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(57) ABSTRACT 

A polycrystalline ?lm of silicon including silicon grains 
having an aspect ratio, d/t, of more than 1:1, Wherein “d” is 
the grain diameter and “t” is the grain thickness. The 
polycrystalline ?lm of silicon can be used to form an 
electronic device, such as a monolithically integrated solar 
cell having ohmic contacts formed on opposed surfaces or 
on the same surface of the ?lm. Aplurality of solar cells can 
be monolithically integrated to provide a solar cell module 
that includes an electrically insulating substrate and at least 
tWo solar cells disposed on the substrate in physical isolation 
from one another. Methods for manufacturing the ?lm, solar 
cell and solar cell module are also disclosed. The simpli?ed 
structure and method alloW for substantial cost reduction on 
a mass-production scale, at least in part due to the high 
aspect ratio silicon grains in the ?lm. 
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SILICON THIN-FILM, INTEGRATED SOLAR 
CELL,MODULE, AND METHODS OF 
MANUFACTURING THE SAME 

CROSS REFERENCE TO RELATED 
APPLICATION 

[0001] This is a divisional application of US. Ser. No. 
09/345,862, ?led Jul. 1, 1999, noW allowed, Which is the 
non-provisional application of provisional application No. 
60/091,662, ?led Jul. 2, 1998, the entirety of Which is 
incorporated herein by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates to a monolithically 
integrated solar cell module, and in particular, a module 
including a plurality of integrated solar cells each containing 
an active polycrystalline silicon layer having silicon grains 
With a high aspect ratio. 

BACKGROUND OF THE INVENTION 

[0003] Photovoltaic semiconductor devices, also knoWn 
as solar cells, convert sunlight into electricity. In theory, 
solar cells could provide an in?nite supply of reneWable 
energy. The interest in solar cell technology Was perhaps at 
its peak during the oil shortages of the 1970’s. Since that 
time only a feW select companies have devoted substantial 
research and development funds to solar cell technology; 
most major manufacturers abandoned the technology due to 
economic considerations coupled With the conversion inef 
?ciencies inherent in photovoltaic semiconductor materials. 
The companies that remain dedicated to solar cell technol 
ogy have made signi?cant improvements in solar cell and 
module design, thus increasing output ef?ciencies and 
reducing manufacturing cost. Substantial room for improve 
ment, hoWever, remains. 

[0004] A typical solar cell consists of a Wafer of p-type 
silicon having an upper n-type region diffused therein. The 
regions adjacent to the interface betWeen the p-type silicon 
and the n-type silicon de?ne the p-n junction of the device. 
Aunitary metal electrode is deposited on the bottom of the 
p-type silicon Wafer and a comb-shaped metal electrode is 
deposited on the upper surface of the n-type silicon region 
to collect charges generated at the p-n junction When the 
solar cell is exposed to sunlight. 

[0005] One of the inherent problems With solar cells is the 
inability of individual solar cells to produce signi?cant 
voltage levels. For example, most individual solar cells on 
the market today produce about 1/2 volt per cell. Conse 
quently, it is necessary to arrange a plurality of solar cells in 
a series-connected array in order to provide a solar cell 
module of appreciable voltage rating. 

[0006] While modules of discrete, series-connected solar 
cells have been Widely adopted in industry, there are several 
problems With this design. First, to provide a solar cell 
module rated at, say, 18 volts, it is necessary to separately 
manufacture and handle 36 discrete, 1/z-volt solar cells and 
then “string” the cells together in series to achieve the 
desired voltage rating. Variations in performance among the 
individual solar cells can lead to unacceptable performance 
of the overall module, and moreover, failure of a single solar 
cell can lead to failure of the entire module. 
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[0007] Second, the necessity of handling 36 separate solar 
cells to build a single solar cell module rated at 18 volts 
inherently increases the overall cost to manufacture such a 
module. 

[0008] Third, in order to “string” the individual cells 
together, it is necessary to employ external metalliZation 
“tabs” Welded or soldered together. It is estimated that these 
metalliZed interconnects account for more than 90 percent of 
all failures in solar cell modules. 

[0009] Signi?cant strides have been made to reduce the 
overall cost of these types of solar cell modules, particularly 
in the area of materials. For example, signi?cant reductions 
in cost of solar cells have been achieved by using thin-?lm 
solar cells such as the SILICON-FILMTM solar cell 
described by A. M. Barnett et al. in US. Pat. No. 5,057,163, 
Which is incorporated herein by reference. The SILICON 
FILMTM technology makes use of proprietary heating steps 
to provide polycrystalline silicon thin ?lms of unique micro 
structure, Which enhances the performance of solar cells 
employing such polycrystalline silicon ?lms. This groWth 
technology continues to improve, such as disclosed in US. 
Pat. Nos. 5,336,335 and 5,496,416, and as disclosed in US. 
patent application Ser. No. 09/033,155, ?led Mar. 2, 1998, 
all of Which are incorporated herein by reference. 

[0010] Even though the SILICON-FILMTM and groWth 
technologies discussed above have provided signi?cant cost 
reduction in the manufacture of silicon solar cell modules, 
the problems associated With handling large numbers of 
separate cells to manufacture a single module, and the 
tabbing and stringing operations necessary to connect the 
discrete solar cells, still present signi?cant obstacles to 
large-scale, loW-cost manufacture of high voltage modules. 

[0011] Having recogniZed some of the inherent problems 
discussed above, the industry has attempted to provide 
monolithic designs Wherein a plurality of isolated solar cells 
are formed in an integrated manner on a single substrate. For 
example, Warner US. Pat. No. 3,994,012 discloses a mono 
lithic photovoltaic semiconductor device including a plural 
ity of solar cells isolated from one another on a single 
substrate. The complex manufacturing process used to pro 
duce such a device, hoWever, is impractical and cost pro 
hibitive on a mass production/commercial scale. 

[0012] Chiang et al. US. Pat. No. 4,173,496 also discloses 
an integrated solar cell array Wherein a plurality of solar 
cells are formed on a substrate of single crystal silicon in 
physical isolation from one another. Like the process of 
Warner, hoWever, the complexity of the process disclosed in 
Chiang et al. makes the device prohibitively expensive to 
manufacture on a mass-production scale. Moreover, the cost 
draWbacks inherent in the use of single crystal silicon make 
the device per se unacceptable for mass-production and 
commercial viability. 

[0013] Rand et al. US. Pat. No. 5,266,125 represents a 
signi?cant improvement over the devices and processes 
disclosed in Warner and Chiang, but still requires relatively 
complex steps to manufacture the device. For example, the 
device shoWn in FIG. 1 of Rand et al. requires a plurality of 
metal interconnects disposed in the dice-isolated trenches 
separating each individual solar cell. Not only are such 
metalliZation strips dif?cult and expensive to install, but also 
the Width of the trenches themselves reduces the upper 
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surface area of the module available for interaction With 
incident sunlight. While the device in FIG. 4 of Rand et al. 
does not require the metalliZation strips of the device in 
FIG. 1 of Rand, it does require sub-substrate conducting 
regions to provide series connection of adjacent cells. This 
makes the overall process for making the device shoWn in 
FIG. 4 of Rand rather complex, and thus, rather expensive, 
especially on a mass-production scale. 

[0014] Thus, there is signi?cant room for improvement in 
high voltage solar cell modules. The miniaturiZation of 
electronic devices necessarily requires a corresponding min 
iaturiZation of the solar cell modules used to poWer or 
recharge the batteries of those devices. Monolithic solar cell 
module designs are particularly attractive in this regard, 
since a solar cell of ?xed area can be segregated into as many 
isolated solar cells as needed to achieve the voltage require 
ment of the associated electronic device. To date, hoWever, 
no entity has been able to provide a high-ef?ciency mono 
lithic solar cell module at loW manufacturing cost. 

[0015] One solution is to use polycrystalline silicon as 
opposed to either single crystal or amorphous silicon. It 
Would be necessary, hoWever, to use relatively thick active 
layers When using polycrystalline silicon, in order to estab 
lish silicon grains having a Width suf?cient to prevent grain 
boundary-induced minority carrier recombination. That is, 
even With the groWth techniques discussed above, it is 
dif?cult to form silicon grains having an aspect ratio (d:t) of 
more than 1. Thus, a silicon grain having a diameter of 40 
microns, for example, Would require an active layer thick 
ness of 40 microns. 

SUMMARY OF THE INVENTION 

[0016] It is a ?rst object of the present invention to provide 
a polycrystalline ?lm of silicon having silicon grains With a 
sufficiently high aspect ratio that alloWs the formation of 
relatively thin, electronically effective active layers for 
devices such as solar cells. 

[0017] It is another object of the present invention to 
provide a monolithically integrated solar cell that is easy and 
inexpensive to manufacture on a mass-production scale. 

[0018] It is yet another object of the present invention to 
provide a monolithically integrated solar cell module that is 
easy and inexpensive to manufacture on a mass-production 
scale, and exhibits superior reliability and performance. 

[0019] In accordance With a ?rst aspect of the present 
invention, a polycrystalline ?lm of silicon is provided With 
silicon grains having an aspect ratio, d/t, of more than 1:1, 
Wherein “d” is the grain diameter and “t” is the grain 
thickness. The aspect ratio of the silicon grains is preferably 
at least 5:1, more preferably at least 10:1, and most prefer 
ably at least 20:1. These high aspect ratios are achieved by 
combining thin-?lm forming techniques With the groWth 
techniques discussed above. Such high aspect ratios provide 
a materials cost savings by alloWing the formation of 
relatively thin active layers having grains that are Wide 
enough to operate effectively in an electronic device, such as 
a solar cell. 

[0020] In accordance With a second aspect of the present 
invention, a monolithically integrated solar cell is provided 
that includes (a) an electrically insulating substrate, (b) a 
?rst ohmic contact layer formed on or in the substrate, (c) a 
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?rst layer of doped semiconductor material formed on the 
?rst ohmic contact layer, (d) a second layer of doped 
semiconductor material formed on the ?rst layer of doped 
semiconductor material, and (e) a second ohmic contact 
layer formed on the second layer of doped semiconductor 
material in physical isolation from the ?rst ohmic contact 
layer. The ?rst ohmic contact layer comprises a highly 
electronically conductive material having a ?rst conductiv 
ity type and the ?rst layer of doped semiconductor material 
has a ?rst conductivity type the same as that of the ?rst 
ohmic contact layer. The second layer of doped semicon 
ductor material has a conductivity type opposite to that of 
the ?rst layer of doped semiconductor material, such that the 
?rst and second layers of doped semiconductor material 
form the active p-n junction of the solar cell. 

[0021] This solar cell is manufactured by forming the ?rst 
ohmic contact layer on or in the electrically insulating 
substrate, forming the ?rst layer of doped semiconductor 
material on the ?rst ohmic contact layer, forming the second 
layer of doped semiconductor material on the ?rst layer of 
doped semiconductor material, and forming the second 
ohmic contact layer on the second layer of doped semicon 
ductor material in physical isolation from the ?rst ohmic 
contact layer. 

[0022] This simpli?ed structure and method alloW for 
substantial cost reduction on a mass-production scale. 
Manufacturing cost is reduced even further by forming 
relatively thin, electronically effective active layers in the 
solar cell using the thin-?lm groWth techniques discussed 
above. 

[0023] In accordance With a third aspect of the present 
invention, a monolithically integrated solar cell module is 
provided that includes an electrically insulating substrate 
and at least tWo solar cells disposed on the substrate in 
physical isolation from one another. Each solar cell includes 
a ?rst ohmic contact layer formed on or in the substrate, a 
?rst layer of doped semiconductor material formed on the 
?rst ohmic contact layer, a second layer of doped semicon 
ductor material formed on the ?rst layer of doped semicon 
ductor material, and a second ohmic contact layer formed on 
the second layer of doped semiconductor material in physi 
cal isolation from the ?rst ohmic contact layer. The ?rst layer 
of doped semiconductor material has a ?rst conductivity 
type and the second layer of doped semiconductor material 
has a conductivity type opposite to that of the ?rst layer, 
such that a p-n junction is formed betWeen the ?rst and 
second layers of doped semiconductor material. An elec 
tronically conductive interconnect provides electrical com 
munication betWeen the second ohmic contact layer of one 
solar cell and the ?rst ohmic contact layer of the other solar 
cell While maintaining the tWo solar cells in physical isola 
tion from one another. 

[0024] The simpli?ed structure of this solar cell module 
enables it to be manufactured With high reliability at rela 
tively loW cost. Additionally, the use of an electronically 
conductive interconnect that provides electrical communi 
cation betWeen the tWo solar cells While maintaining physi 
cal isolation therebetWeen provides a performance bene?t. 
Speci?cally, adjacent cells on the substrate can be formed 
very closely together, as there is no need for a relatively 
Wide isolation trench to accommodate a metal interconnect 
that also physically joins the cells together. The upper 
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surface area of the solar cell module that is designed to 
receive sunlight is increased by reducing the siZe of the 
isolation regions betWeen adjacent solar cells. 

[0025] In accordance With a fourth aspect of the present 
invention, a monolithically integrated solar cell is provided 
that includes (a) an electrically insulating substrate, (b) a 
?rst ohmic contact formed on or in the substrate, (c) a second 
ohmic contact formed on or in the substrate in spaced 
juxtaposition With the ?rst ohmic contact, and (d) a layer of 
doped semiconductor material disposed on the ?rst and 
second ohmic contacts. The layer of doped semiconductor 
material includes either an upper p-region and a loWer 
n-region adjacent the ?rst ohmic contact, or an upper n-re 
gion and a loWer p-region adjacent the second ohmic con 
tact, Wherein a p-n junction is formed betWeen the upper and 
loWer regions. 

[0026] The structure of this solar cell not only represents 
a breakthrough in manufacturing, but it also provides iso 
lation of both ohmic contacts beloW the active layers of the 
cell. This particular feature frees up the entire upper surface 
of the cell to receive incident sunlight. Additionally, it 
provides the much needed bene?t of protecting the ohmic 
contacts from damage due to exposure to the environment. 

[0027] In accordance With a ?fth aspect of the present 
invention, a monolithically integrated solar cell module is 
provided that includes an electrically insulating substrate 
and at least tWo solar cells disposed on the substrate. Each 
solar cell includes (a) a ?rst ohmic contact formed on or in 
the substrate, (b) a second ohmic contact formed on or in the 
substrate in spaced juxtaposition With the ?rst ohmic con 
tact, and (c) a layer of doped semiconductor material dis 
posed on the ?rst and second ohmic contacts. The layer of 
doped semiconductor material includes either an upper 
p-region and a loWer n-region adjacent the ?rst ohmic 
contact, or an upper n-region and a loWer p-region adjacent 
the second ohmic contact, Wherein a p-n junction is formed 
betWeen the upper and loWer regions. The solar cells are 
connected physically and electrically only at laterally ter 
minal end portions of the ?rst ohmic contact of one solar cell 
and the second ohmic contact of the other solar cell. In 
addition to exhibiting the bene?ts attributable to the indi 
vidual solar cells discussed above, this module also exhibits 
maximum incident surface area, as there is Zero grid obscu 
ration of the entire active area of the module. 

[0028] These and other objects of the present invention 
Will be better understood by reading the folloWing detailed 
description in combination With the attached draWings of 
preferred embodiments of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0029] FIG. 1 is a cross-sectional vieW of a monolithically 
integrated solar cell in accordance With one embodiment of 
the present invention; 

[0030] FIGS. 2A-2F depict a preferred method for pro 
ducing the solar cell of FIG. 1, With FIG. 2F depicting a 
monolithically integrated solar cell module in accordance 
With another preferred embodiment of the present invention; 

[0031] FIG. 3 is a cross-sectional vieW of a monolithically 
integrated solar cell in accordance With yet another embodi 
ment of the present invention; 
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[0032] FIGS. 4A-4E depict a preferred method for pro 
ducing the solar cell of FIG. 3, With FIG. 4E depicting a 
monolithically integrated solar cell module in accordance 
With another preferred embodiment of the present invention; 
and 

[0033] FIG. 5 is a graph shoWing external quantum ef? 
ciency as a function of Wavelength. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0034] FIG. 1 is a cross-sectional vieW of a monolithically 
integrated solar cell in accordance With one embodiment of 
the present invention. The solar cell is formed on a support 
ing substrate 1. Substrate 1 must be of suf?cient thickness to 
provide mechanical support for the solar cell, have a coef 
?cient of thermal expansion Which matches, or at least 
closely matches (i.e., Within 10%), that of the semiconductor 
material used to form the solar cell and be electrically 
insulating. It is preferred that substrate 1 also be chemically 
inert and be optically re?ective. The material of substrate 1 
must also have suf?cient refractory properties so as to 
Withstand the temperature levels of the manufacturing pro 
cess used to form the solar cell. 

[0035] It is possible to use a tWo-layered substrate struc 
ture as shoWn in FIG. 1, Wherein a substrate surface layer 1b 
is formed on a base substrate 1a. In this case, it is the 
substrate surface layer 1b that must satisfy the criteria 
discussed above With the exception of mechanical strength, 
Which can be satis?ed by base substrate 1a. That is, substrate 
surface layer 1b provides electrical insulation and prevents 
chemical diffusion betWeen base substrate 1b and the other 
layers of the device. If desired, substrate surface layer 1b can 
also re?ect incident light back through the active layers of 
the device. 

[0036] It is generally preferred to use a single-layered 
substrate that can satisfy all of the criteria listed above. A 
preferred material is the mullite family of alumino-silicates, 
although alumina or silica could also be used. The thickness 
of such a single-layered substrate preferably ranges from 5 
mils to 50 mils, With the speci?c thickness being dependent 
upon satisfaction of the above criteria compared to other 
factors such as manufacturing cost and device Weight. 

[0037] In the case of a double-layered substrate, the ?rst 
layer 1a Will generally perform the functions of mechanical 
support and electrical insulation. For this, the mullite family 
of materials mentioned above is preferred. The top layer 1b 
Will generally serve as a diffusion barrier and light re?ector. 
Suitable materials include titanium nitride, silicon oxini 
tride, aluminum nitride, and silicon nitride. 

[0038] A ?rst ohmic contact layer 2 of highly doped 
semiconductor material is formed on the upper surface of 
supporting substrate 1. Ahighly doped semiconductor mate 
rial is one having a dopant concentration of at least 3x1018 
cm_3. For the ease of reference only, layer 2 Will be 
discussed in terms of a highly doped p-type layer, the 
concentration of Which Will be designated as “p+”, although 
highly doped n+-type materials could be used as Well (this 
interchangeability applies hereinafter for all semiconductor 
layers). Layer 2 effectively serves as the contact for carrying 
current from the active region of the solar cell. While layer 
2 could be metal, highly electronically conductive materials 
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are preferred in order to Withstand the relatively high 
temperatures used to manufacture the solar cell, as discussed 
later herein. While the preferred material is silicon, other 
materials, such as carbides (e.g., boron carbide, silicon 
carbide), silicides, conductive nitrides, and graphite could 
also be used, provided the resistivity of such materials 
alloWs adequate electronic conduction laterally along layer 
2 into the plane of the paper of FIG. 1. While there is no 
speci?c limitation on the thickness of layer 2, a preferred 
thickness range is 5 to 50 microns. 

[0039] Reference number 3 refers to a region, more than 
a speci?c layer. That is, in certain embodiments region 3 Will 
comprise a speci?c material (e.g., silicon dioxide) acting as 
a passivation layer, While in other embodiments it may exist 
only partial—or not at all depending on its intended func 
tionality. In a ?rst embodiment a barrier layer 3 is formed on 
the upper surface of layer 2, and serves as a passivation layer 
for the active layers of the solar cell to be formed thereon. 
In another embodiment region 3 serves as a mechanical 
barrier to prevent mixing of the material of layer 2 With the 
materials of the upper active layers of the solar cell. Region 
3 could also function as a re?ector layer for incident sunlight 
passing through the active layers of the solar cell. It should 
also be understood that region 3 may serve some or all of 
these functions-depending on the materials used, and thick 
nesses, of the other layers as Will be explained in greater 
detail beloW. 

[0040] While the material of layer 3 is not particularly 
limited, it must be able to satisfy the passivation, re?ection 
and other criteria as required. Examples of suitable materials 
include silicon oxide, silicon dioxide, sialon, silicon nitride, 
silicon oxynitride, silicon carbide and silicon oxycarbide. 
These materials can be deposited by any knoWn deposition 
technique or by chemical treatment of the underlying layer 
2 if it is formed of silicon. The major limitation With respect 
to the material for region 3 is that it must not be readily 
soluble in the material of the adjacent semiconductor layers. 
Speci?cally, the semiconductor layers may become molten 
during the manufacture of the solar cell, as discussed in 
more detail beloW, and the material of layer 3 must not 
readily dissolve in the molten material making up the 
adjacent semiconductor layers. 

[0041] The thickness of region 3 varies from embodiment 
to embodiment depending on its intended function. It must 
alloW electronic conduction from the active layers of the 
solar cell above, to layer 2 disposed beloW region 3. It is 
preferred to use vias through region 3 to alloW for such 
conduction, although it is conceivable that some materials 
could be applied as a very thin layer and achieve the 
necessary conduction Without vias. At the same time, hoW 
ever, the thickness of region 3 must be sufficient to ful?ll at 
least the passivation and mechanical support criteria dis 
cussed above. It is preferred that the thickness of region/ 
layer 3 range from 200 Angstroms up to 2 microns, and more 
preferably range from about 1 to 2 microns. 

[0042] If the material for layer 2 is highly doped p+-type 
semiconductor material, then the material of layer 4 should 
be doped p-type semiconductor material (having a dopant 
concentration ranging from 1014 cm'3 to 1017 cm_3). While 
there is no speci?c limitation on the thickness of layer 4, it 
preferably ranges from 5 microns to 150 microns. The 
competing interests of thin layers (to reduce cost) and thick 
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layers (to maximiZe absorption) are Well knoWn and Will not 
be discussed herein. In addition, variations in thickness of 
layers 2 and 4 Will be selected based on the materials used 
and ultimate con?guration sought. For example: 

[0043] (1) If layers 2 and 4 are both plasma sprayed, 
then region 3 is needed as a discrete layer to prevent 
the mixing of the tWo materials; 

[0044] (2) If a melt and regroWth process is used to 
form layer 2, Which achieves the desired aspect ratio 
for the grains, and layer 4 is deposited With CVD 
then: 

[0045] (a) if layer 4 is relatively thin (e.g., around 
30 microns), a discrete layer at region 3 is needed 
if a subsequent melt and regroWth to achieve the 
desired aspect ratio is desired; region 3 is not 
needed if layer 4 is groWn epitaxially, seeded from 
layer 2, or 

[0046] (b) if layer 4 is relatively thick (e.g., 150 
microns), no discrete layer at region 3 is needed 
because the material is thick enough to effect 
collection Without the need for light trapping; or 

[0047] (4) If layer 2 is formed as a discontinuous 
layer, then a discrete material at region 3 may or may 
not be necessary depending upon the composition of 
the underlying substrate 1. 

[0048] A thin region 4a is created by diffusion into the 
upper surface of layer 4. If the loWer region 4b of layer 4 is 
doped p-type semiconductor material, then upper region 4a 
Would be doped n-type semiconductor material in order to 
provide a p-n junction 7. The thickness of upper region 4a 
should range from 0.03 to 2.0 microns. 

[0049] A second ohmic contact layer 8 is formed on the 
upper surface of upper region 4a and serves to carry current 
from region 4a When the solar cell is connected to a load. 
Layer 8 preferably takes the form of a comb-shaped elec 
trode extending laterally across the solar cell into the plane 
of the paper of FIG. 1. The electrode preferably includes a 
spine 8a extending into the plane of the paper of FIG. 1 and 
a plurality of ?ngers 8b extending perpendicular to spine 8a. 

[0050] FIGS. 2A-2F are perspective vieWs shoWing a 
preferred embodiment for forming a plurality of solar cells 
as shoWn in FIG. 1 in the form of a monolithically integrated 
solar cell module 31. 

[0051] Asuitable material is provided to serve as support 
ing substrate 1. Although a single-layer substrate is shoWn in 
the draWings, a tWo-layer substrate, as described above, 
could also be used. A layer 21 of highly doped p+-type 
silicon is deposited on an upper surface 20 of substrate 1 
(FIG. 2B). Layer 21 is preferably plasma sprayed through a 
mask so as to form a patterned layer having a plurality of 
tabs 22 extending laterally outWardly from the main portion 
of layer 21 proximate a ?rst side surface 23 of substrate 1. 
Other PVD thin-?lm techniques, such as electron beam 
deposition and sputtering, and CVD techniques, could be 
used to form layer 2. 

[0052] When desired, a suitable material for formation of 
the barrier region (reference number 3 of FIG. 1) is then 
deposited as a continuous layer 24 on the main region of 
layer 21, leaving tab portions 22 exposed (FIG. 2C). Alayer 
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25 of p-type silicon is then deposited over layer 24 (FIG. 
2D), again leaving tab portions 22 exposed, and then the 
upper surface of that layer is subjected to thermal/chemical 
treatment to form an upper n-type region therein. 

[0053] A plurality of isolation regions 26 are then formed 
laterally across the device from ?rst side 23 of substrate 1 to 
an opposed second side thereof, to thus form a plurality of 
physically isolated solar cells 30 (FIG. 2E). Comb-shaped 
electrodes 8 are then deposited, e.g., screen printed, along 
the lateral extension of each solar cell, and interconnect 
extensions 27 are formed on adjacent terminal tabs 22 to 
provide series interconnection of the individual solar cells 
(FIG. 2F). The result is a monolithically integrated solar cell 
module 31 having a plurality of monolithically integrated 
solar cells 30 connected in series. 

[0054] In accordance With one embodiment of the present 
invention, after layer 25 is formed on layer 24, but before the 
upper n-type region is diffused into layer 25, the module 
sub-assembly is subjected to a variation of the groWth 
processes disclosed in the patents discussed above. Speci? 
cally, the present inventors discovered that use of the groWth 
processes from these prior patents unexpectedly increases 
the aspect ratio of the resultant silicon grains if the initial 
silicon layer is deposited by a thin ?lm technique, such as 
plasma spraying. In order to employ the groWth techniques, 
hoWever, a cap layer of silicon oxynitride, silicon nitride or 
the like must ?rst be formed on the upper surface of layer 25. 
This cap layer holds the shape of layers 21, 24 and 25 during 
the groWth process. These layers Would otherWise be 
destroyed during the groWth process, due to their relatively 
loW thicknesses. It is necessary to strip the cap layer before 
diffusion of the n-type region into the upper surface of layer 
25. 

[0055] Test runs have revealed that, if layer 25 is plasma 
sprayed and then subjected to groWth, the aspect ratio of 
grains in active p-layer 25 can exceed 5:1 (diameterzthick 
ness). Such a high aspect ratio alloWs for the formation of 
very thin active p-layers having very Wide grains, Which are 
necessary to prevent grain boundary-induced minority car 
rier recombination. Such thin layers substantially reduce the 
amount of polycrystalline silicon raW material necessary to 
form an electronically effective solar cell. 

[0056] Details of the groWth process used herein can be 
found in co-pending application Ser. No. 09/033,155, and 
thus Will not be reiterated here. 

[0057] FIG. 3 is a cross-sectional vieW of a monolithically 
integrated solar cell in accordance With another embodiment 
of the present invention. The solar cell is formed on a 
supporting substrate 51. As in the case of the solar cell 
shoWn in FIG. 1, substrate 51 can be a one- or tWo-layer 
structure, provided the substrate criteria are satis?ed by the 
respective layers, all as explained above. The particulars of 
substrate 51, and regions 51a and 51b, are the same as those 
described above With respect to substrate 1 of FIG. 1. 

[0058] A ?rst contact 52 of highly doped semiconductor 
material (e.g., p+-type material) is formed on the upper 
surface of supporting substrate 51. A second contact 58 of 
oppositely charged, highly doped semiconductor material 
(e.g., n+-type material) is also formed on the upper surface 
of supporting substrate 51 in spaced juxtaposition With p+ 
contact 52. Again, it is understood that contact 52 could be 
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n+-type material and contact 58 could be p+-type material. 
The particulars of contacts 52 and 58 are the same as those 
described above With respect to contact 2 of FIG. 1. Addi 
tionally, While contacts 52 and 58 can take any form, they 
preferably are formed as interdigitated electrodes, as 
explained in more detail beloW. 

[0059] A region 53 is optionally formed on the upper 
surface of substrate 51 to cover contacts 52 and 58 depend 
ing on the con?guration, materials, and processing tech 
niques used (as discussed above) for the other layers. Barrier 
region 53 serves the same functions as barrier region 3 in 
FIG. 1, and, accordingly, the particulars of barrier region 53 
are the same as those described above With respect to barrier 
region 3 of FIG. 1. 

[0060] The active regions of the solar cell that form the p-n 
junction are formed by depositing a layer 54 of semicon 
ductor material on barrier layer 53. The material of layer 54 
can be doped p-type or n-type semiconductor material 
(haying a dopant concentration ranging from 1014 cm'3 to 
10 cm3), depending upon Whether the device is to be a 
p-type device or an n-type device. For the sake of consis 
tency, layer 54 Will be described as a p-type material, thus 
making the device a p-type device. 

[0061] Layer 54 is deposited as a p-type material, and a 
thin n-type region 54a is formed adjacent n+ contact 58 
during a subsequent heat treatment, as described in more 
detail beloW. Region 54a and the remaining p-type region 
54b of layer 54 form the p-n junction of the device. In an 
n-type device, layer 54 Would be deposited as an n-type 
material, and a thin p-type region Would be formed adjacent 
p+ contact 52 during a subsequent heat treatment. The 
particulars of layer 54, aside from the technique used to form 
region 56, Which Will be described in more detail beloW, are 
the same as those described above With respect to layer 4 of 
FIG. 1. 

[0062] A thin region 60 is created by diffusion into the 
upper surface of layer 54 and serves as a passivation layer 
for the active layers of the device. The thickness of upper 
region 60 should range from 0.1 to 1.0 microns. 

[0063] The solar cell shoWn in FIG. 3 differs from the 
solar cell of FIG. 1, inter alia, in the position of the contacts. 
That is, in the cell of FIG. 1, one of the tWo contacts is 
formed under the active layers of the device, Whereas in the 
cell of FIG. 3, both of the contacts are formed under the 
active layers of the device. This reduces grid obscuration to 
Zero and minimiZes contact exposure to the environment, 
tWo draWbacks associated With conventional solar cell 
designs. 

[0064] FIGS. 4A-4E are perspective vieWs shoWing a 
preferred embodiment for forming a plurality of solar cells 
as shoWn in FIG. 3 in the form of a monolithically integrated 
solar cell module 81. 

[0065] Asubstrate of suitable material is provided to serve 
as supporting substrate 51. Although a single-layer substrate 
is shoWn in the draWings, a tWo-layer substrate, as described 
above, could also be used. Aplurality of sets of interdigitated 
electrodes 71a,71b are formed on an upper surface 70 of 
substrate 51. The electrodes may take the shape of a comb 
having a spine 85 extending laterally from a ?rst side surface 
73 of substrate 51 to an opposed side surface thereof, and a 
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plurality of ?ngers 86 extending perpendicularly to spine 85. 
End tabs 72 of each electrode extend up to the edge of ?rst 
side surface 73. 

[0066] Electrode 71a is formed of highly doped p+-type 
silicon, for example, and electrode 71b is formed of highly 
doped n+-type silicon, for example. The ?ngers 86 of 
electrode 71a are interdigitated in spaced juxtaposition With 
the ?ngers 86 of electrode 71b. At least the end tab 72 of 
electrode 71b in the ?rst set of electrode pairs contacts the 
end tab of electrode 71a in the second set of electrode pairs 
to provide series interconnection of adjacent solar cells. The 
electrodes preferably are formed in the same manner as 
described above With respect to FIG. 2B. 

[0067] Asuitable material for formation of barrier layer 53 
(When used) is then deposited as a continuous layer 74 on the 
main regions of electrodes 71a,71b, leaving end tabs 72 
exposed (FIG. 4C). A layer 75 of p-type silicon is then 
deposited over layer 74 (FIG. 4D), again leaving end tabs 72 
exposed. The sub-assembly is then subjected to a heat 
treatment to form the thin region of n-type material (region 
56 in FIG. 3) in layer 75 adjacent the n+ electrodes/contacts 
71b. Preferably region 56 is formed during the silicon grain 
groWth stage discussed above With respect to FIGS. 2A-2F. 

[0068] The upper surface of layer 75 is then subjected to 
a thermal and/or chemical treatment to form an upper n-type 
passivation region therein, in the same manner that the upper 
n-type region is formed during the process of FIGS. 2A-2F. 

[0069] A plurality of isolation regions 76 are then formed 
laterally across the device from ?rst side 73 of substrate 51 
to an opposed second side thereof, to thus form a plurality 
of physically isolated solar cells 80 (FIG. 4E). The isolation 
regions 76 stop short of end tabs 72 in order to maintain 
series interconnection of adjacent solar cells. The result is a 
monolithically integrated solar cell module 81 having a 
plurality of monolithically integrated solar cells 80 con 
nected in series. 

[0070] A comparison of FIGS. 2A-2F to FIGS. 4A-4E 
shoWs that the latter method obviates the need for the 
electrode metalliZation and interconnection steps of the 
former. As such, the latter method is easier and more cost 
effective than the former method. Additionally, as explained 
above, the solar cell module resulting from the method of 
FIGS. 4A-4E has Zero grid obscuration and shields both 
contacts from direct exposure to the environment. 

[0071] Solar cells fabricated in accordance With the 
present invention have been tested under solar simulators at 
AstroPoWer and the National ReneWable Energy Labora 
tory. The results shoW a high short circuit current, 25.8 
mA/cm2, Which may be the highest current ever achieved for 
a silicon layer of micron-level thickness deposited on a 
dissimilar substrate. This current density is based on the total 
area of the device, Which included 6% metal coverage. 
Quantum ef?ciency measurements Were made that indicate 
that the device has a strong response Well into the infrared 
end of the spectrum. This response indicates that the device 
has good minority carrier properties, surface passivation, 
and light trapping. 

[0072] External quantum ef?ciency data are shoWn in 
FIG. 5. Along With these experimental data are curves 
generated With a PC-lD [3] model. Curve 1 shoWs the 
modeled response of a thin silicon layer With excellent 
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minority carrier bulk properties (lifetime=3.5 us, diffusion 
length=100 pm), but high levels of recombination at the 
back surface (Sb=106 cm/s) and no internal re?ection. Curve 
2 models the same device With excellent rear surface pas 
sivation (Sb=0 cm/s). Curve 3 adds light trapping properties 
to the device. Both front and rear surfaces are modeled With 
90% diffuse re?ection. Using these device characteristics the 
model predicts an effective diffusion length in excess of 
three times the device thickness. A comparison of curve 3 
and the experimental data indicates that the device has high 
lifetime, high levels of surface passivation, and good light 
trapping properties; these characteristics account for the 
long Wavelength response and high currents tested. 

[0073] While the present invention has been described 
With reference to a particular preferred embodiment, it Will 
be understood by those skilled in the art that various 
modi?cations and the like could be made thereto Without 
departing from the spirit and scope of the invention as 
de?ned in the folloWing claims. 

We claim: 
1. A solar cell comprising: 

(a) an electrically insulating substrate; 

(b) a ?rst ohmic contact layer formed on or in said 
substrate, said ?rst ohmic contact layer comprising a 
highly electronically conductive material having a ?rst 
conductivity type; 

(c) a ?rst layer of doped semiconductor material formed 
on said ?rst ohmic contact layer and having a ?rst 
conductivity type the same as that of said ?rst ohmic 
contact layer; 

(d) a second layer of doped semiconductor material 
formed on said ?rst layer of doped semiconductor 
material and having a conductivity type opposite to that 
of said ?rst layer of doped semiconductor material, said 
?rst and second layers of doped semiconductor material 
forming a p-n junction; and 

(e) a second ohmic contact layer formed on said second 
layer of doped semiconductor material in physical 
isolation from said ?rst ohmic contact layer. 

2. The solar cell of claim 1, Wherein said ?rst ohmic 
contact layer comprises at least one material selected from 
the group consisting of silicides and carbides. 

3. The solar cell of claim 1, Wherein said ?rst ohmic 
contact layer comprises at least one material selected from 
the group consisting of Si, SiC, B4C and graphite. 

4. The solar cell of claim 1, Wherein the composition of 
said ?rst ohmic contact layer is substantially the same as that 
of said ?rst layer of doped semiconductor material, and said 
solar cell further comprises a barrier layer betWeen said ?rst 
ohmic contact layer and said ?rst layer of doped semicon 
ductor material. 

5. The solar cell of claim 4, Wherein said barrier layer has 
a thickness suf?cient to provide mechanical separation of 
the ?rst ohmic contact layer from the ?rst layer of doped 
semiconductor material during manufacture of the solar cell, 
and (ii) electronic conduction therethrough during operation 
of the solar cell. 

6. The solar cell of claim 5, Wherein said barrier layer 
comprises a material selected from the group consisting of 
silicon oxide, silicon dioxide, sialon, silicon nitride, silicon 
oxynitride, silicon carbide and silicon oxycarbide. 
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7. A solar cell module, comprising: 

(a) an electrically insulating substrate; 

(b) at least tWo solar cells disposed on said substrate in 
physical isolation from one another, each solar cell 
comprising: 

(i) a ?rst ohmic contact layer formed on or in said 
substrate, 

(ii) a ?rst layer of doped semiconductor material 
formed on said ?rst ohmic contact layer and having 
a ?rst conductivity type, 

(iii) a second layer of doped semiconductor material 
formed on said ?rst layer of doped semiconductor 
material and having a conductivity type opposite to 
that of said ?rst layer of doped semiconductor mate 
rial, said ?rst and second layers of doped semicon 
ductor material forming a p-n junction; and 

(iv) a second ohmic contact layer formed on said 
second layer of doped semiconductor material in 
physical isolation from said ?rst ohmic contact layer; 
and 

(c) an electronically conductive interconnect providing 
electrical communication betWeen said second ohmic 
contact layer of one solar cell and said ?rst ohmic 
contact layer of the other solar cell While maintaining 
the tWo solar cells in physical isolation from one 
another. 

8. The solar cell module of claim 7, Wherein the compo 
sition of said ?rst ohmic contact layer is substantially the 
same as that of said ?rst layer of doped semiconductor 
material, and said solar cell further comprises a barrier layer 
formed therebetWeen. 

9. The solar cell module of claim 8, Wherein said barrier 
layer has a thickness suf?cient to provide mechanical 
separation of the ?rst ohmic contact layer from the ?rst layer 
of doped semiconductor material during manufacture of the 
solar cell module, and (ii) electronic conduction there 
through during operation of the solar cell module. 

10. The solar cell module of claim 8, Wherein said barrier 
layer comprises a material selected from the group consist 
ing of silicon oxide, silicon dioxide, sialon, silicon nitride, 
silicon oxynitride, silicon carbide and silicon oxycarbide. 

11. The solar cell module of claim 8, Wherein said ?rst 
ohmic contact layer comprises a highly electronically con 
ductive material having a ?rst conductivity type the same as 
that of said ?rst layer of doped semiconductor material. 

12. The solar cell module of claim 11, Wherein said ?rst 
ohmic contact layer comprises at least one material selected 
from the group consisting of silicides and carbides. 

13. The solar cell module of claim 11, Wherein said ?rst 
ohmic contact layer comprises at least one material selected 
from the group consisting of Si, SiC, B4C and graphite. 

14. A solar cell, comprising: 

(a) an electrically insulating substrate; 

(b) a ?rst ohmic contact formed on or in said substrate; 

(c) a second ohmic contact formed on or in said substrate 
in spaced juxtaposition With said ?rst ohmic contact; 
and 
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(d) a layer of doped semiconductor material disposed on 
said ?rst and second ohmic contacts, said layer includ 
ing one of an upper p-region and a loWer n-region 
adjacent said ?rst ohmic contact, and (ii) an upper 
n-region and a loWer p-region adjacent said second 
ohmic contact, Wherein a p-n junction is formed 
betWeen the upper and loWer regions. 

15. The solar cell of claim 14, Wherein said ?rst ohmic 
contact comprises a highly electronically conductive mate 
rial having n-type conductivity, and said second ohmic 
contact comprises a highly electronically conductive mate 
rial having p-type conductivity. 

16. The solar cell of claim 15, Wherein said ?rst ohmic 
contact is selected from the group consisting of silicides and 
carbides. 

17. The solar cell of claim 15, Wherein said ?rst ohmic 
contact comprises at least one material selected from the 
group consisting of Si, SiC, B 4C and graphite. 

18. The solar cell of claim 14, further comprising a barrier 
layer betWeen said ?rst and second ohmic contacts and said 
layer of doped semiconductor material. 

19. The solar cell of claim 18, Wherein said barrier layer 
has a thickness suf?cient to provide mechanical separa 
tion of the ?rst and second ohmic contacts from the layer of 
doped semiconductor material during manufacture of the 
solar cell, and (ii) electronic conduction therethrough during 
operation of the solar cell. 

20. The solar cell of claim 18, Wherein said barrier layer 
comprises a material selected from the group consisting of 
silicon oxide, silicon dioxide, sialon, silicon nitride, silicon 
oxynitride, silicon carbide and silicon oxycarbide. 

21. The solar cell of claim 14, Wherein each of said ?rst 
and second ohmic contacts comprises a spine member and a 
plurality of ?ngers extending substantially perpendicular to 
the spine member, and the ?ngers of said ?rst ohmic contact 
are interdigitated With the ?ngers of said second ohmic 
contact. 

22. The solar cell of claim 14, further comprising, in said 
layer of doped semiconductor material, a surface region 
having a conductivity type opposite to that of said upper 
region. 

23. A solar cell module, comprising: 

(a) an electrically insulating substrate; and 

(b) at least tWo solar cells disposed on said substrate, each 
solar cell comprising: 

(i) a ?rst ohmic contact formed on or in said substrate, 

(ii) a second ohmic contact formed on or in said 
substrate in spaced juxtaposition With said ?rst 
ohmic contact, and 

(iii) a layer of doped semiconductor material disposed 
on said ?rst and second ohmic contacts, said layer 
including one of (1) an upper p-region and a loWer 
n-region adjacent said ?rst ohmic contact, and (2) an 
upper n-region and a loWer p-region adjacent said 
second ohmic contact, Wherein a p-n junction is 
formed betWeen said upper and loWer regions; 

Wherein the solar cells are connected physically and 
electrically only at laterally terminal end portions of 
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said ?rst ohmic contact of one solar cell and said 
second ohmic contact of the other solar cell. 

24. A solar cell module, comprising: 

(a) an electrically insulating substrate; and 

(b) at least tWo solar cells disposed on said substrate, each 
solar cell comprising: 

(i) a comb-shaped n+ contact formed on or in said 

substrate, 
(ii) a comb-shaped p+ contact formed on or in said 

substrate interdigitated With said n+ contact, 

(iii) a barrier layer formed on said n+ and p+ contacts, 
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(iv) a layer of doped semiconductor material disposed 
on said barrier layer, said layer including one of (1) 
an upper p-region and a loWer n-region adjacent said 
n+ contact, and (2) an upper n-region and a loWer 
p-region adjacent said p+ contact, Wherein a p-n 
junction is formed betWeen said upper and loWer 
regions; 

Wherein the solar cells are connected physically and 
electrically only at laterally terminal end portions of the 
p+ contact of one solar cell and the n+ contact of the 
other solar cell. 


