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[571 ABSTRACT 

A heat transparent high intensity solar cell has im- 
proved efficiency. 
A surface of each solar cell (10,16,22) has a plurality of 
grooves (12,14,18,20,24). Each groove has a vertical 
face (26,30) and a slanted face (28,32) that is covered by 
a reflecting metal (34,36). 
Light rays (38,40) are reflected from the slanted face 
through the vertical face where they traverse a photo- 
voltaic junction (60). As the light rays travel to the 
slanted face of an adjacent groove, they again traverse 
the junction. The underside of the reflecting coating 
directs the light rays toward the opposite surface of 
solar cell as they traverse the junction again. When the 
light rays travel through the solar cell and reach the 
saw toothed grooves on the under side, the process of 
reflection and repeatedly traversing the junction again 
takes place. The light rays ultimately emerge from the 
solar cell as shown in FIG. 4. 
These solar cells are particularly useful at very high 
levels of insolation because the infrared or heat radia- 
tion passes through the cells without being appreciably 
absorbed to heat the cell. . 

17 Claims, 7 Drawing Figures 
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HEAT TRANSPARENT HIGH INTENSITY HIGH 
EFFICIENCY SOLAR CELL 

ORIGIN OF T H E  INVENTION 
The InLention described herein was made by an em- 

ployee of the United States Government and may be 
manufactured and used by or for the Government for Such a structure benefits the five efficiency determin- 
governmental purposes without the payment of any ers or assumptions listed above which are made to de- 
royalties thereon or therefor 10 termine the limit conversion efficiency. More particu- 

larly, light absorption within the structure of the solar 
TECHNICAL FIELD cell is determined, in part, by the length of the light path 

This invention is concerned with improving photo- within the lattice of the solar cell. This path is increased 
voltaic devices. The invention is particularly directed to by causing multiple passes or  internal reflections to 
an improved solar cell. l 5  occur. If absorption occurs within the immediate region 

Theoretical considerations show that the maximum Of the semiconductor junction or p-n interface, the car- 
solar energy conversion efficiency of a semiconductor riers which are formed by this photon absorption are 
material is dependent on the bandgap of the material, ideally situated in an electric field region. Being free 
and it  can be defined in terms of open-circuit voltage, charges, these carriers will migrate toward the collec- 
short circuit current, and the f i l l  factor. The fill factor is 2o tion surfaces and thus to the external circuit. 
the ratio of the maximum power output of the solar cell The carrier collection is fundamentally determined 
to the product of the first two measurements. The maxi- by the ability of the charges produced to reach a collec- 
mum power is the maxima product of the voltage and tion surface before recombination occurs. This is gener- 
current values. Their product is a rectangle having the 25 ally a property of the semiconductor material as well as 
maximum area or  power that can be drawn under a I ~ S  physical and chemical constitution. Many things can 
standard voltage-current curve derived by the loading cause recombination to occur. Defects in the structure, 
of an illuminated solar cell subjected to varying load such as those named for Frenkel or Schottky as well as 
resistance under test. impurity elements, may act as recombination sites. Dis- 

It is possible to express analytically the ideal solar cell 3o tortions or  damage to the lattice can create regions of 
having maximum efficiency of conversion for any given electrical field concentrations which cause recombina- 
material. This means that the fill factor will shift toward tion. The doping level is a determiner of the property 
the upper right hand corner of the voltage current known as lifetime which is a measure of the time a 
curve which, in effect, squares the current voltage carrier may travel in the semiconductor before, on the 
curve. A quantity known as the “limit conversion effi- 35 average, it recombines to form a neutral atom or  mole- 
ciency” has been calculated for most solar cell materials cule. The absorption of a photon is a pumping mecha- 
by making certain assumptions. nism which elevates an electron to a higher energy 

These assumptions are (1) total absorption of all pho- position enabling it to travel freely through the lattice, 
tons with energies greater than the bandgap, (2) total i.e. conduction band from the valence band. Upon re- 
collection of all generated carriers, (3) negligible series 40 combination, the energy of pumping is yielded up to the 
and shunt solar cell resistance losses, (4) negligible lattice as heat or phonon motion. Such disturbances do  
contact area known as shadowing of the active surface, no useful work electrically in the external circuit. 
and (5) negligible light reflection. A solar cell constructed in accordance with the pres- 

Values of the “limit conversion efficiency” for silicon ent invention has a structure such that the greatest dis- 
solar cells with a bandgap of 1.12 electron volts are 18% 45 tance any charge will have to travel is one-half the 
at air mass zero and 20% of the air mass two. These distance of the groove depth to reach a metal collection 
terms refer to the length of the light path within the surface. Most of the charges will travel the junction 
atmosphere when traveling from the sun to the solar distance, which may be from one-tenth of a micrometer 
cell, and they are measures of attenuation. The present to two micrometers. This close spacing of the collectors 
invention has a beneficial technical effect on each of 50 and the general coverage of much of the collection 
these five efficiency determiners. surface makes lifetime of the semiconductor less impor- 

tant; thus higher doping with the consequent lower 

Warner U.S. Pat. No. 3,994,012 describes a bottom- Another advantage of the solar cell of the present 
reflective angled surface which causes light to be re- 55 invention is the greatly reduced loss of photogenerated 
turned through the cell body and to possibly traverse minority carriers at the surface of the solar cell due to 
the active junction region a second or more time. The the presence of surface states which arise from unsatis- 
concept of having the light internally deflected or  re- fied or dangling bonds, chemical residues, metal precip- 
flected and rejected out the entering surface is well itates, oxides, etc. The surface is generally covered with 
known in the art. Such back reflectors do not positively 60 collector material in the proximity of the junction, and 
allow the infrared or  heating energies to leave the body surface state problems are greatly reduced. It is gener- 
of the solar cell. ally accepted that the surface recombination velocity is 

Muelenberg et a1 U.S. Pat. No. 4,072,541 is directed of very great importance in a solar cell inasmuch as the 
to a back reflector solar cell with a “fine geometry” number of carriers generated for a given wavelength of 
type front contact and a full coverage metal back 65 light is highest at the very surface and decreases expo- 
contact. U.S. Pat. No. 4,041,594 to Tarui et a1 shows a nentially with distance into the cell. The combination of 
configuration exposing small portions of numerous se- a shallow junction with a completely covering metal 
ries connected solar cell junctions. collector avoids most of this cause of loss. 

DISCLOSURE O F  INVENTION 

The length of the light path within the lattice of the 
solar cell is increased by causing multiple passes or 

5 internal reflections within the cell. At least one surface 
of the Solar Cell iS grooved, and selected portions are 

to Provide for the reflections. 

PRIOR ART lifetimes is possible. 
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The series and shunt resistance losses are negligible in 

the solar cells of the present invention. The theoretical 
series resistances of both n on p and p on n solar cells of 
silicon have been calculated. It was found that theoreti- 
cally the best value for the space-type phosphorous 
diffused n on p cell is 0.73 ohms and the p on n cell is 
0.43 ohms. It is calculated the bulk resistance has a 
value of 0.02 ohms and a bottom electrode to bulk resis- 
tance of 0.08 ohms. Thus, the solar cell of the present 
invention should have a maximum series resistance of 
0.2 ohms or less depending upon the bulk resistivity 
chosen. 

The shunt resistance of a solar cell is the internal 
resistance which acts electrically in parallel with the 
junction and is a parasitic loss mechanism. It is, there- 
fore, desirable to have this value as high as possible so 
that current loss will be minimized. A 14% efficient 
silicon solar cell will normally exhibit a shunt resistance 
greater than 300 ohms and may reach 103 ohms. These 
shunt resistances are thought to be caused by surface 
leakage along the edges of the cell, by diffusion spikes 
along dislocations or grain boundaries or possibly by 
fine metallic bridges along microcracks, grain bound- 
aries, or crystal defect planes after metallization has 
been applied. Care with the lattice during processing, 
surface passivation and improved metallization have all 
served to reduce these causes of loss. 

Negligible contact areas are desired because contacts 
on current silicon solar cells may obscure or shadow 
from 5% to 10% of the active surface for photon ab- 
sorption. The present solar cell structure is novel inas- 
much as it presents a totally uncovered surface area to 
the entering light. For the sunlight approaching nor- 
mally to the plane of the solar cell, an area equivalent to 
the surface dimensions is illuminated. The solar cell of 
the present invention has a 100% contact coverage 
while being 100% transparent or unobscured at the 
surface containing junction regions. 

Negligible light reflection is achieved in present day 
cells by either producing a textured light-trapping to- 
tally internally reflecting surface of etched pyramids or 
coating the surface with a material to match the respec- 
tive indices of refraction of the two media; atmosphere 
and silicon. In accordance with the present invention a 
deposited coating of anti-reflecting material is used on 
the entrance surface. 

BRIEF DESCRIPTION O F  THE DRAWINGS 
The objects advantages and novel features of the 

invention will be more fully apparent from the follow- 
ing detailed description when read in connection with 
the accompanying drawings wherein 

FIG. 1 is a perspective view of a solar cell having a 
rectangular configuration embodying the features of the 
present invention, 

FIG. 2 is a vertical section of a perspective view of a 
solar cell having a circular configuration embodying 
the features of the present invention, 

FIG. 3 is a vertical section view through a solar cell 
illustrating an alternate embodiment of the invention 
wherein the bottom surface has a flat configuration, 

FIG. 4 is an enlarged section view taken along the 
lines 4-4 in FIG. 1 showing long-wave light paths 
through the solar cell, 

FIG. 5 is an enlarged view of a portion of the solar 
cell shown in FIG. 4 illustrating various structural fea- 
tures of the invention, 
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FIG. 6 is an enlarged view of a portion of the solar 

cell illustrated in FIG. 3 showing several light paths 
through the solar cell, and 

FIG. 7 is a perspective view showing the structure 
for collecting the current from the solar cell shown in 
FIGS. B to 3. 

BEST MODE FOR CARRYING OUT T H E  
INVENTION 

Referring now to the drawings, there is shown in 
FIG. 1 a photovoltaic device comprising a solar cell BO 
in the form of a semiconductor substrate having a top or 
front surface with a plurality of parallel grooves 12 that 
are substantially uniform. The solar cell BO also has a 
bottom surface with a plurality of similar parallel 
grooves 14. 

FIG. 2 shows another embodiment of the photovol- 
taic device comprising a solar cell 16 made from a circu- 
lar wafer of semiconductor substrate material. The 
wafer 16 has a top or front surface containing concen- 
tric grooves 18. The bottom or back surface of the 
wafer 16 likewise contains a plurality of concentric 
grooves 20. The solar cells shown in both FIGS. 1 and 
2 are particularly useful at very high levels of insolation 
because the infrared or heat radiation passes through 
the cells IO and 16 without being appreciably absorbed 
to heat the cell. 

In the embodiment shown in FIG. 3 a solar cell 22 has 
a bottom mirror configuration wherein heat is returned 
through top reflectors to outside the cell. The solar cell 
22 likewise has a plurality of parallel grooves 24 in its 
top or front surface. 

Referring to FIG. 4, each groove 12 on the top or 
front surface of the solar cell 10 has a vertical face 26 
that is normal to the top surface and a mirror face 28 at 
an angle of about 45" thereto. Likewise, each groove 14 
in the back or bottom surface has a vertical face 30 that 
is normal to the back surface and a mirror face 32 ex- 
tending at an angle of about 45" thereto. 

Each angularly disposed mirror face 28 is covered 
with a coating of reflecting material 34 while the bot- 
tom mirror face 32 is covered with a reflecting coating 
36. The reflecting coating 34 on the top surface com- 
prises a silver layer that is vacuum-deposited on the 
angularly disposed mirror face 28. The back reflecting 
coating 34 is formed by a layer of silver that is vacuum- 
deposited over a layer of aluminum that is likewise 
vacuum-deposited onto the slanted mirror face 32. 

A lcng wave light ray 38 striking the top or front 
surface of the solar cell 10 is reflected from the out- 
wardly facing surface of the reflecting metal 34. This 
entering light ray 38 is directed through the vertical 
face 26 to the adjacent angularly disposed mirror face 
28 whereupon it is reflected from the inwardly facing 
surface of the reflecting metal coating 34. 

This entering long wave light ray then passes com- 
pletely through the solar cell BO to emerge from the 
opposite surface. This emerging light ray strikes the 
angularly disposed mirror face 32 on the bottom side of 
the solar cell. The emerging light ray 38 is then re- 
flected from the inwardly facing surface of the reflect- 
ing metal coating 36 whereupon it leaves the solar cell 
10 through the vertical face 30. The emerging light ray 
38 then strikes the outwardly facing surface of the re- 
flecting metal coating 36 whereupon it is directed away 
from the solar cell 10. A similar path is traveled by an 
adjacent long wave light ray 40 as shown in FIG. 4. 
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Referring to FIG. 5 the solar cell 10 is made from a 
silicon wafer having a p-doped bulk region 42. A dif- 
fused or implanted junction n doped region 44 is dif- 
fused into the wafer adjacent to the grooves 12. A simi- 
lar back surface field region is formed by a diffused or 5 
implanted junction p+-doped region 46 that is formed 
in the wafer on the back surface adjacent to the grooves 
14. 

Referring again to the embodiment shown in FIG. 3, 
each groove 24 has a vertical face 48 and an angularly 10 
disposed mirror face 50 covered by a reflecting coating 
52. A substantially planar back or bottom surface 54 is 
covered by a reflecting metal coating 56 which may be 
a layer of silver vacuum-deposited thereon. 

FIG. 3 comprises a silicon wafer having a p-doped bulk 
region 58. An n-doped region 60 is diffused or im- 
planted into the front or upper surface adjacent to the 
grooves 24 to form a junction adjacent to the front 
surface field region. A similar p+-doped region 62 is 20 
diffused or implanted into the back or bottom surface of 
the solar cell 22 to form a junction at the back surface 
field region as shown in FIG. 3. The depth of the 
grooves 12,14,18,20,24 in each of the embodiments is 
preferably between 1 to 10 micrometers. The depth of 25 
the junctions 44,46,60 and 62 is preferably between 0.1 
to 2.0 micrometers. 

Referring again to FIG. 6 the paths of the two light 
rays 38 and 40 are shown entering the solar cell and 
traversing the active junction regions. The ray 38, en- 30 
tering the solar cell 22 near the top edge of one of the 
saw tooths, is reflected from the inwardly facing surface 
of the reflecting metal coating 52 and passes downward 
into the solar cell bulk in a grazing path along the semi- 
conductor junction formed between regions 58 and 60. 35 
The probability of photon absorption and carrier collec- 
tion, particularly for shorter wavelength light, is great 
in such a path. 

The ray 40, which is shown entering at the approxi- 
mate center of the groove 24, repeatedly traverses the 40 
junction 60 at least at the three nodal points shown in 
FIG. 6. This enhances the absorption and collection of 
the light ray 40. 

Similar conditions apply for the emerging light reach- 
ing the back surface field regions 62 in FIG. 3 and 46 in 45 
FIG. 5 which are actually second semiconductor junc- 
tion regions. In the embodiment shown in FIGS. 1,4, 
and 5 the emerging light ray 40 again repeatedly tra- 
verses the junction 46 at least at three nodal points. In 
the embodiment shown in FIG. 3 the light ray traverses 50 
the junction region 62 as it passes to the planar surface 
54. This light ray again traverses junction region 62 as it 
is reflected back toward the grooves 24 by the reflect- 
ing metal coating 36. 

saw toothed edges of the grooved surfaces on each solar 
cell is shown in FIG. 7. In this embodiment the top 
edges of the reflecting metal layers are connected to an 
electrically conducting wire 64 by solder fillets 66. 
While each collecting layer 34 preferably is of the type 60 
shown in FIG. 4, metal films such as those shown at 52 
in FIG. 3 also may be used. 

In a like manner a similar wire 68 is connected by 
solder fillets to the bottom edges of the reflecting metal 
layers 36. Although the bottom wire 66 is shown con- 65 
nected to the end of the solar cell 10 that is opposite the 
top wire 64, it will be appreciated that it may be advan- 
tageous to have the wires 64 and 66 positioned one 

As shown in more detail in FIG. 6 the solar cell 22 of 15 

The structure utilized to collect the current from the 55 

6 
above the other to lessen the cell area lost to light trans- 
missions. 

Obviously, numerous additional modifications and 
variations of the present invention are possible in light 
of the above teachings. By way of example, it will be 
recognized by those skilled in the art that refraction 
effects within the body of the semiconductor solar cell 
may have to be taken into account in the design of 
working devices of different semiconductors. It is, 
therefore, to be understood that within the scope of the 
appended claims the invention may be practiced other- 
wise than as specifically described herein. 

What is claimed is: 
1. A heat transparent high intensity solar cell having 

a semiconductor substrate having a plurality of 
grooves on at least one surface thereof, each of said 
grooves having a first face substantially normal to 
said surface and a second face angularly disposed 
to said first surface, 

a photovoltaic junction in said substrate adjacent to 
said grooves, said junction having one portion in 
substantial juxtaposition with said first face and 
another portion in substantial juxtaposition with 
said second face, and 

reflecting means adjacent to said second face of each 
groove, said reflecting means including 

a first mirror surface for directing entering light rays 
into said solar cell through said first face to tra- 
verse said one portion of said junction, and for 
directing emerging light rays from said first face of 
said groove away from said solar cell after travers- 
ing said one portion of said junction, and 

a second mirror surface oppositely disposed from said 
first mirror surface for directing said entering light 
rays toward an opposite surface of said solar cell 
whereby said entering light rays repeatedly tra- 
verse said other portion of said junction, and for 
directing said emerging light rays toward said first 
face whereby said emerging light rays repeatedly 
traverse said other portion of said junction. 

2. A solar cell as claimed in claim 1 wherein the re- 
flecting means comprises a coating of a reflecting mate- 
rial on said second face of each groove, said coating 
having 

an outwardly facing mirror surface for directing en- 
tering light rays toward said first face of said 
groove, and for directing emerging light rays from 
said first face away from said solar cell, and 

an inwardly facing mirror surface covering said sec- 
ond face for directing said light rays back through 
said other portion of said junction. 

3. A solar cell as claimed in claim 2 wherein the coat- 
ing comprises a metal. 

4. A solar cell as claimed in claim 3 wherein the metal 
coating comprises a layer of silver. 

5. A solar cell as claimed in claim 3 wherein the metal 
coating comprises a layer of silver over a layer of alumi- 
num. 

6. A solar cell as c1aime.d in claim 1 wherein the 
grooves are contiguous. 

7. A solar cell as claimed in claim 6 wherein the sub- 
strate comprises a rectangular wafer and the grooves 
are parallel. 

8. A solar cell as claimed in claim 6 wherein the sub- 
strate comprises a circular wafer and the grooves are 
concentric. 

improved efficiency comprising 
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9. A solar cell as claimed in claim 1 wherein the sec- 

ond face of each groove extends from the first face at an 
angle of about 45". 

plurality of grooves in another surface of the substrate 
opposite said one surface, each of said grooves having 
one face substantially normal to said other surface and 

angularly disposed to said one face, and 

a second electrically conducting member in contact 
with said metal coating on the second face of each 
groove in the other surface of the substrate. 

12. A solar cell as claimed in claim 11 wherein the 
Io. A as in claim a 5 electrically conducting members are wires, one of said 

wires being electrically connected to the outermost 
edge of the metal coating on each second face along one 
end of said substrate, and the other of said wires being 
electrically connected to the outermost edge of the 

other surface along the opposite end of said substrate. 
another photovoltaic junction in said substrate adja- 13. A solar cell as claimed in claim 1 wherein the 

cent to said grooves in said other surface whereby photovoltaic substrate has a substantially planar surface 
the emerging light rays directed by the reflecting oppositely disposed from the one surface thereof having 
means adjacent to the second face of a groove in a photovoltaic voltaic junction in said substrate adja- 
said one surface traverses said other photovoltaic 
junction repeatedly before passing through said a coating of a reflecting metal on said planar surface. 
one face to said other face and being directed away 14. A solar cell as claimed in claim 13 wherein the 
from said solar cell by the reflecting means adja- 20 reflecting metal coating is silver. 

15. A solar cell as claimed in claim 1 wherein the cent to the other face of an adjacent groove. 
grooves are substantially uniform and have a depth 

second face of each of the grooves in both surfaces of 16. A solar cell as claimed in claim 15 wherein the 
the photovoltaic substrate is covered with a metal re- 25 depth of the photovoltaic junction is between about 0.1 
flecting coating, and said metal coatings are in electrical and 2.0 micrometers from the faces of the grooves. 
communication with current collecting means, said 17. A solar cell as claimed in claim 1 wherein the 

photovoltaic substrate comprises a p-doped bulk region, 
an n-doped region adjacent to the one surface having means comprising 

a first electrically conducting member in contact with 3o the grooves therein, and a +-doped region adjacent to 
another surface opposite said one surface. 

another face with reflecting adjacent thereto 10 metal coating on each second face of each groove in the 

15 the grooves therein, and 

cent to said planar surface, and 

11. A solar cell as claimed in claim PO wherein the between about and micrometers. 

said metal coating on the second face of each 
groove in the one surface of the substrate, and * * * * *  
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