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(54) SOLAR CELLS 

(71 ) W e , MOBIL TYCO SOLAR ENERGY 
CORPORATION, of 16, Hickory Drive, 
Waltham, Massachusetts, United States of 

1 America; a corporation organized and exist-
5 ing under the laws of the States of Delaware, 

United States of America, do hereby declare 
the invention, for which we pray that a 
patent may be granted to us, and the method 
by which it is to be performed, to be parti-

10 cularly described in and by the following 
statement:— 

The present invention relates to the art of 
converting solar energy into electrical energy 
and more particularly to solar cells. 

15 It is well known that radiation of an 
appropriate wavelength falling on a P-N 
junction of a semiconductor body serves as a 
source of external energy to generate hole-
electron pairs in that body. Because of the 

20 potential difference which exists at a P-N 
junction, holes and electrons move across the 
junction in opposite directions and thereby 
give rise to flow of an electric current that is 
capable of delivering power to an external 

25 circuit. Most solar cells are made of silicon 
but cells made of other materials, e.g. cadium 
sulfide and gallium arsenide, have also been 

. , developed and tested. Silicon is a favoured 
material since it has a band gap of approxi-

30 mately 1.1 electron volts and thus responds 
quite favorably to electromagnetic energy 
having a wave-length in the visible and ultra-
violet regions of the spectrum. 

At the state of the art prior to this invention 
35 solar cells are most commonly fabricated 

using semiconductor-grade silicon mono-
crystals (or other suitable semiconductor 
materials as known in the art) in substan-
tially flat ribbon form. The silicone ribbons 

40 may be provided initially by growing the 
latter from a melt according to the process 
disclosed in U.S. Patent No. 3,591,348 

, issued to Harold E. LaBelle, Jr. Using the 
process disclosed by LaBelle, monocrystalline 

45 silicon bodies may be grown having controlled 
and predetermined cross-sectional shapes, e.g. 
round rods and tubes and flat ribbons, by 

. , means of so-called capillary die members 
- which employ capillary action for replenish-

ing the melt consumed by crystal growth. In 50 
the process described in U.S. Patent No. 
3,591,348 the crystal is pulled from a thin film 
of melt which is supported on the upper end 
surface of a die member that has one or more 
capillaries for feeding melt to its upper end 55 
surface from a reservoir pool so as to auto-
matically replenish the film. The film fully 
covers the end surface of the die member 
and, since crystal growth occurs from the full 
expanse of the film, the growing crystal has a 60 
cross-sectional shape substantially corre-
sponding to the end configuration of the 
upper end surface of the die member. The 
process disclosed in U.S. Patent No. 3,591,348 
is frequently described as the "EFG" process 65 
where the term "EFG" is an abbreviation 
for "Edge-defined, film-fed growth". 

Silicone ribbons employed in solar cells 
must be substantially monocrystalline, uni-
form in size and shape and substantially free 70 
of crystal defects. It is not difficult to control 
the size and shape of substantially mono- , 
crystalline ribbons grown by the EFG pro-
cess. However, one problem which results 
during the production of flat elongate mono- 75 
crystals grown from the melt is the formation 
of defects adjacent the ribbon edges. Although 
not known for certain, it is believed that such : " 
edge defects result from the shape of the 
liquid/solid interface at the ribbon edges or 80 
the accumulation adjacent the crystal edges 
of impurities present in the melt. These edge 
defects are objectionable and the ribbons 
must be processed further to remove the 
defects before they can be used. 85 

Accordingly, the primary object of this 
invention is to provide improved solar cells.. 

According to the present invention there 
is provided a solar cell unit comprising an 
arcuate section of a curved substantially 90 
monocrystalline semi-conductor tubular body 
with a radiation-receiving convex surface and 
a photo-voltaic junction which is close to 
said convex surface and is capable of res-
ponding to radiant energy passing through 95 
said surface, and first and second electrodes 
carried by said arcuate section of said body on 
opposite sides of said junction for coupling 
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said unit to an external circuit, said 
opposite sides each having an arcuate cross-
section. 

Such solar cells can be obtained by a 
5 manufacturing method which basically com-

prises first producing a substantially mono-
crystalline tubular body of silicone or other 
suitable semiconductor material and then 
cutting the tubular body along its length to 

10 produce a plurality of nearly flat, mono-
crystalline ribbons. Preferably the cutting of 
the tubular body is achieved by etching, as 
with an acid jet. The tubular body is treated 
to form an annular rectifying junction, then 

15 it is severed longitudinally to form a plurality 
of nearly flat ribbons, and finally the ribbons 
are modified to form solar cells. 

The present invention will be described 
further by way of example, with reference to 

20 the accompanying drawings in which. 
Fig. 1 is a perspective view with a portion 

broken away of a tubular monocrystalline 
silicone body at a first stage of the manufac-
ture of a solar cell in accordance with the 

25 present invention; 
Fig. 2 is a perspective view with a portion 

broken away of the monocrystalline body of 
Fig. 1 at a second stage of solar cell manu-
facture; 

30 Fig. 3 is a perspective view with a portion 
broken away of the monocrystalline body of 
Fig. 1 at a third stage of solar cell manufac-
ture; 

Fig. 3A is an enlarged end view of a portion 
35 of the body shown in Fig. 3; 

Fig. 4 is a perspective view with a portion 
broken away of the monocrystalline body of 
Fig. 1 at a fourth stage of solar cell manu-
facture; 

40 Fig. 5 is a perspective view with a portion 
broken away of a preferred form of solar cell 
constructed in accordance with this invention; 
and 

Fig. 6 is a perspective view of a portion of a 
45 tubular monocrystalline body showing an 

alternative method of forming individual 
nearly flat ribbons. 

In the drawings, like numerals refer to like 
parts. 

50 As is well known to persons skilled in the 
art, substantially monocrystalline silicon 
bodies of selected cross-sectional shape can be 
readily produced by the process described 
and claimed in U.S. Patent No. 3,591,348 

55 issued to Harold E. LaBelle, Jr., using die 
members made of graphite and graphite dies 
coated with silicon carbide (see T. F. Ciszek, 
Edge-defined, Film-fed Growth of Silicon 
Ribbons, Mat. Res. Bull, Vol. 7, pps. 731-738, 

60 1972). Substantially monocrystalline silicon 
bodies of tubular shapes may be grown by 
means of dies shaped like the dies shown in 
said U.S. Patent No. 3,591,348 and also U.S. 
Patent No. 3,687,633, issued August 29,1972 

65 to Harold E. LaBelle, Jr., et al. By controlling 

the growth environment and using a semi-
conductor grade melt, it is possible to grow 
tubular, substantially monocrystalline bodies 
of silicon with a purity suitable for semi-
conductor purposes. Also by introducing 70 
suitable conductivity-type-determining impur-
ities, i.e. dopants, to the melt it is possible to 
produce tubular bodies by the aforesaid 
processes which have a P- or N-type con-
ductivity and a predetermined resistivity. The 75 
addition of a dopant to a melt from which a 
crystal is grown in conventional, for example, 
with Czochralski-type processes is exemplified 
by U.S. Patent Nos. 3,129,061 and 3,394,994. 

Since a tubular body is continuous in 80 
cross-section, it has no edge regions com-
parable to the long side edges of a ribbon. 
Accordingly, tubular bodies do not have the 
edge surface defects as normally found in 
flat ribbons or other shapes having two or 85 
more defined side edges. More precisely, a 
tubular body grown by the EFG process has 
better crystallinity than ribbons grown by 
same EFG process under the same conditions. 
In addition, the absence of edges leads to 90 
better stability during growth, permitting 
greater growth flexibility and hence quality 
of the crystals. Furthermore tubes of silicon 
can be grown at quite high growth rates. 

The following description illustrates the 95 
production of solar cells using silicon as the 
semi-conductor material. 

In the preferred mode of practicing this 
invention, a tubular body of one type con-
ductivity is provided initially, and such body 100 
is then treated to provide a zone of opposite 
type conductivity with a rectifying junction 
created between such zones. The zone of 
opposite type conductivity may be formed in 
various ways known to persons skilled in the 105 
art, e.g. by diffusion or ion implantation of 
dopants or by epitaxial deposition of opposite 
type conductivity material. Preferably, the 
zone is formed by diffusing a suitable dopant 
into the body. Thus, if the hollow body is a 110 
P-type semiconductor, a suitable N-type 
dopant is diffused into it to create an N-type 
conductivity zone. Similarly, if the hollow 
body is an N-type semiconductor, a suitable 
P-type dopant is diffused into it to create a P- 115 
type conductivity zone. The choice of dopant 
used depends on the material of which the 
hollow body is composed and also its con-
ductivity type. Thus, for example, boron may 
be diffused into N-type silicon to produce a 120 
zone of P-type conductivity while phosphorus 
may be diffused into P-type silicon to produce 
a zone of N-type conductivity. The several 
types of dopants used for modifying the 
conductivity of silicon and how such conduc- 125 
tivity modifying impurities may be diffused 
into a silicon body are well known (see, for 
example, U.S. Patent Nos. 3,162,507; 
3,811,954; 3,089,070; 3,015,590; and 
3,546,542). The types of dopants required to 130 
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modify the conductivity type of other 
materials, e.g. gallium arsenide, cadmium 
telluride, etc., also are well known to persons 
skilled in the art. In accordance with prior 

5 art knowledge, the concentration of dopants 
in the P- and N- regions of the tubular 
structures is controlled to obtain the desired 
resistivity of the P-and N-type regions. The 
resistivity of such regions is held to less than 

10 about 100 ohm-cm and for best conversion 
efficiency is between about 0.001 to about 10 
ohm-cm; also in order to improve the efficiency 
of collecting the photoelectrically produced 
carriers, the depth of the P-N junction from 

15 the surface which is to serve as the radiation 
receiving surface, is made small, preferably 
about 1/2 micron. 

After the P-N junction is formed, the 
hollow body is sliced or cut lengthwise to 

20 produce a plurality of slightly curved or 
nearly flat elongated silicon bodies. The 
nearly flat elongated bodies are then provided 
with ohmic contacts or electrodes for their 
P- and N-type zones, whereby the resulting 

25 solar cell units may be connected to an 
exterior circuit. 

If desired, the solar cells may be coated 
with a suitable anti-reflection or interference 
film to reduce reflection losses of solar 

30 radiation or to block absorption of infrared 
radiation. 

An example of the preferred mode of 
practicing the invention will now be described 
with reference to Figs. 1-5. Turning first to 

35 Fig. 1, a tubular body 10 of a substantially 
monocrystalline P-type silicon is provided by 
growing it from a boron doped, semiconduc-
tor grade silicon melt under an inert atmos-
phere using the above-described EFG process. 

40 The tubular body is grown from a melt con-
tained in a quartz crucible (not shown) using 
a die (not shown) consisting of two graphite 
cylinders disposed concentrically one inside 
the other and locked together in the manner 

45 of the two sleeves 24 and 26 of Fig. 1 of U.S. 
Patent No. 3,687,633. The gap between the 
two graphite cylinders is sized to serve as a 
capillary for molten silicon and the die 
assembly is disposed so that melt can enter 

50 the bottom end of the capillary and rise to its 
upper end by capillary action. This tubular 
body 10 is then introduced into a diffusion 
furnace where it is exposed to a gaseous mix-
ture of oxygen and phosphorous oxychloride 

55 at a temperature of about 1000°C for a period 
of about 15 to 20 minutes. As a consequence 
of this diffusion step, phosphorous is diffused 
into the outer and inner surfaces of the tube 
so as to form an N-P-N structure (see Figs. 2 

60 and 3A) with relatively shallow outer and 
inner regions 12 and 14 and thin layers 16 and 
18 of silicon dioxide covering the outer and 
inner surfaces. The N regions 12 and 14 each 
have a depth of about 0-5 microns and the 

65 diffusion oxide layers each have a thickness of 

about 3000A. The formation of the diffusion 
oxide layers results from the presence of 
oxygen which is used as the transport 
medium for the phosphorous oxychloride. 

Thereafter as shown in Fig. 2, the outer and 70 
inner surfaces of the tube are coated with a 
conventional polymethylmethyacrylate posi-
tive resist material as represented at 20 and 22 
(for convenience of illustration the N regions 
12 and 14 and the oxide layers 16 and 18 are 75 
not specifically shown in Figs. 3 and 4). Then 
the outer photoresists layer 20 is exposed to a 
narrow light beam, so that a plurality of cir-
cumferentially spaced, straight and narrow 
longitudinally extending areas of the resist 80 
coating 20 are exposed to the beam and 
thereby altered to a lower molecular wieght 
polymer. The tube is then immersed in a 
preferential solvent or etchant such as methyl 
isobutyl ketone, with the result that the 85 
unexposed portions of the resist coating 20 
remain intact while the exposed areas are 
dissolved away as represented at 24 in Fig. 3 
to expose narrow line portions of the outer 
oxide layer 16. 90 

The next step involves etching the tube so 
as to subdivide it into a plurality of narrow 
strips 26 as shown in Fig. 4. This is achieved 
in two stages. In the first stage the tube is 
immersed in HF at room temperature for 95 
about 1-2 minutes so as to dissolve the expo-
sed narrow portions of the outer oxide layer 
16. In the second stage the tube is immersed 
in KOH at room temperature for about 10 
minutes (this time being determined by the 100 
tube thickness (or in a mixture of one part 
HF and three parts HN03), whereby the 
silicon tube is etched into precise width rib-
bon-like sections 26. Depending upon the 
tensile strength of the inner resist layer 22 and 105 
its adherence to the tube, the sections 26 may 
or may not detach themselves from that 
layer when the etchant has dissolved through 
the full wall thickness of the tube, In any 
event, etch cut sections 26 are removed from 110 
the etchant bath and trichloroethylene is 
applied so as to dissolve away the inner 
resist layer from each section. Then the ribbon-
like sections 26 are immersed in HF followed 
by KOH (or a mixture of HNOs & HF) at 115 
room temperature for a period of about 2-3 
minutes. This etch step serves to remove their 
inner oxide layers and their inner N con-
ductivity regions 14. 

Thereafter trichloroethylene is applied to 120 
each ribbon-like section 26 to dissolve away 
its outer resist layer 20 and then the sections 
26 are again immersed in HF at room tem-
perature long enough (about 2-3 minutes) to 
remove the outer oxide layer 16 but not the 125 
outer N-conductivity region 12. 

The final step is to apply electrodes to the 
outer and inner surfaces of the sections 26 
(Fig. 5). The electrodes are formed by a 
conventional metalization technique. Pre- 130 
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ferably the electrodes are nickel and are 
applied by electroless plating. Alternatively 
the electrodes may belaminates formed by 
evaporation deposition and comprise a layer 

5 of aluminium attached to the silicon body 
and a layer of silver bonded to the aluminium 
layer. Other electrode materials also may be 
used and the electrodes may be formed by 
other techniques known to persons skilled in 

10 the art. As shown in Fig. 5, the electrode 30 
on the outer surface of the ribbon-like body 
26 is formed as a grid with relatively wide 
side and end sections 32 and relatively narrow 
transverse sections 34 spaced so that a major 

15 portion of the outer surface 38 of the silicon 
body is uncovered and thus exposed to receive 
solar radiation. The other electrode 36 pre-
ferably covers the entire expanse of the inner 
surface of the silicon body. The resulting 

20 structure is a solar cell characterized by a 
slightly curved P-N junction represented by 
the dotted line 40 that lies close to the outer, 
i.e. upper, surface of the cell and electrodes 
30 and 36 for coupling the cell into an elec-

25 trical circuit. 
The presence of the silicon dioxide layers 

16 and 18 is advantageous in that the layers 
help to protect the silicon tube 10 in the event 
of any breakdown of the photoresist layers 20 

30 and 22 to the etchant. On the other hand, the 
silicon dioxide layers are not required if the 
photoresist is applied with sufficient care to 
protect the inner and outer surfaces of the 
tubular body from being attacked by the 

35 etchant except along the areas 24 as above 
described. The formation of the oxide layers 
can be avoided by using nitrogen instead of 
oxygen as the transport medium for the phos-
phorous dopant. The formation of the oxide 

40 layers also can be avoided by diffusing phos-
phorous into the tubular body by means of 
phosphine gas which can be introduced into a 
diffusion furnace without having to be ad-
mixed with any transport medium. 

45 The formation of silicon dioxide on the 
layers at the inner and outer surfaces of the 
body also can be achieved when the P - N 
junction is formed by ion-implantation rather 
than by diffusion. The ion-implantation is 

50 carried out in a vacuum so that no oxides are 
formed. After the ion-implantation has been 
completed, the tube is annealed in an oxygen 
furnace at a temperature of about 1Q00°C 
for a period of about 15 minutes whereby 

55 silicon dioxide layers are formed at the inner 
and outer surfaces of the body. The annealing 
process is coducted so as to provide oxide 
layers to a thickness of about 2 to 5 microns. 
The ion-implantation approach offers the 

60 advantage that the dopant is introduced 
only at the outer surface of the tubular body, 
thereby omitting the need for removing an 
inner opposite conductivity region corres-
ponding to the N-type region 14. With the 

65 ion-implantation approach, the tube 10 is 

converted so that, beginning at its inner side 
and terminating at its outer side, it comprises 
an inner oxide layer, a P-type layer, a junc-
tion, an N-type layer, and an outer oxide 
layer. The etch cutting of a tube which has 70 
been subjected to ion-implantation is essen-
tially the same as the etch cutting technique 
required for tubes which have been subjected 
to diffusion doping. Specifically, the resist 
material is applied as coatings 20 and 22 to the 75 
inner and outer surfaces of the tube, the areas 
24 are formed by exposing and dissolving the 
resists as previously described, and the elon-
gate nearly flat segments 26 are formed by 
submerging the tubular body in a suitable 80 
etchant. The inner and outer electrodes are 
formed on the sections 26 after the resist 
coatings and the inner and outer diffusion 
oxides have been removed as previously 
described. 85 

It is to be understood of course, that even 
if the tube is subjected to ion-implantation, 
the formation of silicon dioxide layers at the 
inner and outer surfaces of the tubular body 
may be avoided by annealing the tube in a 90 
nitrogen rather than an oxygen atmosphere. 

It is understood of course that the tubular 
bodies could be sliced lengthwise into ribbon-
like sections as shown at 26 by subjecting the 
tubular body to the action of a mechanical 95 
cutting means rather than an etchant. 

A further alternative method for cutting the 
tubular body into nearly flat ribbons is illus-
trted in Fig. 6. In this case, a tubular body 
10A of one type conductivity material, e.g. N 100 
or P-type silicon, is processed so as to form a 
P-N junction 40A near its outer surface. The 
tubular body is then cut by impinging onto 
its outer surface a fine jet 46 of a selected etch 
solution, e.g. HF and HNOa or KOH in the 105 
case of silicon. The jet of etchant is directed 
onto the tubular body via a nozzle 48 which is 
connected to a supply of etchant. The nozzle 
and the tubular body are moved relative to 
one another so that the jet of etchant traverses 110 
the tubular body lengthwise and thereby 
causes the tube to be sliced longitudinally. 
The tubular body 10A is indexed about its 
longitudinal axis so that the jet 46 can slice 
the tubular body at selected circumferentially 115 
spaced regions. The jet etch cutting tech-
nique is not described in greater detail since 
the technique is well known in the art and is 
described, for example, by C.R. Booker and 
R. Stickler, British Journal Applied Physics, 120 
1962, Volume 13, page 446. If silicon oxides 
eixst on the outer and/or inner surfaces of the 
tube, they may be removed by means of a 
suitable etchant as previously described be-
fore or after the tube is cut by the jet cutting 125 
technique described above. 

One skilled in the art will appreciate that if 
the tubular bodies 10 are initially grown to a 
suitable diameter, they may be sliced longi-
tudinally so as to form elongate bodies which 130 
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have the general appearance of ribbons but 
that are characterized by a circular but gentle 
cross-sectional curvature instead of being 
flat. By way of example, a 2 inch diameter 

5 silicon tube may be cut into 6 one inch wide 
sections which have a rise of about 1/8". The 
curvature in cross-section may be sufficiently 
gentle for the resulting solar cells to be used 
as replacements for solar cells made from 

10 flat ribbons. Moreover the invention is based 
on the realisation that for certain applications 
a solar cell which has a gentle circular cur-
vature to its radiation receiving surface may 
be more advantageous than a conventional 

15 flat solar cell. 
The resulting sections 26 are substantially 

free of so-called "edge defects", and elimin-
ating such edge defects enhances the overall 
efficiency of the resulting solar cell. Tubular 

20 bodies may be grown by the EFG technique 
at a pulling rate substantially the same as the 
pulling rate for flat ribbons, with the result 
that the productivity of ribbon for manufac-
ture of solar cells is increased if tubular bodies 

25 are grown in place of ribbons and then 
severed as herein described. The growth of 
tubular shaped bodies by the EFG process is 
easier than the growth of two dimensional 
ribbon shaped members. 

30 It is to be noted that the foregoing des-
cription illustrates the production of solar 
cells commencing with the formation or pro-
vision of a substantially monocrystalline tube 
having a substantially circular cross-section. 

35 A possible modification comprises the 
following steps: (a) providing tubular bodies 
as above-described, (b) slicing the bodies 
longitudinally into ribbon-like sections, and 
(c) then processing the individual sections to 

40 form P-N junctions in accordance with known 
techniques, followed by formation of front an 
back electrodes as above-described. 

Obviously the invention may be practiced 
by using N-type silicon tubes and introducing 

45 a P-type layer or zone to the tube so as to 
form the required P-N junction. Also the 
tubes and solar cells may be made of some 
other material beside silicon, e.g. cadmium 
telluride. 

50 Still other modifications and advantages 
will be obvious to one skilled in the art. Thus, 
for example, it is contemplated that the 
electrodes could be formed on the silicon 
tubes prior to cutting rather than forming 

55 them on the separated sections 26. Of course, 
any diffusion oxides present on the tube would 
have to be removed before the electrodes 
could be deposited on the tube. A further 
modification consists of substituting an etch-

resistant wax for the photo-resist coating and 60 
removing selected portions of the wax by 
scribing them away with a suitable tool so 
that narrow like areas of the tube are ex-
posed as at 24 in Fig. 3. After the tube has 
been cut into sections 26 by exposing the 65 
areas 24 to the etchant as previously descri-
bed, the wax is removed from the sections by 
means of a suitable organic solvent, e.g. 
naphtha, toluene, etc. Still other modifications 
will be obvious to persons skilled in the art. 70 

It is to be understood that the term "sub-
stantially monocrystalline" as used herein is 
intended to embrace a crystalline body that is 
comprised of a single crystal or two or more 
crystals, e.g. a bicrystal or tricystal, growing 75 
together longitudinally but separated by a 
relatively small angle (i.e. less than about 4°) 
grain boundary. 

The present application has been divided 
out of U.K. Patent Application No. 42955/76 80 
Serial No. 1563408 in which there is des-
cribed and claimed a method of producing 
ribbon-like substantially monocrystalline bo-
dies comprising the steps of: 

(a) providing a tubular substantially mono- 85 
crystalline body of a material of semi-
conductor grade; and 

(b) dividing said tubular body lengthwise 
into a plurality of ribbon-like bodies. 

90 
WHAT WE CLAIM IS:— 
1. A solar cell unit comprising an arcuate 

section of a curved substantially mono-
crystalline semi-conductor tubular body with 
a radiation-receiving convex surface and a 95 
photovoltaic junction which is close to said 
convex surface and is capable of responding 
to radiant energy passing through said 
surface, and first and second electrodes 
carried by said arcuate section of said body 100 
on opposite sides of said junction for coup-
ling said unit to an external circuit, said 
opposite sides each having an arcuate cross-
section. 

2. A solar cell according to claim 1 where- 105 
in said body is made of silicon. 

3. A solar cell unit substantially as herein 
described with reference to Fig. 5 of the 
accompanying drawing. 
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