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5777  ABSTRACT

A semiconductor solar cell capable of converting inci-

dent radiation to electrical energy at high efficiency
includes a plurality of series-connected unit solar cells
formed on a common wafer of semiconductor material.
The unit solar cells each include a semiconductor sub-
strate of one conductivity type and a p-n junction
formed in the substrate. The light-receiving surface of -
the cell may have an opaque member thereon, and inci-
dent light is directed onto the portion of that surface not

‘covered by the opaque member. A variety of embodl- |
~ments illustrates the invention. |

27 Claims, 11 Drawing _Figures_ '
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HIGH-INTENSITY SOLID-STATE-SOLAR CELL
| . DEVICE -

Matter enclosed in heavy brackets ) appears in the
original patent but forms no part of this reissue specifica-
- tion; matter prmted in ltalles mdlcates the. addltlans made
by reissue. o | |

The present invention relates generally to semicon-

2

| members which may be opaque. These cells may be

" used to advantage with a lens structure that directs or
focuses substantially all incident light to fall on at least

~a portion of the exposed surface of the light-receiving

3

areas of the cell, and the cells are configured for effi-
cient operation over a wide range of radiation intensi-

~ ties, extending well beyond 50 suns; such concentra-

tions may be provided by a collection system as dis- |

- closed in our copending application, Ser. No. 690,093,

10

- ductor devices, and more particularly to semleonductor |

solar or photovoltaic cells. |
As the cost of fossil fuels continues to mc:rease, and as

| -the remaining supply of such fuels decreases, an increas- -

ing amount of activity is being directed toward achiev-

" ing ways of obtaining energy from solar radiation. As a

significant part of this activity, a considerable amount of |

15

investigation and research has been performed in at-

tempts to develop semiconductor solar cells that effi-
ciently convert 1n01dent radlatlon, such as sunlight, into
electrical energy. |

20

The use of solar cells in practical appllcatlons has thus -~

| '_far been limited, primarily as a result of their high cost,
and to a lesser extent, because of their relatively low
efficiency, and by the relatively low density of the sun’s

radiation at the earth’s surface (in the area of 1000
w/m?), which limits the amount of electrical energy

which the known cells are able to generate per unit area

25
‘develop solar cells for use with high-intensity llght

of cell. Accordingly, it has generally been believed

necessary to interconnect into an array a large number

30

of the known solar cells in order to produce a desirably

~large electrical output. The need for large quantities of
solar cells in a typical installation has caused the costs of
such installations to be prohibitively hlgh for wide-
spread application. |

~ In conventional solar cells, the p n Junctlon is
formed parallel to the upper surface of the cell which
receives the incident radiation, and a contact grid is
formed on that upper surface. In these cells, current
flows in the plane of a thin surface region from the
contact grid to the base of the cell. In order to avoid
series resistance effects, either a very fine grid geometry
or.a highly doped surface region or both must be pro-

‘vided in the cell. The conventional cell, even when

modified for improved performance at high concentra-

35

(now U.S. Pat. No 4, 086 /485) ﬁled on even date here-_
with.

A solar cell for use w1th hlgh-mtensaty radlatlon hav-

“ing a vertical p—n junction has been disclosed in a
"NASA Technical Memorandum entitled “The High

Intensity Solar Cell—Key to Low Cost Photovoltaic

Power” by Bernard L. Sater and Chandra Goradia, and

presented at the Eleventh Photovoltaic Specialists Con-

ference sponsored by the IEEE in May, 1975. Other

solar cells having vertical p—n junctions are described
in U.S. Pat. No. 3,690,953 to Wise, and in an article

entitled “Analysis of Vertical Multijunction Solar Cells .

Using a Distributed Circuit Model” by Pradeep Shah

that appeared in Solid-State Electronics, 1975 Vol. 18
pp. 1099-1106.

Desplte the work that has been done in an attempt to

some of which include the use of vertical p—n junc-
tions, the art has thus far failed to develop a practical

solar cell of this type which is efficient in use and practi-
‘cal and reliable both in fabrication and in use. For exam-
ple, the solar cell described in the aforementioned

NASA publication is formed from a series of diffused
wafers, which are stacked and sliced to form the plural-
ity of vertical p—n junctions. Among other defects

associated with this cell is the inability to employ high-

~ temperature surface treatments, such as surface oxide

tions of incident light, becomes progressively less effi-

cient at concentrations of over about 50 suns, so that it
~ is not practical to continue to increase the output per
unit area of cell by increasing the concentration ratio
much beyond about a factor of 50.

Another problem that has been found with the con-

passivation techniques and the difficulty in obtaining
accurate sPaemg between junctions can be an additional
problem in certain applications. Moreover, the known_ |

solar cells do not take optimum advantage of the in-

crease in efficiency that can be realized by minimizing

the effect of inactive (including opaque) areas of the cell

~ by directing the incident light onto the active (or non- -
: opaque) areas of the cells. -
45

It is, therefore, an object of the lnvenuon to prowde

an improved solar cell that operates efficiently and

- reliably over a wide range of illumination intensities,
| mcludmg very high intensities.

30

ventional solar cells is that the series connection of these

cells may be achieved only by making external connec-
tions between individual cells. That is, the .conventional
.cells do not permit the formation of isolated individual
solar cells which can be integrally connected to form a

55

single group of a number of groups of series-connected

cells on a single wafer of semiconductor material.
One solution that has been proposed to reduce the
“cost of a solar cell array is to effect greater concentra-
tion of collected solar energy upon a reduced area of
the solar cells. However, as noted above, the efficiency
of conventional cells decreases for incident light sub-
“stantially beyond concentrations in the order of 50 suns.
- The present invention provides a solar cell, as de-
scribed. with respect to several embodiments, in which
the exposed surface of the cell is characterized by “ac-
tive” light-receiving areas separated by eonduetwe

60

635

It is a further object of the invention to prov1de a
solar cell having particular utility when used in con-
junction with a. means for focusing hght onto selected

areas of the cell surface.

It is another object of the invention to prowde a solar
cell generally of the type disclosed which may be fabri-
cated economically. |

It is yet a further and general object of the mventlon

to provide a solar cell which, when exposed to rela-

tively high concentrations of incident light, will pro-

duce relatively large amounts of electrical energy.
To the accomplishment of the above and to further

~ objects that may hereinafter appear, the present inven-

tion relates to an improved solar cell as deined in the
appended claims, and as described in the followmg

Speelﬁcatlon as considered with the aecompanymg
drawmgs, in which:

'FIG. 1is a schematic diagram, as viewed in cross-sec-
tion, of a solar cell according to a first embodlment of

the 1nvent10n



3
- cell as described in FIG. 1;
FIG. 2 1s a schematic dlagram as viewed in cross-sec-

tion, of a solar cell according to a modlﬁcatlon of the
embodiment of FIG.1; =

FI1G.31sa schematlc diagram, as viewed in cross-sec-
tion, of a solar cell ac:cordlng to a second embodiment

of the invention;
FIG. 4 is a schematic diagram, as viewed in cross-sec-

>

tion, of a solar cell according to a third embodiment of 10

the invention;

FIG.5isa schematic diagram, as viewed in cross-sec-
tion, of a solar cell accordmg to a fourth embodiment of
the invention; S

'FIG. 6 1s a schematic diagram as viewed in cross-sec-
tion of a solar cell according to a fifth embodlment of
the invention;

- FIG.7isa schematlc dlagram, as viewed in cross-sec-
tion, of a solar cell accordmg to a variation of the em-
bodiment of FIG. 5;

FIG.8i1sa schematlc diagram, as viewed in cross-sec-
tion, of a solar cell according to a further modification
of the embodiment of FIG. 5;

FIG. 91s a schematic diagram, as viewed in cross-sec-
tion, of a solar cell according to a modification of the
embodiment of FIG. 3; and |

FIG. 10 1s a schematic diagram, as viewed in cross-
section, of a solar cell according to a further modifica-
tion of the embodiment of FIG. 3. |

The several embodiments of the invention described
hereinbelow are all shown as having an n-type silicon
substrate. It is to be understood, however, that the solar
cell of the invention may also be implemented with a
substrate of p-type polarity, in which case the polarity
of the other regions in the cell would be reversed, with
n replaced by p, n+ replaced by +, and so on. It will
also be understood that other types of semiconductor
material may also be employed, and that a heterojunc-
tion, as well as the homo_]unctlon structure descnbed
- may be employed.
| Turmng to the embodiments of the invention de-
- scribed in the drawings, FIG. 1 illustrates a solar cell

arrangement generally designated 10, which is divided
- into a plurality of individual or unit solar cells 12, each
of which includes an n-type semiconductor substrate 14.
The unit solar cells 12 are separated from one another
by spaced, parallel stripes 16 of conductive material,

- which may be advantageously formed of aluminum:;

stripes 16 are thus opaque, but electrical conductlwty
rather than opacity is the primary function of stripes 16,

- as will become clear, A p+-type region 18 is formed in

the upper, light-receiving surface 20 of each unit solar
cell, near one end of the cell, and forms a p—n junction

with the n-type substrate. Also formed in the upper

substrate surface at the other end of the cell iS an n+
reg10n 22.

Re. 30,383

" FIG.1aisa perspectwe view of a portlon of a solar

4

aluminum upper flange section and fills the space be-
tween adjacent unit solar cells 12; such space will be
understood to have been formed as by anisotropic etch-
Ing, in which case each vertical portion 26 may be a

filler in the etched groove. Vertical portions 26 may be

of aluminum, or of a semiconductor material, such as

- polycrystalline silicon, or an insulator such as glass or

epoxy; in all cases, however, the flange sections 24 are
electrically conductive, for the purposes already indi-
cated. 'To complete a description of the solar cell, a thin
layer of silicon oxide 28 is formed, as by a thermal-oxi-
dation process on the underside of the cell, and an oxide
or anti-reflective coating 29 is formed on the exposed,

- light-receiving or active surface of the substrate. A
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~The stripes 16 extend along the length of each of the |

unit cells 12; as shown in FIG. 1, each stripe includes at
its upper end a conductive upper transverse or flange |
section 24 which extends over and covers a portion of
the upper light-receiving surface 20 of the adjacent unit
solar cell 12, thus defining the active area, i.e., the area
of the substrate surface that is available for receiving
radiation. The same flange sections 24 serve addition-
‘ally as electrical or ohmic contacts, in that opposed
adjacent flanges of adjacent sections 24 overlie and
contact the p+ and n+ regions 18, 22 of each of the
unit solar cells. A vertical portion 26 extends from the

60
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typical arrangement of the solar cells, as viewed in

perspective is shown in FIG. 1a.

“Since the use of overlying opaque flange sections 24
has the effect of reducing the active areas available for
light energy conversion, the solar cell of the invention is
preferably used in conjunction with a light focusing
means, such as the lens structure shown schematically
at 30. This lens structure focuses the incident sunlight,
indicated at 31, on the exposed portion of the substrate
surface, that is, the portion thereof not covered by the
opaque stripe, and preferably focuses the incident light
into a reduced-width band which is incident on the
substrate surface at an accurately predetermined dis-
tance from the p—n junction of each of the unit cells 12;
preferably, the band of focused (concentrated) light is in
proximity to the p—n junction region adjacent to that
flange section 24 which overlies the region 18, as shown
in FIG. 1.

In the solar cell of FIG. 1, the p—n junctions of the
individual solar cells 12 are effectively electrically con-
nected in series by means of the conductive arrange-
ment between the overlying conducting flange sections

24 and the location of the p+ and n+ regions.

That 1s, in the operation of the solar cell of FIG. 1,
light incident on surface 20 causes carriers to flow in the
substrate across the p—n junction of each unit solar cell.
The resulting current flow is across the upper portion of
the n-type substrate and to the n+ region 22, and then
to the flange section 24 which conducts the current to
the p+-region of the adjacent unit solar cell. The con-
duction of current proceeds in series across the individ-
ual solar cells to 'a current collector (not shown). As-
suming identical illumination on each unit cell, the total

voltage of an array of series-connected unit cells is equal

to the sum of the voltages across all unit cells. The total
short-circuit current is equal to the short-circuit current
produced by an individual unit cell. |

In the embodiment of the invention illustrated in
FIG. 2, the unit solar cells 34 are separated by an inter-
mediate portion of semiconductor material 35 which is
provided between adjacent vertical portions 36 and 38
of a m-shaped member 40 which separates the single
n-type silicon wafer into a plurality of individual solar
cells. The intermediate sections 35 are each of n-type
conductivity and include an n+ region 42 along one
side and in contact with one vertical conductive portion
36, and a p+ region 44 along another side and in
contact with the other conductive portion 38.

The vertical portions 36, 38 separating the individual
solar cells are interconnected by a bridge section 50
made preferably of aluminum, which as in the embodi-
ment of FIG. 1, has transverse or flange sections 51 that
extend transversely over the upper surfaces of each of
the adjacent solar cells. The vertical portions 36, 38 may
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be either of the same conductive material as the bndge

section, or can be of an insulator, such as glass or epoxy,
a semiconductor such as polycrystalline silicon, or a

metal other than aluminum. Opposing flange sections 51
of each of the conductive channels respectively overlie
- and establish electrical contact with the p+ region 46
 and n+ region 48 of each solar cell. As in the embodi-
 ment of FIG. 1, the lower surface of the solar cell that

6

the solar: cell includes an n substrate 63 in WhICh p+

| reg1_0ns_66 are formed on the upper surface. The p—n
junction formed by p+ regions 66 and the n substrate is

primarily horizontal, being parallel to the substrate
surface. Each of the p4 regions 66 is covered by an

- opaque conductive electrode 68 and the opposed sur-

1s opposed to the light-receiving upper surface is coated

with an oxide layer 32. Although radiation is ‘shown in
FIG. 2 as being directly incident on the surface of the
solar cells, a lens arrangement such as that shown in

10

FIG. 1, may be advantageously employed with the solar _

cell structure of FIG. 2. |
- In operation of the embodiment of FIG. 2, the cur-
rent flow induced in the solar cells by the incident radia-
“tion flows from the vertical p—n junction 47 across the

15

face of the solar cell is covered with an n- region 69

and an ohmic contact 70. Unlike the series connection

of the individual unit solar cells of FIGS. 1-4, the solar

cell of FIG. 5 is but a single cell wherein plural electri-
cally parallel paths of current flow are established from

the individual p+ regions and through the substrate to '

the ohmic contact 70 at the base of the cell.
In the following embodiments, the individual unit
solar cells are formed and connected generally as de-

- scribed for FIGS. 1-4, i.e., formed on a single wafer of
-~ semiconductor material and connected in series, or in

uppper portion of the substrate to the n+ region 48 and

then to the conductive flange section 51, over the
bridge section 50, to the next conductive flange section
51, and then to the p+ reglon 46 of the adjacent solar

cell.
In the embodlment of the 1nvent10n illustrated in

FI1G. 3, the solar cells 52 ar trapezoidal as viewed in
cross-section and are separated by wedge-shaped (as

20

‘series-connected subunits which are later connected in
parallel; and increased efficiency of current collection is

achieved by providing two p—n _]unetlons in each unit
cell so that a photogenerated carrier can travel to a

. p—n junction from a distance which is no more than

- viewed in eross-seetmn) cutouts 53, formed as by aniso-

tropic etching. These cutouts may, as shown, be filled
with a conductive material 54, such as aluminum, A +
region 55 forming a slanted p—n junction 56 with the
n-type substrate 57 is formed along part of one wall of
‘the solar cell in electrical contact with the aluminum
conductive matenal An n+ region 58 is formed in part

of the opposing wall of the solar cell and is in electrical
contact with the aluminum conductive material in the

‘adjacent cutout. The bottom surface of the solar cell
opposed to the radiation-receiving surface may be as
before, an oxide film, designated 32.

~In the operation of the solar cell of FIG. 3, current
flows across the p—n junction to the n+ region and
through the aluminum conductive material, and from
there to the next adjacent solar cell. Since the area of
the upper radiation-receiving upper surface is relatively

small, as compared to the bottom surface, a light-focus-

ing system, ,sueh as that shown in FIG. 1, may be used
to advantage in the embodiment of FIG. 3.
The solar cell illustrated in FIG. 4 is similar to that of

30 n

one-half the width of each individual unit solar cell as

- compared to a distance which may be the entire width
25 |

of the cell in the embodiments of FIGS. 1-4. |
More partlcularly, the solar cell illustrated in FIG. 6

‘includes a series of individual unit solar cells 72, each of
_whlch comprises an n-type substrate 74. The solar cells,

as in the embodiment of FIG. 2, are separated by an
n-type intermediate semiconductor region 76 on each

- side of which is a vertical conductive section 78. P+

regions 80 are formed along each end wall of the sub-

- strate 74 and are in contact with the adjacent conduc-

33

tive vertical sections 78. Similarly; each intermediate

region 76 1neludes p+ regions 82 formed along its end ' |
wall and in contact with the adjacent vertical conduc;

- tive section 78.

40 |
ries, a first connection is made, as shown schematically

45

' _FIG 3, in that the unit cells 59 are trapezoidal in cross- -

~section and are separated from one another by wedge-

" ‘shaped grooves. In the embodiment of FIG. 4, those
~ grooves are filled with an insulation material 60, such as

50

: glass or epoxy Each section of insulation material 60 is

" covered with a metal layer 61 which extends over mate-

- rial 60 and electrically contacts the p+ regions 62 and
" n4 regions 63 of adjacent solar cells to achieve series-
‘connection between ad_]acent cells.

The walls of the grooves in the solar cell of FIG. 4

35

may also be oxidized to form a silicon oxide coating on
the walls, and thereafter the groove may be filled with

a metal or a semiconductor material. The oxidized
grooves may also be filled with polycrystalline silicon,

An n+ region 84 is fermed at the opposing surface of '
the substrate and is spaced inwardly from the end P+
regmns 80. To connect the individual solar cells in se-

at 86, between the vertical regions at the ends of each

solar cell, and a second electrical connection is made, as

shown at 88, between the n+ region 84 of one solar cell
and the vertical conductive sections 78 of the adjacent

‘cell. An oxide layer 90 is formed on the under surface of
the solar cell, and a passivation and anti-reflective coat- -
ing 92 may, as shown, be formed on the upper surface of

the solar cell. The flow of carriers (eleetrons) is across
the p—n _]unetlons formed by the p+ regions and sub-
strate to the n+4 region and from the latter to the p+

regions of the succeeding solar cell, via connection 88.

The embodiment of the invention illustrated in FIG.

7 is a modification of that illustrated in FIG. 6, but '

differs therefrom in that adjacent solar cells 94 are sepa-

‘rated from one another by grooves filled with insulating :
‘material 96 which may be epoxy, glass, or other suitable
" insulating material. The walls of the grooves could,

~alternatively, be thermally oxidized after which the -

which has the advantage of having a coefficient of ther-

~-mal expansion that is elose to that of the silicon sub-
strate. o

The embodiment of the invention in FIG. § also con-
templates use with a light focusing system as it too

provides a relatively large opaque contact area, with
accompanying reduction of the active area to the upper
‘radiation-receiving surface of the cell. Thus, as shown,

grooves may be filled with polycrystalline silicon or a
metal such as aluminum. An advantage of the use of
polycrystalline silicon to fill the grooves is that 1s per-

- mits the entire surface of the cell, including the surface

‘of the material in the grooves, to be thermally oxidized.

The connection between adjacent cells is made by
connecting the p+ regions 98 to one another by a first
connection, schematically indicated at 100. The n+
region 102 of one cell is series connected to the p+
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region 98 of the next solar cell by means of a second
connection indicated at 104. As in the embodiment of
FIG. 6, the upper and lower surfaces of the cell are
covered with a passivation and antireflecting coating
106 and an oxide coating 108, respectively. In the em-
bodiment of FIG. 7, since current must flow in the p+
regions 98, those regions should be of sufficient depth to
carry the current and may be made deeper than the p+
regions 80 in the embodiment of FIG. 6 in order for
those regions to be able to carry the current without
introducing excessive series resistance. |
- The embodiment of FIG. 8 is a further modlﬁcatlon
of the embodiments of FIGS. 6 and 7, in that the ind:i-
vidual solar cells 110 are separated by a region of insu-
lating material 112 having a conductive layer 114 along
each side wall, the conductive layers 114 being in
contact with p+ regions 116 formed in the adjacent
solar cells. Electrical series connection is effected be-

- tween the solar cells by connecting the conductive

layers 114 adjacent to the end walls of each solar cell, as
indicated by a first connection 118, and by a second
connection from thethe n+ region of the cell to the
connection 118 between the conductive layers 116
which are in contact with the next-adjacent solar cell.
- Since the conduction in this embodiment is in the metal
layers 114, the resmtance of the p+ regions is less signif-
icant. |
The embodiment of FIG. 9 is a modification of the
embodiment of FIG. 3 incorporating the concept of two
p—n junctions per unit cell, as in the embodiments of
FIGS. 6-8. That 1s, the solar cells in FIG. 9 are sepa-
rated by wedge-shaped cutouts, which are filled with an
insulating material 122, which may be in the form of an
- epoxy or glass; alternatively, the walls of the groove
may be oxidized, and the grooves thereafter filled with
polycrystalline silicon or metal. P4 regions 124 are
formed along each wall of the solar cells 126, and an n+
region 128 is formed on the lower surface of each solar
cell. The cells are series-connected by means of a first
electrical connection, schematically indicated at 130,
formed between the p+ regions 124 of each cell, and by
a second connection, indicated at 132, between the n+
region 128 of one cell and the p+4 regions of the next
cell
The embodiment of FIG. 10 represents a modifica-
tion of the embodiment of FIG. 9 in several respects.
First, the light is incident on the wider (lower in FIG.
10) surface of each of the solar cells 134. Conductive,
e.g. aluminum, layers 136 are formed on the sloping
walls of the solar cells and the remainder of the cutout
is filled with an insulating material 138, such as epoxy or
glass; also, as with FIG. 9, the groove walls may be
oxidized and the grooves filled with polycrystalline
silicon or metal. P+ regions 140 are formed in the solar
cells along the sloping walls and are in contact with the
conductive layer 136. An n4 region 142 is formed in
the narrow (upper in FIG. 9) surface of the solar cell.

Series connection between adjacent solar cells 1s ef-.

fected by means of a first connection indicated at 136/,
connecting the p+ regions of a given cell, and by a
second connection, indicated at 144, connecting the n+
region of one cell with the connection 136’ between
- spaced p+ regions of the next-adjacent solar cell. The
wide (lower) surface of the cell which receives radia-
tion 1s pieferably covered with a passivation and anti-
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regions be made sufficiently thick to carry current with
a low resistance.

If desired, the n4+ region or layer formed on the
lower surface in the embodiment of FIGS. 6-10 may be
divided into a number of spaced, reduced-width, n+
regions formed in each unit cell, with electrical contact
being made to only one such n+4 region. A similar n+4-
region could be added to the lower or back surface in
the embodiments of FIGS. 1-4, to reduce surface re-
combination of carriers. In an alternative arrangement
of FIGS. 6-9, a single n+ region of a reduced width
may be formed in the lower substrate surface of each
unit cell.

The connections indicated schematically in the em-
bodiments of FIGS. 6-10 may be formed by known
selective etching and metalization techniques to form
the desired metalization (e.g. aluminum) interconnects
between the various elements of the solar cell. In other
respects, the several embodiments of the invention
herein described may be fabricated by known diffusion,
anisotropic etching, thermal oxidation, vacuum deposi-
tion, chemical vapor deposition, photolithographic and
other techniques, which are accordingly not otherwise
disclosed herein.

‘It will be appreciated that the solar cell according to
the present invention as exemplified by the several em-
bodiments thereof which are described above in FIGS.
1-9, is particularly suited for use with a light focusing
system which directs light onto the active areas; since in
FIG. 10, the effective active area is almost the entire
exposable area, focusing specifically to a small active
area is of lesser importance. The solar cells in general
are characterized by a p—n junction which is accu-
rately positioned with respect to the focused incident
light to provide optimum carrier generation efficiency
on a plurality of individual series-connected solar cells
which may be conveniently formed on a common wafer
of semiconductor material, such as silicon. And since
the solar cell of the invention has no region having a
high electrical resistance, the cell is particularly advan-
tageous for use with high-intensity radiation. A plural-
ity of groups of series-connected unit solar cells may be
formed on a common wafer but electrically isolated
from one another such as by etching grooves com-
pletely through the substrate; such etching to divide
into separate groups will be understood to be orthogo-
nal to the direction of the etched grooves (as for exam-
ple filled at 26 in FIG. 1) which separate the individual
unit cells of each group, and the outputs of individual
groups may be connected externally in parallel.

The solar cell of the invention, particularly in the
embodiments of FIGS. 1-4, is characterized in tnat no
current flows along or within the plane of the diffused

- region; the point is particularly significant in case of

35
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reflecting coating 146. If desired, the metal layers in the

embodiment of FIG. 10 could be omitted and the p+

highly concentrated incident radiation. In the later-
described embodiments, there is a limited amount of

~current flow i1n the diffused region, which, however,

may be made sufficiently thick (or deep), without incur-
ring any undesirable effects, thereby to reduce the resis-
tivity of the diffused region as compared to the rela-
tively shallow diffusion regions that are required in
conventional solar cells. And, as noted, in these embodi-
ments, the distances that the carriers travel in the dif-
fused regions are relatively small, thus further reducing
the resistance due to current flow in these regions.

- It hasbeen noted that the structures of FIGS. 9 and 10

may be essentially the same, the principal difference

being the particular surface used to receive incident
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'radlatlon electncal interconnections of cells bemg es-
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- tablished at the surface not thus exposed. It will be

un_derstood. that analogous reversal of surface exposure -
~to radiation (with-accompanying reversal of unexposed

surface used for electrical interconnection of unit cells)
may apply for the basic configurations of other embodi-

3

ments, as for example the embodiments of FIGS. 6
through 8. Reversability of exposure can also be accom-

plished for the embodiments of FIGS. 1 to 4, without

changing electrical interconnections, because the elec-

- trical connections are- 1nherent in the structures of these'

embodiments.

It will also be: apprecnated that whereas the solar cell . .

10

of the invention has been specifically described herein-

above with respect to several embodiments, modifica-
tions may be made therein by those skilled in the art
without necessarily departing from the spirit and scope
of the invention.

What is claimed 1s:

1. A semiconductor solar cell dewce compnsmg plu-

ral, spaced, elongate, parallel semiconductor ‘units

~ formed from a common substrate and comprised of a

15
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11 A semiconductor solar cell device adapted to

“receive in essentially a single plane a plurality of spaced o
parallel, continuously elongate concentration of inci-

dent solar energy and to develop therefrom an electric-

-power output, comprising an array of plural, spaced,

parallel semiconductor units formed from a single, es- -

'sentially flat substrate and comprised of a first conduc-

tivity type and having a surface over which said con-

~ centrations may be focused at correspondingly spaced, |

continuously elongate local regions adapted to be ex-

~ posed, the body material of each of said units having the
same spaced relation to the body material of other of
said units as in the original substrate from which they

are formed, continuously elongate, spaced, parallel se-
cond-type surface regions of a second, opposite conduc-
tivity type in the spaces between said exposure-adapted
regions and including a second-conductivity-type re-
gion in at least one side-wall of each unit, each said unit
having a third-type surface region separate and distinct

from said exposure-adaptable region and second-type

region, said third-type region being of said first conduc-

- tivity type and having a higher impurity concentration

first conductivity type, the body material of each of said

units having the same Spaced relation to the body mate-
rial of other of said units as in the original substrate from
which they are formed, each unit having spaced elon-
gate upstanding sidewalls and having therebetween an

25

_elongate surface adapted for exposure to receive inci-

dent radiation, each unit further comprising separate

30

| __and lndependent regions of second, opposite conductiv-

ity type in the respective side walls of each unit,
whereby in each unit said sidewall regions of second

conductivity type are separated by body material of said

first conductivity type, separate conductive connec-
tions establishing ohmic contact between the second-
conductivity-type regions of one unit and the first-con-
ductivity-type region of another unit, and means fixedly
retaining the material of said parallel units in the same

- spacial relation as in the common substrate from which

they were formed.
2. The semiconductor solar cell of claim 1, in which

said fixedly retaining means includes a solid ﬁller in the

spaces between said units.
- 3. The semiconductor solar cell of claim 2 in which
said filler is of insulating material. |

4. The semiconductor solar cell of claim 3, in which

_' said insulating material is a glass-filled epoxy.
5. The semiconductor solar cell of claim 2, in which

a layer of conductive material contacts the second-con-

ductivity-type reglons of each of said walls, and in
which said filler is of insulating material.

6. The semiconductor solar cell of claim 1, in which

at the region local to ohmic contact with said first-con-

ductivity type region each said unit has a higher impu-

rity concentration than at the exposure area of said

elongate surface.

7. The semlconductor solar cell of claim 6, in which
- the region of higher impurity concentration is in the
-surface opposite the exposure surface of each unit.

- 8. The semiconductor solar cell of claim 1, in which
said sidewalls are parallel. | ~

- 9. The semiconductor solar cell of clalm 1, in which
said sidewalls are dwergent in the dlrectlon of said
surface. | |

than that at said exposure regions, said third region
“being on the face of said unit opposite to the exposure-

adapted face, and electric-circuit connection means

“including first conductive means having ohmic contact

with said second-type regions and second conductive
means having ohrmc contact with said thlrd-type re-
gions. | | |

'12. A semiconductor solar cell device adapted to

- receive in essentially a single plane a plurality of spaced,

35

parallel concentration of incident solar energy and to
develop an electric-power output therefrom, compris-
ing an array of plural, spaced, parallel semiconductor
units formed from a single essentially flat substrate and

~comprised of a first conductivity type and including

0pposed side-wall surfaces at spacings such that each
unit is exposable to a different one of such concentra-
tions, the body material of each of said units having the

'same spaced relation to the body material of other of

- said units as in the original substrate from which they

45

are formed, each unit comprising a reglon of a second,
opposne conductivity type arranged in said unit, said
region being local in one of the side-wall surfaces of said

unit, and connection means including a conductive ele-

ment having ohmic contact with said second-conduc-

" tivity-type region of one unit and ohmic contact with a
- first-conductivity-type region of an adjacent unit, said

0

second-conductivity-type region being one of two for
each unit, the other one of the two being local to the

- opposed sidewall surface of said one unit, said conduc-

35

tivity element having ohmic contact with both second-

'- conductlwty-type regions of said one unit. )
13. The semiconductor solar cell of claim 12, in

whlch the ohmic contact with a first-conductivity-type

‘region comprises a third region of said first conductiv-

ity type but at a greater impurity concentratlon than

that of said unit.

' 14. The semiconductor solar cell of clalm 13, m.,
which said third region is in the unit surface opposne to

' the radlatmn-exposed surface.
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- 10. The semlconductor solar cell of claim 1, in which

said sidewalls are convergent in the dlrectlon of sald
surface ' |

15. The semiconductor solar cell of claun 14, in
which said sidewall surfaces diverge 1 in the dlrectmn of
the radiation-exposed surface. |

16. The semiconductor solar cell of clalm 14, in

~ which said sidewall surfaces converge in the direction

of the radlatlon-exposed surface



Re. 30,383

. 11

17. The semiconductor solar cell of claim 14, in
which said sidewall surfaces are substantially parallel.

18. The semiconductor solar cell of claim 12, in
which each space between sidewalls of adjacent units is
solid-filled with electrically-insulating material.

19. The semiconductor solar cell of claim 12, in
which each space between sidewalls of adjacent units
contains an upstanding barrier of substrate material
‘with sidewalls facing the respective space-associated

- sidewalls of the adjacent units defining the space, each’

of said barrier sidewalls including a region of the second
conductivity type, whereby said barrier includes a first-
conductivity-type region separating the two second-
conductivity-type sidewall regions thereof, and conduc-
tive material filling the spaced between barrier side-
- walls and adjacent-unit sidewalls, whereby the first-
- conductivity-type region of said barrier effectively elec-
trically isolates the second-conductivity-type region of
one sidewall of a first unit from the second-conductivi-
- ty-type region of the ad_]acent sidewall of the next-adja-
~ cent unit. |

20. A semiconductor solar cell device comprising
- plural, spaced, elongate, parallel semiconductor units
formed from a common substrate and comprised of a
first conductivity type, the body material of each of said
- units having the same spaced relation to the body mate-
rial of other of said units as in the original substrate from
which they are formed, each unit having spaced, clon-
gate, upstanding sidewalls and having therebetween
- elongate front and back surfaces of which the front
surface 1s adapted for exposure to receive incident radi-
ation, substantially the entire volume of said body mate-
rial between front and back surfaces being of said first
conductivity type at least to the sidewall regions of the
associated unit, each of the sidewalls at the space be-
tween two adjacent units further comprising a localized
region of a second, opposite conductivity type, a first
separate conductive connection establishing ohmic
contact between the second-conductivity-type region
of one of said two units and the first-conductivity-type
‘region of another of said two units, and a second sepa-
rate conductive connection establishing ohmic contact
between the second-conductivity-type region of the
~ other of said two units and the first-conductivity-type
reglon of another of said units.

21. The semiconductor solar cell of claim 20 in
- which at ‘the region local to ohmic contact with said
first-conductivity type region each said unit has a
higher impurity concentration than at the exposure area
of said elongate surface.

22. A semiconductor solar cell device comprising
plural, spaced, elongate, parallel semiconductor units
- formed from a common substrate and comprised of a

first conductivity type, the body material of each of said
~units having the same spaced relation to the body mate-
rial of other of said units as in the original substrate from
which they are formed, each unit having spaced, elon-
gate, upstanding sidewalls and having therebetween an
elongate surface adapted for exposure to receive inci-
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ing the material of said parallel units in the same spacial
relation as in the common substrate from which they
were formed. | -

23. A semiconductor solar cell device comprising plural,
spaced, elongate, parallel semiconductor units formed
from a common substrate and comprised of a first conduc-

. tivity type, the body material of each of said units having

the same spaced relation to the body material of other of
said units as in the original substrate from which they are

10 formed, each unit having spaced elongate upstanding side-
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walls and having therebetween an elongate surface adapted
for exposure to receive incident radiation, each unit further
comprising separate and independent regions of second,
opposite conductivity type in the respective side walls of
each unit, whereby in each unit said sidewall regions of

- second conductivity type are separated by body material of

said first conductivity type, means interconnecting said
units for combining the individual electrical outputs of said
units, said means comprising separate conductive connec-
tions establishing ohmic contact with the respective sidewall
regions of said units, and means fixedly retaining the mate-
rial of said parallel units in the same spacial relation as in
the common substrate from which they were formed.

-24. The semiconductor solar cell of claim 23, in which at
the region local to ohmic contact with said first-conduc-
tivity type region each said unit has a higher impurity
concentration than at the exposure area of said elongate
surface.

23. A semiconductor solar cell device adapted to receive
in essentially a single plane a plurality of spaced, parallel
concentrations of incident solar energy and to develop an
electric-power output therefrom, comprising an array of
plural, spaced, parallel semiconductor units formed from a
single essentially flat substrate and comprised of a first
conductivity type and including opposed side-wall surfaces
at spacings such that each unit is exposable to a different
one of such concentrations, the body material of each of
said units having the same spaced relation to the body
material of other of said units as in the original substrate

40 from which they are formed, each unit comprising a region
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of a second, opposite conductivity type arranged in said
unit, said region being local in one of the side-wall surfaces

- of said unit, and connection means including means inter-

connecting said units for combining the individual electri-
cal outputs of said units, said means comprising separate
conductive connections establishing ohmic contact with the
respective sidewall regions of said units, said second-con-
ductivity-type region being one of two for each unit, the
other one of the two being local to the opposed sidewall

50 surface of said one unit, said connection means including

55

for each said unit a conductive element having ohmic
contact with both second-conductivity-type regions thereof.

26. A semiconductor solar cell device comprising plural,
spaced, elongate, parallel semiconductor units formed
Jfrom a common substrate and comprised of a first conduc-
tivity type, the body material of each of said units having
the same spaced relation to the body material of other of
said units as in the original substrate from which they are
formed, each unit having spaced, elongate, upstanding

dent radiation, each unit further comprising a region of 60 sidewalls and having therebetween elongate front and back
~ surfaces of whicn the front surface is adapted for exposure

second, opposite conductivity type in both side walls of

each unit, separate conductive connections establishing
“ohmic contact between the second-conductivity-type
regions of one unit and the first-conductivity-type re-
gion. of another unit, said conductive connections in-
cluding separate conductive means carried at the sur-
face opposite said exposure surface and bridging the

65

space between adjacent units, and means fixedly retain-

to receive incident radiation, substantially the entire vol-
ume of said body material between front and back surfaces
being of said first conductivity type at least to the sidewall
regions of the associated unit, each of the sidewalls at the
space between two adjacent units further comprising a
localized region of a second, opposite conductivity type, and
means interconnecting said units for combining the indi-
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vidual electrical outputs of said units, said means compris-

ing separate conductive connections establishing ohmic
contact with the respective sidewall regions of said units.
27. A semiconductor solar cell device comprising plural,
- spaced, elongate, parallel semiconductor units formed
from a common substrate and comprised of a first conduc-
tivity type, the body material of each of said units having

~ Re. 30,383
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unit further comprising a region of second, oppos:te con-
ductivity type in both side walls of each unit, means inter- =

* connecting said units for combining the individual electri-

3

“cal outputs of said units, said means comprising separate

conductive connections establishing ohmic contact with the

‘respective sidewall regions of said units, said conductive

- connections including separate conductive means carried at

the same spaced relation to the body material of other of

said units as in the original substrate from which they are

sidewalls and having therebetween an elongate surface
adapted for exposure to receive incident radiation, each

the surface opposite said exposure surface, and means

~ fixedly retaining the material of said parallel units in the
formed, each unit having spaced, elongate, upstanding 10 same spacial relation as in the common substmte from

E
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which they were ﬂ)rmed |
* x k ok *
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