmm {s divided into
three or miore wavelength regions such that
the number of incident photons in the wave.
length regions of interest dre equal. A first

" semicondtictor imaterinl is selected whose-
- 45 energy pup is

. a;‘:gmximately equal to the
photon energy of the long wavelen

the shoitest wavelength division of the solar-
hen, & second semiconductor
material is Select'ed'whose'-enelfy gap corres-

50 ponds to the long wavelength edge of the next

shortest wavelength division of the solar

1 edge of

spectrum and so on_ until semiconductor

material with an appiopriate energy gap is
selected for each £vision of the spectrum.
55 The various layers of semicbnductor material,
each coutaliting 4 p-ti junction and fabricated
into very thin wafers, are so otdered that the

layer with the largest encrgy gap 8. positioned
4

i :
o receive the lijght energy first and the pthier
60 layers ate arranged in the descending order of
their energy gap. S

The multi-layer solir eciiergy cofiverter
afy:llllowing_mannen The high"

operates in the f
energy photons, that is, the energy contained

" 65in the shorter wavelengths and in the wave-

" betwveeti. . ageously of a - -
size 1/2” x 1/2* and have a thickness of 0.020". 120

ing the photot energy remainisig in the shotter

avelengths and ih the wivelengths equivatent
to its energy gap and giving rise to hole-
layer functiviis only in the compsratively
narrow tegion of the spectnim in which it is
inost efficient. Since the spectrum has been

8o divided that the number of photons db-
sotbed by cdchi layer is the same, essentially 90

equal currents are produced in each layer and

the layers may thus be connected in seties.
The invention will now be described by

way of example with reference to the sccom-

" panying drawings in which: 95

Figure 1 is d schiemhatic representation of a
three layer semi-conductor solar energy con-'
verter cotstructed in  dccordance with the
present invention ‘ :
" Figure 2 is 4 pl v
ds A and B, against either wavelength in microns
or eneigy in electron ‘volts ini which curve A

represents  the photoiis incident upon the . -

sutface of the earth per micton sec. cm? and -

turve B is the integral of curve A in 1017105

photonsfesm.2seciand - - -
Figure 3 shows curves of light transmission

in percent for silicon and germanivin as a

function of wavelength ih microsis. :

‘Referrifig now to the drawings, Figure 1110 -

shows a schematic representation of one
embodiment. of this invention. The solar
enetgy cofiverter of Figure 1 consists of three
lialyqrs of semiconductor imaterial, layers 10,
10, 11 and 12 is comprised of a p-region and
an n-region whereby the p-n junctions, 13,
14 and 15, respectively, are formed there- -
_The layets dre advantageously of a

The p- junction for each layer is produced by
diffusing into n-type inaterial a p-type imgurity
to a depth dependent upon the semicotidu
diffusion c..!aft_h upon the semicanduetor
ial results from the fact that the optical ab-.
sorption .constant of serniconductore is, ifi .
general, of such 4 nature that, for photon
energies large compared to the energy gap of
the mateiial, the energy is attenuated very 130

_ ayet i8 transmmitted to the 80 -
third and successive layers, eachi layet dbsorb- -

electron pairs. 1t will be observed that each 85 -

ot of two curves, designated 100

and 12. Each of the semiconductor layers 115~ .

) h de ; uctor .. -
puterial of the liyer. The depenidence of the =
terx 13!.

ge, that is, the point 70. _§
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rapidly thereby causing gene;'ation of hole-

(- clectron paits very closc to the surface. In-
i - % ilicon, for exatnple, at a wavelength of 0.5

" " microns, 979, of the carriers are freced within

'+ 510-5 ccntimcters of the stirface. Thus, to

prevent loss through recombination, it is
desirable fot the p-n junction to be produced
in the layer within a minority carrier diffusion
“length or so from the depth of maximum
10 generation of hole-efectron pairs. =~
-~ It will be noted that layers 10, 11 and 12

" have been desighated as havin
equal to 1.90 ev, 1.36 ev diid 0.94 ev respective-
]{. As will be exPla_ined more _fully below;
15 the energy E:ps of the materials have been
cliosen so that approximately equal cuirents
will be produced thus permitting the layets
to be contiected in series. The layers of Figure
1 are shown comiected in series with the
20 n-region of fayer 10 cotiniected to the p-region

clements, together with the elements from

energy gaps

Group IV, represent a large number of semi-
conductors each with a different encrgy gap.
Further, as has been disclosed in Patent Ng.

2,710,253, issued June.7, 1955 to R. K. Willard- 70 .

son et al, it is possible to produce solid solu-
tions of compounds such as ahiminium
antimonide and gallium antimonide and there-
by produce semi-conductors ~with energy

gaps intermediate to the enetgy gap of either 75

parent composition. It follows from the
above that, when the solar spectruri has been
divided into a number of wavelength tegions,
anhy one of a number of semiconductors with

the required energy gap may be selected for the 80

_layers 10, 11 and 12,

of layer 11 by lead 16 and the n-region of -

layer 11 conprected to the p-refidn of tayer 12
} by lead 17, Lead 18, connected to the p-region

[ of layer 10 reptesenits the positive connection

25 of the solar energy converter and lead 19,

contiected to the n-region of fayer 12 re-
presents the negative 'vblta%;. connection to
. the solar eneify convetter. Various means of
connecting the leads to thie sesticonductor

detail the inanner of mn'khlghsuch_connections.
It should be pointed out here that a seties
connection cai also be achieved merely by

‘33 stackinﬁlthe layers 10, 11 and 12 adjacent to
each other thereby eliminating the connect-
in% leads 16 and 17. .

© 30layers are now twwell-known in the art and-.
“it is not considered necessary to desctibe in

n constructing a solar eniergy converter with -

- multiple layers, for example the layers 10, 11

40 and 12, it is essential to select semiconductor -

materials with different energy paps for each
of the layers. For this purpuse, semiconductots

ate-available from the group comprised of the’

clements iit Group IV of the periodic table,
45 the intermetallic compounds of elements in
Groups III and V of the periodic table and
the ‘compounds of elements in Groups II and
VI of the periodic table. The rer:'tionship
between the semiconductor elements in Group
50 IV and between tire semiconductor compounds
of elements in Groups I1I and V and Groups
It and VI is that the lighter elcments of com-
pounds, appearing in the upper part of each

o ﬁ'roup,- have a larger energy EP than' do . the
55 .

eavier elesrients or compounds. To illustrate,
in Group IV, silicon is lighter thin germanium
and has a larper energy gap; in the Group 111
and V compounds, Gatlium arsenide (GaAs)

is lighter than indium antimonide (InSb)
~ +60and | '
in the Groups II snd VI compounds, zinc-

s a larger energy gap; and similarly,
sulfide (ZnS) is lighter than cadium selenide
, ngScz and has a larger energy gap. ‘This,
1t i8 clear that the compounds avg?ﬁble from
65 the Group IIT and V and Group II and V1

‘of curve A in 1017 photonsfcm.? sec.
"dotted lines 23, 24 and 25, drawn beétween the

_As mentioiied above, the energy gaps of
1.90 ev for layer 10, 1.35 ev for layer 11 and
0.94 ev for layer 12 were selected in order to

-provide approxiimately equal current in each 85

layer and thus permit the layers to be connected

in series. The selection of energy gaps to
gccomplish this purpose can be best exp'iggnéd

by referring to the curves of Figure 2. In
this figure, the abscissa of the curves inay be 90
read either in terms of wavelength in mictons -
or in terms of energy i electron volts. The
refation between waveleng
electron volts is exﬁmm the formula:

- 16021 x 10-12V
where h = Planck’s constant
- c = velocity of light
. V= eniergy it electton volts

Thetefore, from this formula, it can be seen 100

that the higher photoii enetgy is contained
in the shorter wavelengths and decreases
as the wavelength increases, Plotted against
the abscissa, either wavelengths in miicrohs. .
and B,

Curvée A  represents the photons

_incident upon the sutface of the earth in 1017
" photons/micron sec. ¢in?, as a fusiction of

wavelength and curve B represents the integral

electron volt and the wavelength scales, inter-
sect the ititegral cutve B in such a manner
that the solar spectrum is divided into wave-

nitmbers of photons. continuation of the
dotted lines 23, 24 and 25 from the scale of

energy in electron: volts represenits the energy -

gap required of each layer 10, 11 and 12 to -

. separate the sFe'ctnim‘ into the wavelength 120
n

regions of equal numbers of photons. Readin
then between the intersection of lines 23, 2

-and 25 with curve B, it can beé seen that layer

10 receives 1.07 x 1017 photons/cm.2 sec. with

an energy above 1.90 ev {£ = 0.65 microns), 125 . ..
layer 11 receives 1.02 x 1017 photonsfcm.2 . . -
sec. with an énergy above 1.36 ev (£ = 0.91

‘microns) and below 1.90 ev (£ = 0.65 microns)
and fayer 12 receives 1.06'x 1017 photons/cm.2
sec, with an enetgy above 0.94 ev (£ = 1.31 130

and energy in - .

he 110

‘or energy in electron volts, dre the curves A 105 R

length regibns‘.contain:?ﬁ approximately equal 115 B
e




LA A

o . s

fodp,

i
o .
b o ————————— pt

~

‘S encrgy greater than or equat

pitee

.

" YR e
(R THER S bR o

3 ,; mié:ons) andbelow 1.36 ev (£ = 0.92 microns). -

The photon energy falling upon the layers
10, 11 and 12 is represented in Figure 1 by the
lines 20, 21 ind 22. Line 20 represents photon
to 1.90 ev, line

21 represents photon energy greater than or

. equal to 1.36 ev and linc 22 repregents photon.
" energy greater tham or equal to 0.94 cv. All
_ of the light waves are first incident upon layet
10 10 and, the photon energy
tine 20 bejrig greater than 1.90 ev, the photons
are absotbed in layer 10 thus giving rise to
tiole-clectron pairs. ‘The photon energy of
tities. 21 and gﬁ_beini!_ess thin 1.90 ev, ate
18 transmitted on throug
. 'The photon energy in line 21 is greatet than
© 1,36 ev and thus, the pliotons in line 21 are
dbsorbed ih layer 11 giving rise to hole-
- electton pairs, As in the cuse of layer 10,

20 layer 11 is transpatent to the photofi energy
of line 22 and this enetgy is traiismitted ot to
layer 12 whiere it is absorbed - thus -giving
tise to hole-electron pairs in 1afyer' 12. Since
 the photons absorbed in each of the layers are

25 approximately equal in number, it follows
that equal cutrents are 'produced in each
of the layers and the arrangement described
permits thetn to be connected in scries.’

" The opaque character of semiconductor

30 thaterials to photon energies above their

™" energy gap and transparent character to photon

energzaa dow their energy gap is well illus-
trated by Figure 3 wherein the transmission
charactetistics for sificon  and germanium.
5 are showh. In this figure, the dashed line for

siticon shows that it is c 'g‘letely omue to

light wives of a length shorter than one
mictoit biit that, for wavelenpths above 1.1
ftlcron, there is practically 100%, transmission
. 40 of Hght waves of 4 length up to two microns.
Then; the transmission in percent of silicon
Hegins to drop off for longer wavelengths.

The solid line curve for germanium shows that

it is casentially opaque for wavelengths up to
45 1.67 miicrons and the transmission in petcent

of lipht wives increases sharply until wave-
lengths of 2.25 microns are reached and there-
after the transmission is 100"4,. -
 The curves of Figure 3 also tllustrate
" §0 angther important feature of the ahove des-
cribied cnergy coriverters; this feature takes into
" gecoufit the fact that only the energy in photons
equal to the enerizy gap of the semiconductor
 imaterial is useful in producing hole-clectron
§5 pairs, the remiinder being usefessly dissipated
as hedt. Thus, as shown by Figure 3, semi-
conductor layers with a low energy gap, i.e.
 germanium, are shielded from. high photon
encrggies by _ .
60 i.e. silicon. . This permits an arrangement of
. layers in the désoending order of theit enei
* gaps with the comsequent result. that eich
* fayer opetates in the wavelength regiont in
wﬁch it is imost efficient and the dissipates &
65 lesser amount of photon eriergy as heat.

contained in the .

tayer 10 to layer 11.-
_were glutnintuin antimonide, indium ph

for the indium phosphide layer,

fayers with larger energy gaps, |

© distinct layers ol

To illustrate the invention more specific-

ally, two examples of a thrée layer solar energy

converter are given as follows. In the converter .
of the first example, the semiconductor
materials comprising the layers were cadmium 70 .
selenide, silicon and gallium antimonide.
The energy gaps and cutrents of the layere
in the order as named were 1.74 ev and 33
majem.?, 108 ev and 13.8 majcm.2, and
0.67 ev and 9.5 majem.2. The combination
of these three layers resulted in a converter

‘with a net conversion efficiency from light

energy to electrical powet of 17.4%. - In the
second example of a three layer solit efiergy
cotiverter, the semiconductor materials ?lx:;d
ride

80
and germanium. With at enei'fy gap of 1.88
ev and a current of 11,1 ma/em.2 for the alumin-
fam antimonide layer, 1.25 ev and 12.0 a/em.2
and 0.82 ev
and 9.7 mafcm.? for the gertanivim layer, the
tesufting ency of light conversion from
light enetgy to electrical powet was 22%.
Whien it is realized that a maxitnum cotiversion
efficiency of only 119, hus been attsined to
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.

95

85
90

1t should be recognized that this invention
is subject to modificationt in many ways. Foi -
esample, the invention has been described
in terms of a three layér solar enérgy convetter.
However, the solar spectrum can be divided
up into even narrower bands of wavelengths 100
and additional layets of semiconductor material
r‘rovided whose  energy ‘gap is equal to the
ongest wavefength in each division of the
solar spectrum, Since-lesser amounts of the *
Ehom enerpy would then be_ dissipated as 105

cat, it follows that in iricredse in the number
of semiconductor layets in the energy converter
results in an increase in the conversion effic-
fency from light energy to electrical power.
In addition, it is hot hecessary for the layers 110
to be connected in setfes and provided with
equal currents in the manner described herein.
Tt inay be desirable instead to supply a certain
voltage to dnothet circuit. 'Thus, tf‘l'is voltage -
can be supplied by the output from one of 115
the layers dnd the remaining layers connected
in series ot in parallel. Further, while this

jnvention has been described in terms of light

energy received from the sun; it is broadly
cpnt_eﬁlatéd that the fight energy may be 120
received frofn any source which has a freqiency
spectrum equivalent to that of the sun, -

WHAT WE CLAIM 18:
1. A device for converting radiant energy
, cotnprising a plurality of 125
disth semij cxm_idu'ci:urdt'n?g:;i:!i
' <containing 4 p-n junction and adapt
to inter ¢ said radiarit energy, each of eaid
layers having a differeiit ene: :

to electrical ehe

.2, A device 88 claimed m'%yhg.;.?l, iri which 130

75
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»° microns) and below 1.36 cv (£ = 0.92 microns).

. The photon energy falling upon the layers
10, 11 and 12 is represcnted in Figure 1 by the
lines 20, 21 and 22, Line 20 represents photon

5 encrgy greater than or equal to 1.90 ev, line
21 represents photon energy greater than or
equal to 1.36 ev and linc 22 represcnts photon
energy greater than or equal to 0.94 cv. All
of the light waves are first incident upon layer

10 10 and, the photon energy contained in the
line 20 being greater than 1.90 ev, the photons
are absorbeﬁ in layer 10 thus giving rise to
hole-clectron pairs. The photon cnergy of
lines 21 and 22, being less than 1.90 ev, are

1S transmitted on through layer 10 to layer 11.
The photon energy in line 21 is greater than
1.36 ev and thus, the photons in line 21 are
absorbed in layer 11 giving rise to hole-
electron pairs. As in the case of layer 10,

20 layer 11 is transparent to the photon energy
of linc 22 and this energy is transmitted on to
fayer 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 approximately equal in number, it follows
that equal currents are ‘produced in each
of the layers and the arran t 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 s:hoton
energies below their energy gap is well illus-
trated by Figure 3 wherein the transmission
characteristics for silicon. and germanium

35 are shown. In this figure, the dashed line for
silicon shows that it is completely opaque to
light waves of a fength shorter t one
micron but that, for wavelengths above 1.1
micron, there is practically 100%, transmission

40 of light waves of a length up to two microns.
Then, the-transmission in percent of silicon
begins to drop off for longer wavelengths.
The solid fine curve for germanium shows that
it is cssentially 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 1009,. " -

~ The curves of Figure 3 also illustrate

50 another important feature of the above des-
cribed encrgy converters; this feature takes into
account the fact that only the energy in photons
cqual to the energy gap of the semiconductor
matcrial is useful in producing hole-clectron

55 pairs, the remainder being uselessly dissipated
as heat. 'Thus, as shown by Figure 3, semi-
conductor layers with a low energy gap, i.e.
germanium, are shielded from high photon

encrgies by layers with larger energy gaps, -

60 i.e. silicon, This permits an arrangement of
layers in the descending order of their energx
aps with the consequent resuit that eac
ayer operates in the wavelength region in
wi:ich it is most efficicnt and thereby dissipatesa
- 85 lesser amount of photon energy as heat.

. To illustrate the invention more specific-
ally, two examples of a three layer solar energy
converter arc given as follows. In the converter .
of the first example, the semiconductor

_materials comprising the layers were cadmium 70

selenide, silicon and gallium antimonide.
The energy gaps and currents of the layere
in the order as named were 1.74 ev and 13.3
majcm.2, 1.08 ev and 13.8 ma/em.?, and
0.67 ev and 9.5 mafem.2 The combination 75
of these three layers resulted in a converter

"with a net conversion efficienicy from light

energy to electrical power of 17.4%. In the
second example of a three layer solar energy
converter, the semiconductor materials used 80
were aluminium antimonide, indium phosphide
and germanium. With an energy gap of 1.88 °
evand a current of 11.1 ma/cm. 2 for the atumin-
fum antimonide layer, 1.25 ev and 12.0 mafcm.?

‘for the indium phosphide layer, and 0.82 ev 85

and 9.7 majcm.? for the germanium layer, the
tresulting efficiency of light conversion from
light energy to electrical power was 229,
When it is realized that a maximum conversion
efficiency of only 119, has been attained to 90
date with single silicon p-n junction photo-
cells, it can be scen that the use of multiple
fayers 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 many ways. For - .
example, the invention has been described
in terms of a three layer solar energy converter.
However, the solar spectrum can be divided
up into even narrower bands of wavelengths 100
and additional layers of semiconductor material
Frovided whose energy gap is equal to the
ongest wavelength in each division of the
solar spectrum. Since-lesser amounts of the
Ehoton energy would then be dissipated as 105

eat, it follows that an increase in the number
of semiconductor layers in the energy converter
results in an increase 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 an?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 Ee supplied by the output from one of 115
the layers and the remaining layers connected
in series of 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 equivalent to that of the sun.

WHAT WE CLAIM 1I8:
1. A device for converting radiant energy

to electrical energy, comprising a plurality of 125

distinct layers of semi conductor material,
each containing 2 p-n junction and adapted
to intercept said radiant energy, each of said
layers having a different energy gap.

2, A device 23 claimed in Claim 1, in which 130
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" the first layer is comprised of gemiconductor  encrgy g2 layer. _ o 20
A matetial responsive to energy lying in: the low 7. A device 28 claimed in Claim 6, includ-"
" wavelength region of the light spectrum. ing 2 connection to the p-type region of said
.. 3. A device as daimed in Claim 1 or first layer and 2 connection to the n-type
§ wherein said layers are arranged 80 that the region of the lowest energy gaP layer of said
- light encrgy absorbed by said at feast onc other plurality of layers. ' _ 25
layer is h_-ansmitted through said first layer. 8. Adeviceas claimed in Claim 1, in which
4. A device as claimed in Claim 1 or 2, in  the semiconductor layers are gelected to per-
- which the enetrgy gaps of the other layers of mit substantially cqual numbers of photons
-10 semiconductor material are lower than the to be absorbed by cach of said plurality of
energy .fap of said fitst layer of geiniconductor  layers. . o o
material. I _— 9, A radiant energy converter substantially
5. A device a8 claimed in -any of Claiins 88 described with reference to the accompany-
1o 4, in which said plurality of layers aftcr the.  ing drawings. . .. : o
15 ficst layer are itioned after said first layer . : For the A'g)licamg R
" in the descending order of their _éﬂe'rg?’ 'gngs. [ 2 CLEVELAND & COMPANY
6. A device as claimed i Claim 5, in " Chnﬂeredrawntm . -
which the n-type tegion of one fayet is cop- 29, Southampton Buildings, cery Lane,
nected with the p-type region of the next lower . ~ London, w.C2. - o
. . . - . . .
" Deinted for Hex Majesty’s Statioficry OLFC by §. H, Leernsn Ltd., Nes i, Witeal —1980 (i1
Office, 25, o nptort Bui b”. London, W.C:2, mﬁ%& opics way be obtaned




