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57 ABSTRACT 
An ultra-high efficiency inverted solar cell structure is 
disclosed. At the rear of the cell is a high performance 
heterocontact made of SIPOS (a mixture of micro-crys 
talline silicon and silicon dioxide). At the edge of the 
cell, the opposite contact is of conventional heavily 
doped silicon. The edge contact is kept in the dark at 
least one diffusion length or one-third mm laterally 
displaced away from both the active illuminated region 
and from the active heterocontact. 

11 Claims, 5 Drawing Figures 
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INVERTED, OPTICALLY ENHANCED SOLAR 
CELL 

BACKGROUND OF THE INVENTION 
This invention relates to inverted solar cell structures 

in which the active inversion layer is at the rear of the 
solar cell away from the incident light direction. 
A photovoltaic cell is a device that directly converts 

photon radiant energy into electrical energy. In a pho 
tovoltaic device, photons of sufficient energy react with 
a semiconductor material to produce positive and nega 
tive charge carriers, electrons and holes which can 
move freely throughout the semiconductor. The object 
of the device is to collect electrons at one electrical 
contact and holes at the other electric contact, before 
they recombine, either at the contacts themselves, else 
where on the surface, or in the bulk of the semiconduc 
tor. To cause these free charge carriers to flow selec 
tively to their respective contacts, the contacts must 
form a barrier to one type of carrier and permit the 
opposite carrier to pass freely. Until recently, the most 
effective selective barrier have been p-n junctions 
which are formed at the interface between p-type and 
n-type impurity contained regions of the semiconduc 
tor. 

If the bulk silicon is of very high quality most of the 
recombination will occur at the surfaces, especially at 
the contacts. Conventional doped semiconductor 
contacts which are used to produce p-n junctions are 
relatively inferior in this respect. This type of recombi 
nation is usually measured in terms of the forward leak 
age current symbolized as Jo. Recently, it has been 
shown that bipolar transistors with improved current 
gain can be produced by making heterojunction emit 
ters of n-type doped SIPOS (Semi-Insulating Polysili 
con, a mixture of microcrystalline silicon and silicon 
dioxide), see e.g. T. Matsushita, N. Ohuchi, H. Hayoshi, 
and H. Yamoto, Appl. Phys. Lett, Vol. 35, No. 7, (1979). 
This implies that they had improved the forward leak 
age current of the emitter. Values of Jo as low as 10-14 
Amps/cm2 have recently been achieved with this type 
of heterocontact, which is about two orders of magni 
tude Superior to a conventional p-n junction. 

SUMMARY OF THE INVENTION 

The photovoltaic cell of this invention is an inverted 
solar cell with a SIPOS heterojunction at the rear and a 
conventional Si heavily doped contact at the edge. The 
Si conventional contact is shadowed and kept at least 
one-diffusion length or one-third millimeter laterally 
displaced away from both the active illuminated region 
and from the active heterocontact. Surfaces which do 
not include either the SIPOS heterocontact or the con 
ventional Si heavily doped contact are oxidized in order 
to maintain a low surface recombination velocity. 
BRIEF DESCRIPTION OF THE INVENTION 
FIG. 1 is a cross-sectional view of an individual sili 

con cell of the present invention. The front of the cell 
may be textured to help trap the light internally and to 
reduce reflection losses. 
FIG. 2 is a cross-sectional view of the arrangement of 

the individual cells of FIG. 1 into a panel of solar cells. 
A series metallic connection is made between the p-Si 
contact on the edge of one ribbon with the n+-SIPOS 
metallization of the adjacent ribbon. Thereby an inte 
grated high voltage series connection is established for 
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2 
the panel. In addition, the ph-Si contact is shaded by 
the adjacent ribbon as is required in order to minimize 
recombination at the contact. 
FIGS. 3A and 3B show the top view of the series 

connection of the individual cells. The dashed lines 
represent the hidden edge of the silicon cell which is the 
pt-Siedge contact. FIG.3(a) shows a staggered series 
parallel connection while FIG. 3(b) shows a simple 
series-string electrical connection. 
FIG. 4 shows simple test structure used to generate a 

record voltage thereby demonstrating the superior leak 
age current of the n-SIPOS hereto-contact. 

DETALED DESCRIPTION OF THE 
INVENTION 

The solar cell of the present invention shall be illus 
trated and described by a cell with p doped crystalline 
silicon and n-doped SIPOS. It is to be understood that 
the doping types may be interchanged. 
FIG. 1 shows a schematic diagram of a solar cell 

constructed according to the present invention. The cell 
includes a thin ribbon of p-type silicon. The cell is also 
an inverted solar cell, that is, the depletion layer is at the 
rear of the cell, away from the incident light. 

Being a thin cell, it is desirable that the cell be opti 
cally enhanced. A thin slar cell can collect current very 
efficiently if it is optically enhanced, permitting the 
light to be trapped internally by total internal reflection. 
In addition, material usage is very small in a thin cell. 
The property of being thin permits an additional impor 
tant attribute. The depletion layer of the cell may be 
placed at the rear forming an inverted structure. This is 
permissible, because in a cell much thinner than a diffu 
sion length, those carriers which are generated at the 
front surface can diffuse to the rear depletion layer with 
few recombination losses along the way. 
There are advantages to placing the depletion layer at 

the rear of an optically enhanced cell. The n-type region 
on the narrow side of the depletion layer is in need of 
excellent sheet conductivity. If it were at the front of 
the solar cell a transparent conductor and a grid would 
be required, compromising the optical transmission as 
well as the optical enhancement. By placing the n-type 
hetero-contact at the bottom of the cell, a continuous 
metal film can provide good sheet conductivity and 
good optical reflectivity which is important to optical 
enhancement. 

In addition, no transparent conductor is required for 
the front surface since the semiconductor layer itself 
can provide its own sheet conductivity in front of the 
depletion layer. However, an anti-reflection coating is 
desirable, and is assisted by the front surface texturing 
which is essential for optical enhancement (light trap 
ping) in any case. The elimination of the transparent 
conductor permits excellent blue response, eliminates 
grid transmission losses, and eliminates the small para 
sitic absorption which competes with optical enhance 
ment (light trapping). Furthermore, the sheet conduc 
tivity of the semiconductor ribbon is generally superior 
to that of semitransparent conducting films, reducing 
resistive losses to the electrical current. 
The advantage of the n+-SIPOS hetero-contact 20 

over the conventional p-n junction has already been 
discussed above, due to its superior (small) forward 
leakage current Jo. The opposite contact in FIG. 1 is a 
conventional heavily doped pt-Si contact 26. By plac 
ing that contact in the dark at one edge of the cell some 
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distance from the active region, that contact's poor 
qualities can be greatly ameliorated. FIG. 2 shows how 
the individual ribbons of FIG. 1 must be stacked in 
order to shade the heavily p doped contact. Since the 
contact is in the dark there will be few minority carriers 
(electrons) available to recombine at that contact. Fur 
thermore, since the contact is one-third of a millimeter 
away from the active illuminated region and the active 
n-SIPOS heterocontact, minority carriers would have 
to diffuse that full lateral distance of one-third millime 
ter in order to recombine. Therefore, that one-third 
millimeter dark space acts as a barrier to recombination 
and greatly increases the effectiveness of the pit contact 
in reducing its forward leakage current. Under these 
conditions, the effectiveness of the p-Si contact and 
the nt-SIPOS heterocontact are both similar and excel 
lent, allowing an increased efficiency and open circuit 
voltages over 720 milli-volts. 

In general, the minority carrier diffusion length of the 
crystalline silicon is greater than 200 um and the minor 
ity carrier lifetime is greater than 40 usec. 
The specifications of the crystalline silicon ribbon 

material used in a specific example were as follows: 

1017/cm3 Boron 
111 sec 
400 cm/volt-sec 

doping 
minority carrier lifetime 
minority carrier mobility 
minority carrier 
diffusion length 333 um 
thickness 50 pum 
width 2.33 mm 
length 10 cm 
J of nt-SIPOS 101 Amps/cm2 
heterocontact 
surface recombination 5 cm/sec 
velocity of SiO2 
anti-reflection coating 97.5% 

The front surface 12 of the silicon ribbon is textured 
to improve the anti-reflection properties and to random 
ize the internal direction of the incident light to effect 
light trapping by total internal reflection (optical en 
hancment). The front surface is covered by a layer of 
silicon dioxide 10 which is thermally grown to produce 
a low surface recombination velocity at the interface 12 
between the SiO2 10 and the p-Si ribbon 14. The inter 
face 12 has a surface recombination velocity of 5 
cm/sec which can be expected by those skilled in the art 
of thermal oxidation. To this end, it may be desirable for 
the interfacial fixed charge at the interface 12 to be 
negative in order to produce a slight degree of accumu 
lation of holes at those surfaces 12. All surfaces which 
are not contacted by either of n+-SIPOS or p +-Si 
should be covered by such a high quality oxide 10. This 
includes the right hand edge of the ribbon (as shown in 
FIG. 1) as well as the one-third mm wide space at the 
left bottom of the ribbon in between the pi-Si contact 
26 and the ni-SIPOS heterocontact 20. 
The bulk of the ribbon 14 comprises a p-type conduc 

tivity layer. The dashed line 16 represents the depletion 
layer in which the conductivity type changes from 
p-type to n-type due to proximity to the n-F.-SIPOS 
heterocontact. The interface 18 between the silicon 
ribbon 14 and the n+-SIPOS heterocontact contains a 
20-40A interfacial layer of silicon dioxide which is so 
thin as to be permeable to electrons. The heterocontact 
layer of length D comprises n-type SIPOS, a mixture 
microcrystalline silicon and silicon dioxide, which is 
doped by phosphorus. A layer of highly reflective metal 
22 such as silver or copper makes negative contact to 
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4 
the n+-SIPOS layer. The interface 24 between the n+- 
SIPOS and the metal may have a tiny amount of tita 
nium or other metal present to assist forming the ohmic 
contact. At the left edge of the ribbon is the pi-Silayer 
26 which is laterally displaced by one-third mm from 
the active region. Contacting the pt-SI is the positive 
metal contact 28. 
The individual cells of FIG. 1 may be combined into 

a solar cell array. FIG. 2 shows a cross section of an 
arrangement of the silicon ribbon cells joined together 
so as to overlap a distanced. In this array, the pt-Si 
contacts 26 as well as the adjacent one-third millimeter 
region are kept in shade. Series connection metallization 
32 makes electrical contact from the pt-Si contact at 
the left edge of one ribbon to the nt-SIPOS contact at 
the bottom of the adjacent ribbon. The individual re 
peating units of FIG.2 may be repeated as many times 
as required to produce the desired output voltage from 
the far left edge to the far right edge of the series string. 
FIG. 3 shows two embodiments of a top view of how 

the 10 cm long ribbons may be arranged in a panel to 
produce either a staggered series parallel connection 
(FIG. 3(a)) or a simple series string connection (FIG. 
3(b)). The staggered connection (a) provides for a some 
what more redundant configuration since each ribbon is 
contacted by four others. 

FIG. 4 shows a test configuration which we used to 
check the n-SIPOS heterocontact performance pa 
rameters of the solar cell design described herein. 
For this test, crystalline p-Si was covered with n+- 

SIPOS except for a small area 34. With light intensity 
equivalent to one sun intensity at a temperature of about 
25 C., the voltage between the two points 34 and 36 
was measured. 

This configuration is useful for testing the low for 
ward leakage current Jo of the n+-SIPOS heterocon 
tact. In this case both contacts were fully illuminated 
rather than one being kept in the dark as required for 
the solar cell described in FIG. 1. This is permissible for 
an open circuit voltage measurement since the sheet 
resistivity of the SIPOS layer is sufficiently high that 
the small amount of leakage is only a minor perturbation 
of open circuit conditions. In the test configuration of 
FIG. 4, a record open circuit voltage greater than 720 
mV at air mass one was achieved. This is consistent 
with a forward leakage current Ja= 10-14 Amps/cm2. 
This low value for Jo was also confirmed by photocon 
ductivity lifetime measurements. 
What is claimed is: 
1. A solar cell comprising: 
(a) an active material including a layer of crystalline 

silicon doped with one conductivity type dopant, a 
layer of SIPOS doped with the opposite conductiv 
ity type dopant deposited on at least one portion of 
the surface of said layer of crystalline silicon away 
from the incident light; 

(b) a first metal contact fixed to said layer of SIPOS; 
and 

(c) a second metal contact fixed to a portion of the 
edge of said layer of crystalline silicon, the region 
of Said layer of crystalline silicon adjacent to said 
second metal contact being heavily doped with a 
greater concentration of said one conductivity type 
dopant than the remainder of said layer of crystal 
line silicon. 
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2. The solar cell of claim 1 wherein the minority 
carrier diffusion length of said crystalline silicon is 
greater than 200 um. 

3. The solar cell of claim 1 wherein the minority 
carrier lifetime is greater than 40 usec. 

4. The solar cell of claim 1 wherein the surfaces of 
said remainder of said crystalline silicon layer are pas 
sivated with SiO2. 

5. The solar cell of claim 1 wherein the heavily doped 
region adjacent to said second metal contact is laterally 
displaced from the opposite conductivity type SIPOS 
layer by a distance greater than one diffusion length. 

6. The solar cell of claim 1 wherein the heavily doped 
region adjacent so said second metal contact is laterally 
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6 
displaced from the opposite conductivity type SIPOS 
layer by a distance greater than about 200 p.m. 

7. The solar cell of claim 1 wherein the heavily doped 
region adjacent to said second metal contact is not illu 
minated by direct incident light. 

8. The solar cell of claim 1 wherein the heavily doped 
region adjacent to said second metal contact is main 
tained in a dark space. 

9. The solar cell of claim 8 wherein said dark space is 
greater than one diffusion length. 

10. The solar cell of claim 8 wherein said dark space 
is greater than about 200 um. 

11. The solar cell of claim 1 wherein the surface of 
said crystalline silicon toward the incident light is tex 
tured to produce light trapping and optical enhancment. 

sk ck sk : sk 
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