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(57) ABSTRACT 

A method is provided for producing a hybrid multi-junction 
photovoltaic device. The method begins by providing a plu 
rality of planar photovoltaic semi-transparent modules. Each 
of the modules is a fully functional, thin-film, photovoltaic 
device and includes first and second conductive layers and at 
least first and second semiconductor layers disposed between 
the conductive layers. The first and second semiconductor 
layers define a junction at an interface therebetween. The 
method continues by disposing the modules one on top of 
another and hybridly adhering them to each other. At least one 
of the modules is configured to convert a first spectral portion 
of optical energy into an electrical Voltage and transmit a 
second spectral portion of optical energy to another of the 
junctions that is configured to convert at least part of the 
second spectral portion of optical energy into an electrical 
Voltage. 
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METHOD AND APPARATUS FOR 
MANUFACTURING MULTI-LAYERED 

ELECTRO-OPTIC DEVICES 

STATEMENT OF RELATED APPLICATIONS 

0001. This application is related to U.S. patent application 
Ser. No. (Attorney Docket No. 2800/2), filed on even 
date herewith, entitled “Multi-Layered Electro-Optic 
Devices’, which is incorporated by reference in its entirety 
herein. 

BACKGROUND OF THE INVENTION 

0002 1. Field 
0003. The present invention relates generally to a method 
and apparatus for manufacturing electro-optic devices and 
more particularly to a method and apparatus for manufactur 
ing electro-optic devices that have multiple layers and which 
can be produced by laminating or otherwise integrating two 
or more discrete electro-optic units or modules. 
0004 2. Related Art 
0005 Photovoltaic devices represent one of the major 
Sources of environmentally clean and renewable energy. They 
are frequently used to convert optical energy into electrical 
energy. Typically, a photovoltaic device is made of one semi 
conducting material with p-doped and n-doped regions. The 
conversion efficiency of solar power into electricity of this 
device is limited to a maximum of about 37%, since photon 
energy in excess of the semiconductor's bandgap is wasted as 
heat. A photovoltaic device with multiple semiconductor lay 
ers of different bandgaps is more efficient: an optimized two 
bandgap photovoltaic device has the maximum Solar conver 
sion efficiency of 50%, whereas a three-bandgap photovoltaic 
device has the maximum solar conversion efficiency of 56%. 
Realized efficiencies are typically less than theoretical values 
in all cases. 
0006 Multi-layered or multi-junction devices are cur 
rently manufactured as monolithic wafers, where each semi 
conductor layer is crystal-grown on top of the previous one. 
As a result, the semiconductor layers are electrically con 
nected in series and have to be current-matched, in order to 
obtain maximum conversion efficiency. 

SUMMARY OF THE INVENTION 

0007. In accordance with the present invention, a method 
is provided for producing a hybrid multi-junction photovol 
taic device. The method begins by providing a plurality of 
planar photovoltaic semi-transparent modules. Each of the 
modules is a fully functional, thin-film, photovoltaic device 
and includes first and second conductive layers and at least 
first and second semiconductor layers disposed between the 
conductive layers. The first and second semiconductor layers 
define a junction at an interface therebetween. The method 
continues by disposing the modules one on top of another and 
hybridly adhering them to each other. At least one of the 
modules is configured to convert a first spectral portion of 
optical energy into an electrical Voltage and transmit a second 
spectral portion of optical energy to another of the junctions 
that is configured to convert at least part of the second spectral 
portion of optical energy into an electrical Voltage. 
0008. In accordance with another aspect of the invention, 
the step of adhering is achieved by sequentially laminating 
each of the modules to another of the modules. 
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0009. In accordance with another aspect of the invention, 
the disposing step includes laterally offsetting the modules 
from one another. 
0010. In accordance with another aspect of the invention, 
transparent insulating layers are between the modules. 
0011. In accordance with another aspect of the invention, 
a part of the conducting layers of every module is exposed so 
that they are accessible for connection to external electrical 
circuits. 
0012. In accordance with another aspect of the invention, 
the step of providing the plurality of modules includes depo 
sition of CIGS based absorber layers. 
0013. In accordance with another aspect of the invention, 
the step of providing the plurality of modules includes depo 
sition of semiconductor absorber layers with different band 
gaps optimized for enhanced power conversion efficiency. 
0014. In accordance with another aspect of the invention, 
a method is provided for producing a hybrid electro-optic 
device. The method begins by providing a plurality of planar 
electro-optic semi-transparent modules. Each of the modules 
is a fully functional, thin-film, electro-optic device and 
includes first and second conductive layers and at least first 
and second semiconductor layers disposed between the con 
ductive layers. The first and second semiconductor layers 
define a junction at an interface therebetween. The method 
continues by disposing the modules one on top of another, 
hybridly adhering them to each other and applying an elec 
trical contact to the conducting layers of each of the modules. 
0015. In accordance with another aspect of the invention, 
an apparatus is provided for the hybrid manufacturing of a 
multi-layered electro-optic device. The apparatus includes a 
roll-to-roll system for feeding a plurality of electro-optic 
modules, at least one of which is disposed on a flexible 
substrate. Each of the modules is a fully functional, thin-film 
electro-optic device and includes first and second conductive 
layers and at least first and second semiconductor layers 
disposed between the conductive layers. The first and second 
semiconductor layers define a junction at an interface ther 
ebetween. The apparatus also includes an arrangement for 
monitoring and maintaining the speed, tension and tempera 
ture of the modules as they traverse the roll-to-roll system. At 
least one pressure roller is provided to exert a compression 
force for attaching two of the modules on top of each other in 
a continuous fashion. An aligner system is also provided for 
positioning and laterally offsetting one of the modules over 
another of the modules. 

0016. In accordance with another aspect of the invention, 
each module comprises a plurality of segmented modules and 
the apparatus further includes a view-vision system for select 
ing good known module segments, separating and detaching 
the module segments from a carrier film, and removing 
remaining unused module segments. 
0017. In accordance with another aspect of the invention, 
An apparatus is provided for the hybrid manufacturing of a 
multi-layered electro-optic device. The apparatus includes a 
pick and place system for handling a plurality of electro-optic 
modules, each one being a fully functional, thin-film electro 
optic device. Each module includes first and second conduc 
tive layers and at least first and second semiconductor layers 
disposed between the conductive layers. The first and second 
semiconductor layers define a junction at an interface ther 
ebetween. The apparatus also includes at least one pressure 
member to exert a compression force for attaching two of the 
modules on top of each other in an automated fashion. An 
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aligner System is provided for positioning and laterally off 
setting one of the modules over another of the modules. 
0018. In accordance with another aspect of the invention, 
a process is provided for manufacturing a hybrid electro-optic 
device. The method includes the step offeeding a plurality of 
electro-optic modules through a roll-to-roll system. At least 
one of the modules has a flexible substrate. Each of the 
modules is a fully functional, thin-film electro-optic device 
that includes first and second conductive layers and at least 
first and second semiconductor layers disposed between the 
conductive layers. The first and second semiconductor layers 
define a junction at an interface therebetween. The method 
continues by positioning and laterally offsetting one of the 
modules over another of the modules and monitoring and 
maintaining the speed, tension and temperature of the mod 
ules while they are being fed through the roll-to-roll system. 
A compression force is exerted for attaching two of the mod 
ules on top each other. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0019 FIG. 1 shows operation of a multi-layered multi 
junction photovoltaic thin film stack. 
0020 FIG. 2 is a laminated thin-film multi-junction pho 
tovoltaic device consisting of three modules. 
0021 FIG. 3 is the cross-section of a single-junction pho 
tovoltaic module. 
0022 FIG. 4 shows examples of a photovoltaic module 
segmentation in one dimension (A) and two dimensions (B). 
0023 FIG. 5 shows a known method of solar cell encap 
Sulation by lamination. 
0024 FIG. 6 shows the steps of laminating three separate 
photovoltaic modules followed by encapsulation. 
0025 FIG. 7 is an apparatus and process for laminating 
one photovoltaic module having a flexible substrate on top of 
another photovoltaic module having a rigid substrate using 
thermal and pressure lamination techniques. 
0026 FIG. 8 is an apparatus and process for laminating 
one photovoltaic module having a flexible substrate on top of 
another photovoltaic module having a rigid Substrate using a 
sacrificial peal-off film substrate. 
0027 FIG. 9 is an apparatus and process for laminating 
multiple photovoltaic modules having flexible substrates on 
top of another photovoltaic module having a rigid substrate 
using thermal and pressure lamination techniques. 
0028 FIG. 10 is a roll-to-roll apparatus and process for 
laminating one photovoltaic module having a flexible Sub 
strate on top of another photovoltaic module having a flexible 
Substrate using extrusion lamination techniques. 
0029 FIG. 11 is an apparatus and process for laminating 
one segmented photovoltaic module having a flexible Sub 
strate on top of another segmented photovoltaic module hav 
ing a rigid substrate using thermal and pressure lamination 
techniques. 
0030 FIG. 12 is an apparatus and process for laminating 
one segmented panel-size photovoltaic module on top of 
another segmented panel-size photovoltaic module having a 
rigid substrate using vacuum lamination techniques. 

DETAILED DESCRIPTION OF THE INVENTION 

Overview 
0031. In the following detailed description, numerous spe 

cific details are set forth in order to provide a thorough under 
standing of exemplary embodiments or other examples 
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described herein. However, it will be understood that these 
embodiments and examples may be practiced without the 
specific details. In other instances, well-known methods, pro 
cedures, components and circuits have not been described in 
detail, so as not to obscure the following description. Further, 
the embodiments disclosed are for exemplary purposes only 
and other embodiments may be employed in lieu of, or in 
combination with, the embodiments disclosed. 
0032 Embodiments of this apparatus and method may 
facilitate the ability to efficiently and economically convert 
electromagnetic energy in the form of light into electrical 
energy in the form of electrical current. Embodiments of this 
apparatus and method may also facilitate large Volume pro 
duction and widespread usage of photovoltaic devices. 
0033. The invention provides an alternative method of 
producing a multi-junction photovoltaic device. As well 
known in the art, multi-junction devices in general are one of 
the most efficient means for conversion Solar energy into 
electricity. Currently, the best performing solar cells are 
based on epitaxially grown, crystalline semiconductor multi 
junctions. These are complex devices, which are manufac 
tured using difficult and expensive manufacturing processes 
and their high cost can make them prohibitive for widespread 
use and high Volume production. This invention, on the other 
hand, proposes to use Substantially less complex and expen 
sive thin-film processing techniques for manufacturing of 
multijunction photovoltaic devices. Using multi-junction 
design and thin-film technology, a new efficient photovoltaic 
device with expanded capabilities and application range can 
be produced. 
0034. Thin-film materials, in general and depending on 
their chemical origin, can be deposited and layered by a 
variety of different methods, using for example evaporation, 
sputtering, spraying, inkjet printing etc., most of which could 
be very inexpensive. Unlike crystalline, lattice-matched 
semiconductor films, any of these thin film materials can be 
deposited on a variety of Substrates and/or Superstrates, 
including various glasses, polymers, metal sheets, foils and 
others. This further facilitates the production of efficient and 
inexpensive photovoltaic media and enables a number of new 
manufacturing approaches, which are disclosed here. 
0035. As shown in FIGS. 1 and 2, a multi-layered and 
multi-junction photovoltaic device 100 may be produced 
from two or more photovoltaic modules such as the three 
photovoltaic modules 111,112 and 113 shown in FIGS. 1 and 
2. Each of the photovoltaic modules 111, 112 and 113 
includes one or more junctions formed from an optically 
active semiconductor having a specific bandgap. When pho 
tovoltaic device 100 is illuminated by light 101, one of its 
junction layers may absorb a part of light with photon ener 
gies above a corresponding bandgap and transmit a part of 
light (i.e. light 102 and 103) with photon energies below a 
corresponding bandgap. The junctions within and between 
modules may be arranged so that the bandgaps of lower lying 
junctions are smaller than the bandgaps of higher lying junc 
tions; this condition improves the conversion efficiency of the 
device. Furthermore, these modules may be electrically iso 
lated from each other and provided with two individual elec 
trical contacts 130 of opposite polarity for producing electri 
cal current connectors 140. 
0036 FIG. 3 shows an example of a single photovoltaic 
module 111, which may be representative of the type of 
modules employed in the photovoltaic device 100 shown in 
FIGS. 1 and 2. In this example module 111 includes at least 
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two semiconductor layers 303 and 304 that define a junction 
at their interface 334. If more than two semiconductor layers 
are employed, the module 111 will include multiple junc 
tions. The junction may be a heterojunction in which the 
layers 303 and 304 are formed of dissimilar materials. Alter 
natively, the junction or junctions may be of any type known 
in the art such as, but not limited to p-n junctions, p-i-n 
junctions, MIS junctions and the like. The module 111 may 
include additional semiconductor and buffer layers that alter 
or improve the device performance. Photovoltaic module 111 
also includes transparent conducting layers 302 and 305, so 
that all of layers 302-305 are situated in a monolithic stack on 
a Substrate 301. In Summary, a single module (e.g. modules 
111, 112 and 113) includes at least a substrate, two conduct 
ing layers, and two or more semiconductor layers (which 
form 1 or more junctions). An individual module from time to 
time may be referred to herein as a subcell. 
0037. As previously noted, the number of photovoltaic 
modules, N may be larger than two: the greater the number of 
modules, the higher is the maximum achievable conversion 
efficiency. It should be noted that a photovoltaic device that is 
formed from N modules includes N or more junctions, 
depending on the number of semiconductor layers in each 
module. The number of junctions in each module forming a 
single photovoltaic device may or may not be the same. Also, 
the semiconductor materials that are employed in the mod 
ules may be, for example, a compound semiconductor formed 
from an inorganic, polymer-based material, an organic dye 
based material, a nanoparticle composite material, a quantum 
dot composite material, or a mixture of the above materials. 
The specific material composition used in each module will 
generally be optimized for the particular photovoltaic device 
that is being designed. These modules forming the photovol 
taic device are situated in a stack and further processed so that 
they adhere to one another. 
0038 A number of electro-optic materials have been 
developed in recent years that are suitable for thin film pro 
cessing techniques, including CdTe. CIGS (Copper Indium 
Gallium Selenide), organic and polymer semiconductor. 
These thin-film technologies greatly simplify the production 
of a multi-junction, non-single crystalline (e.g., polycrystal 
line, amorphous) photovoltaic device. Unlike wafer-based 
semiconductor technologies that use Such materials as Si, Ge. 
GaAs and GalnP, thin-film technologies allow deposition of 
functional semiconductor thin films only few microns thick 
on a variety of substrates including flexible substrates. Fur 
thermore, it generally enables the production of large area, 
single-sheet, multi-layered electro-optic devices, e.g. using 
roll-to-roll manufacturing. The latter is not possible using a 
standard single-crystal semiconductor technology due to the 
typically limited and Small size of semiconductor wafers. As 
a general rule, thin film materials are typically direct bandgap 
semiconductors, unlike some of the single crystal semicon 
ductors, such as Si and Ge. 
0039. Thin-film layers formed from various semiconduc 
tors may be manufactured separately as large sheets on inde 
pendent substrates. These sheets then could be attached, 
glued, laminated, or otherwise hybridly joined, together to 
form a single large area, integrated multi-junction device. 
Since multiple junction layers are hybridly integrated into a 
single sheet, they can be produced and optimized indepen 
dently from one another. All of the individual photovoltaic 
modules may be attached to a common Substrate that may be 
sturdy yet flexible. The substrate also may be coated with a 
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reflective layer. One or more surfaces in this device could be 
textured to provide a relief pattern for multiple light reflec 
tions and scattering, which improves light absorption and 
Subsequently its power conversion efficiency. 
0040. A large number of different semiconductor materi 
als are currently available and known to be suitable for thin 
film manufacturing. One advantage of this invention is that its 
approach is universal and does not rely on a particular mate 
rial. Some examples of currently available semiconductors 
could be divided into two large groups: organic and inorganic 
semiconductors. Organic semiconductors include various 
types of-conjugated polymers and oligomers. Although they 
are particularly Suitable for low-cost manufacturing and 
could be deposited by simple evaporation, their photovoltaic 
performance is not yet as good as that of inorganic semicon 
ductors. Suitable inorganic materials include CdTe. CIGS, 
a-Si and the like. All these semiconductors tend to have a 
direct bandgap and Subsequently strong optical absorption at 
photon energies above the bandgap. Thus a rather thin film of 
only few microns thick could absorb most photons and 
achieve very high quantum efficiency. 
0041. In the present invention individual modules may be 

first produced from the aforementioned materials using 
known thin film technologies. The modules may be manufac 
tured using transparent conducting layers and preferably 
transparent Substrates. Alternatively, an opaque sacrificial 
substrate may be used that subsequently could be detached 
and discarded or reused. After fabricating the individual mod 
ules they may be assembled in a single stack and hybridly 
attached to each other according to the techniques discussed 
below. 
0042. This approach to fabrication of multijunction pho 
tovoltaic devices is very flexible and can be tailored for a very 
large variety of semiconductor materials. However, there are 
Some specific requirements which need to be met in most 
cases: (1) the conducting layers in the individual modules 
should be substantially transparent to light with photon ener 
gies below the bandgap of a corresponding semiconductor 
layer; (2) the bandgaps of a semiconductor material in a light 
absorbing layer of each junction module should satisfy the 
relation (in the order from top to bottom): 

E>E2> . . . DE (1) 

where n is the number of junctions in the photovoltaic device: 
(3) most of the materials used in the manufacturing of lami 
nated multi-junction Solar cell, including conducting, semi 
conducting and insulating layers, should be compatible with 
low temperature, low cost thin-film manufacturing methods 
and processes; (4) Some of the individual modules are pref 
erably flexible to facilitate the lamination process; (5) most of 
the exposed surfaces should be optically smooth (roughness 
is smaller than the wavelength of light) in order to avoid 
excessive light scattering. 
0043. In most cases there may be only a few exceptions to 
these requirements. For example, the bottommost conducting 
layer need not be transparent. Since there are no additional 
modules below it, this layer could be either opaque or reflec 
tive, in the latter case increasing light absorption and Subse 
quently its conversion efficiency. Also, conducting layers 
may include partially transmitting metal grids for reducing 
in-series resistance of corresponding modules. Furthermore, 
at least one of the modules could be manufactured using 
approaches other than thin-film technology, as long as addi 
tional modules can be added hybridly, e.g. via sequential 
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lamination. Although, it is preferable to use Substrates that are 
optically smooth on both sides, it may be possible to reduce 
the effect of optical scattering on the rough Substrate Surfaces 
by adding intermediate refractive index-matching layers 
between modules. Such layers could also perform dual func 
tions; as for example a thin adhesive layer may bond together 
two adjacent modules and at the same time Smooth out an 
optical interface between these modules, so that optical scat 
tering between them is reduced. 
0044) Hybrid integration of multiple modules on a single 
substrate enables several intermediate, but critical testing 
procedures. Since all of these modules can be manufactured 
separately to produce fully functioning photovoltaic cells, the 
resulting cells or modules, could be tested and Screened on 
performance before they are assembled into a fully stacked 
multi-junction device. Thus only good known modules will 
be used in the eventual assembly and attachment process. 
This procedure makes a tremendous difference in the overall 
production yield, performance and cost of the multi-junction 
photovoltaic devices. For example, if three modules, each 
with a single junction, are hybridly integrated have a 50% 
yield each, then the overall manufacturing yield of this inte 
grated triple junction photovoltaic device will still be 50% 
(assuming nearly 100% yield in the process of assembling the 
subcells). On the other hand, a monolithically integrated 
device, in which the same three junctions are grown or depos 
ited sequentially on the same substrate, will have 12.5% 
manufacturing yield, due to the fact that one cannot pick and 
choose the good parts in this process and thus the total yield 
is the product of all fractional yields for each junction layer. 
The difference in yield becomes even more dramatic if the 
individual modules each contain more than one junction. 
0045. A plant for large volume manufacturing of thin-film 
Solar cells would typically use roll-to-roll or similar large area 
processing facility. To facilitate the selection process of good 
known parts for further integration into photovoltaic devices, 
individual subcells could be segmented as shown in FIG. 4 for 
one-dimensional (A) and two-dimensional segmentation (B). 
All of the segments or subcells 401 in this instance are nomi 
nally identical and manufactured simultaneously on the same 
roll offilm, foil or substrate 402. These subcells, however, are 
electrically and physically separated from each other, so that 
they can be tested both optically and electrically and selected 
on the basis of their individual performance. Thus only the 
best performing sections of a particular module could be 
separated, diced out, peeled off or otherwise detached from 
the rest of the substrate roll. Thus selected sections could then 
be used in the hybrid assembly of multi-junction devices. 
0046 Lamination technology is currently used in solar 
cell manufacturing primarily for encapsulation and protec 
tion from adverse environmental conditions. Lamination is 
defined herein as a method of sandwiching two layers, one of 
which may be a plastic or other flexible film, with the appli 
cation of pressure and/or heat, usually with an adhesive layer 
between them. Both of these layers are pre-manufactured as 
standalone layers. FIG. 5 shows prior art applications of 
laminates in Solar cell manufacturing, in which one or more 
coats of protective plastic 501 are laminated above and/or 
underneath the module 111. They may also be used to protect 
part of electrical leads 502. The protective laminated films are 
electrically inactive and play no direct role in the operation of 
a photovoltaic device. On the other hand, in the present inven 
tion the lamination process is used to attach optically and 
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electrically active layers. In fact, each one of the laminated 
layers is an independent fully functioning photovoltaic cell. 
0047 FIG. 6 shows schematically an approach of produc 
ing thin-film multifunction photovoltaic devices in accor 
dance with the present invention. The method includes the 
following steps: (1) laminating together two or more modules 
such as the three modules 111,112 and 113 are shown in FIG. 
6, which include transparent substrates 601,602 and 603, 
respectively, and, optionally (2) laminating an additional pro 
tective coating 620 over the whole stack and part of electrical 
leads 630. The last step may be redundant due to existing 
protective layers in the laminated modules. Additional bond 
ing or adhesive layers 610 may be required in the first lami 
nation step to form a bond between the bottom of a substrate 
of an upper module with the top of the conductive layer of a 
lower module. Further additional steps in this manufacturing 
process may include making electrical contacts with each 
exposed cathode and anode in the stack and providing respec 
tive electrical current paths 630 to an external circuit. 
0048 While the present invention has been described in 
terms of a photovoltaic device that is formed from two or 
more photovoltaic modules that are hybridly integrated in a 
multi-layered Stack, the present invention encompasses other 
types of devices as well. That is, in addition to photovoltaic 
cells or modules, other types thin-film electro-optic modules 
can be hybridly integrated in a multi-layered stack. For 
example, large area light emitting devices (LEDs) can be 
laminated in a stack of multiple LEDs on top of each other. 
This could be done for different purposes, e.g. to achieve 
higher brightness, different colors, white-light emitting 
multi-layered LEDs and others. Furthermore, segmented 
multi-layered LEDs could be used as displays, in which each 
segment represents a separate pixel. Unlike conventional pix 
els, these pixels could produce true color emission across a 
large area. Similar to the modules used to form a photovoltaic 
device, the modules uses to form these other types electro 
optic devices include at least a Substrate, two conducting 
layers, and two or more semiconductor layers (which form I 
or more junctions). 
0049 Existing lamination techniques can be modified and 
adopted for use in the lamination of thin film electro-optic 
devices such as photovoltaic devices. FIGS. 7-12 show 
examples of the lamination processes, which include roll-to 
roll lamination of flexible films with rigid substrates and 
flexible films, multiple film lamination, segmented film lami 
nation, segmented panel-to-panel lamination and others. A 
variety of lamination methods could be adopted in manufac 
turing of thin-film multi-junction electro-optic devices. These 
methods include wet lamination, dry lamination, pressure, 
thermal lamination, hot-melt lamination, chemical lamina 
tion, UV-assisted lamination, extrusion lamination and com 
binations thereof. Most of these approaches have to be tai 
lored to work with specific thin-film materials and multi 
junction designs. 

EXAMPLES 

0050 FIG. 2 shows an exemplary embodiment of the 
invention, in which three different photovoltaic modules 111, 
112 and 113 are utilized. Maximum sunlight power conver 
sion efficiency of this architecture is about 56% for highly 
concentrated sunbeam and about 50% for regular sunlight 
intensity (so called condition AM1.5). All three modules con 
tain active polycrystalline semiconductor materials based on, 
for example, a CIGS (Copper Indium Gallium Selenide) 
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material system or a related alloy, and the corresponding 
junctions are produced using single-junction designs known 
in the art. By varying the In and Garelative concentrations the 
bandgaps in layer 111 may be adjusted to about 1.7 eV, in 
layer 112 to about 1.4 eV and in layer 113—to about 1.1 eV. 
The thickness of each layer may be in the range of 1 to 5 
microns. Each module may also contain buffer layers, such 
as, for example, a thin CdSe layer with a thickness in the range 
of 10 to 1000 nm. The semiconductor layers in each module 
may be located between appropriately matched transparent 
conducting layers 130. The conducting layers 130 may be 
formed from thin layers of ITO or ZnO with a thickness in the 
range of 0.1 to 5 Lim. Each module also includes a Substrate, 
Such as a polyimide film, with a thickness in the range from 10 
to 1000 microns, which is transparent in the appropriate spec 
tral range and which is used primarily as a carrier for other 
layers in the module. These modules are laminated so that 
they adhere to each other to form a single laminate film with 
multiple individual electrical contacts for each module. 
0051. The various modules shown in FIG. 2 may be also 
laminated onto a common carrier Substrate 210. Such as a thin 
polyimide film with a thickness in the range of 25 to 1000 
microns. This substrate may be coated with metal such as Al, 
Mo, Au or Cu to reflect unabsorbed light back into the indi 
vidual modules. As shown, the modules may be staggered or 
laterally offset from one another so that each conducting layer 
130 has an exposed region 230. The exposed regions 230, 
which may be covered with additional metallization pattern to 
provide better conductivity, serve as surfaces that can connect 
the modules to external electrical circuits. As a result, the 
three modules shown in the device of FIG.2 may have up to 
six electrical output connectors. 
0052. In yet another embodiment, the apparatus and 
method described above and shown in FIG. 2 may be modi 
fied, so that some of the modules include a substrate made 
from polyamide. 
0053. In yet another embodiment, the apparatus and 
method described above and shown in FIG. 2 may be modi 
fied, so that some of the modules are in addition coated on at 
least one of the Surfaces with a thermosetting resin Such as 
ethylene-vinylacetate (EVA). 
0054. In yet another embodiment, the apparatus and 
method described above and shown in FIG. 2 may be modi 
fied, so that some of the modules are coated with a thin 
protective plastic film, Such as polyethylene terephthalate 
(PET), on the side opposite from the substrate, so as to protect 
sensitive electronic parts of the module during the lamination 
process. 
0055. In yet another embodiment, the apparatus and 
method described above and shown in FIG. 2 may be modi 
fied, so that the carrier Substrate. Such as silicone, is transpar 
ent and is attached and laminated on the top of the first module 
111. 

0056. In yet another embodiment, the apparatus and 
method described above and shown in FIG. 2 may be modi 
fied by laminating additional conducting films, foils or wires, 
so that three of electrical output connectors may be shorted or 
connected to the ground without loss of device functionality. 
0057. In yet another embodiment, the apparatus and 
method described above and shown in FIG. 2 may be modi 
fied, so that additional modules having junctions with differ 
ent bandgaps may be laminated and provided with additional 
individual electrical contacts. In this embodiment the total 
number of junctions and bandgaps may be greater than four, 
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and the bandgap values are chosen to maximize device con 
version efficiency for a given number of junctions. Some of 
the electrical outputs may be interconnected locally or via an 
external circuit, so as to produce either in series connection, in 
parallel connection, common anode or common cathode con 
figurations or combinations thereof. 
0058. In yet another embodiment, the apparatus and 
method described above and shown in FIG. 2 may be modi 
fied, so that the junction layers may be produced on separate 
sacrificial substrates and detached from these substrates 
before or during the lamination process. 
0059. In yet another embodiment, the apparatus and 
method described above and shown in FIG. 2 may be modi 
fied, so that the modules may be bonded together to produce 
a single multi-layered photovoltaic film. 
0060. In yet another embodiment, the apparatus and 
method described above and shown in FIG. 2 may be modi 
fied, so that the modules may be glued together to produce a 
single multi-layered photovoltaic film. 
0061. In yet another embodiment, the apparatus and 
method described above and shown in FIG. 2 may be modi 
fied, so that the modules are segmented and laminated onto a 
single carrier Substrate. 
0062. In yet another embodiment, the apparatus and 
method described above and shown in FIG. 2 may be modi 
fied, so that some of the modules are laminated together so 
that their substrates are exposed to the light that is to be 
converted. 
0063. In yet another embodiment, the apparatus and 
method described above and shown in FIG. 2 may be modi 
fied, so that the modules that are stacked and hybridly 
attached to each other are light emitting modules (LEM). 
Each LEM could be activated and operated independently 
from the others. Furthermore, each LEM contains an emitting 
semiconductor layer with a different characteristic bandgap 
and thus different characteristic emission spectrum. Thus, 
different emission spectra from different LEMs could be 
combined to produce different color combinations including 
that of white light. Also, independent control of emission 
intensities can be achieved by varying the different currents 
supplied to different LEMs, which allows one to continuously 
vary and change the color of the combined emission of the 
LEM stack. Furthermore, each LEM may be segmented into 
an array or a matrix of individual light emitting pixels with 
individual electrical controls, so that a stack of segmented 
LEMs will function as a bright, efficient, true color display. 
0064. In yet another embodiment, the apparatus and 
method described above and shown in FIG. 2 may be modi 
fied, so that the modules that are stacked and hybridly 
attached to each other are electro-optical sensors. Some of 
these sensors may be configured to analyze an optical spec 
trum. That is, the sensor modules may comprise a stack of 
layers with multiple quantum dots each having independent 
electrical output so that they function as a spectrum analyzer 
of the absorbed light. Other sensors may be configured to 
probe temperature, moisture, impurity content, various spe 
cific airborne chemicals and other atmospheric conditions. 
Furthermore, the sensor modules could include micro-fluidic 
channels and chemical sensors and may be further segmented 
to be sensitive and responsive, for example, to specific DNA 
strands, thus enabling the resulting device to conduct DNA 
analysis or other types of complex chemical analysis. 
0065 FIG. 7 shows an exemplary embodiment of the 
invention, in which an apparatus and a process are shown for 
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laminating one photovoltaic module 702 on a flexible sub 
strate, such as a high temperature polyimide film, onto 
another photovoltaic module 701 deposited on a rigid sub 
strate, such as soda lime glass. Module 701 may be in the form 
of a panel, i.e. a flat sheet of rigid or semi-rigid material, the 
size of which is on the same order of magnitude as the size of 
a typical solar cell panel (e.g. 50 cm by 100 cm) and thus may 
fit entirely onto rollers 710. Several lamination methods 
could be used including pressure lamination and thermal 
lamination. A combination of these two methods could be 
implemented using a thermosetting adhesive layer of EVA. 
Module 701 can be coated with a thin ethylene vinyl acetate 
(EVA) layer with a thickness of about 10-20 microns, after 
which rollers 710 feed the prepared substrate towards hot 
rollers 730. Those in turn apply pressure 5-10 kg/cm and heat 
to achieve local temperatures of about 100° C. at the modules 
contact point, causing the EVA to melt and bond the modules 
together forming a stack 703 that defines a two-module pho 
tovoltaic device. Generally, relatively thin adhesion layers are 
necessary for better optical transmission between stacked 
modules, as compared with the current standard lamination 
and encapsulation techniques. Roller 720 feeds the film with 
module 702 and maintains the correct tension in the film. 
Module 702 may be laminated either substrate side down or 
substrate side up. In the latter case the substrate of module 702 
will also serve as the top protection layer of the combined 
module 703. 

0066. In yet another embodiment, the apparatus and 
method described above and shown in FIG.7 may be modi 
fied by including an aligner 740, so that the laminated module 
702 may be aligned, laterally offset and attached to the mod 
ule 701 to thereby expose electrical contacts on both modules 
for Subsequent connections to external electrical circuits. 
Current lamination techniques generally do not provide Such 
alignment capabilities and precision positioning in the attach 
ment process, and therefore are mostly useful for encapsula 
tion. Furthermore, additional monitors, sensors and gauges 
750 may be used to monitor and report processing param 
eters, such as pressure, temperature and humidity, as well as 
module conditions, such as feeding speed, film tension, 
attachment failures and others. 

0067. In yet another embodiment, the apparatus and 
method described above and shown in FIG.7 may be modi 
fied, so that the laminated modules 701 and 702 have metal 
grids on at least one of their conducting layers in order to 
reduce contacts ohmic resistance. These metal grids may have 
matching patterns. Furthermore, aligner system 740 may then 
be also used to align the two metal grids exactly on top of each 
other, in order to avoid cross-shadowing, in which the light 
shadow from the upper metal grid is not overlapping with the 
light shadow from the lower grid. 
0068. In yet another embodiment, the apparatus and 
method described above and shown in FIG.7 may be modi 
fied, so that the laminated module 702 is a multi-junction 
laminate film consisting of at least two different laminated 
photovoltaic modules. 
0069 FIG. 8 shows an exemplary embodiment of this 
invention, in which an apparatus and a process are shown for 
laminating a module 802 having a flexible substrate onto 
another module 701 having a rigid substrate. A sacrificial 
flexible carrier substrate 804 is used in this case to facilitate 
the lamination process and reduce the overall thickness of a 
resulting multi-junction device. Carrier substrate 804 may be 
laminated to module 802 in advance using, for example, cold 
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lamination with a pressure sensitive adhesive to produce a 
composite film 805. Module 802 may pealed off and sepa 
rated from the carrier 804 using rollers 820 and 825. This 
approach allows one to use a thinner flexible substrate in 
module 802, thus reducing the overall thickness of the result 
ing device 803 to thereby improve light transmission between 
the modules. 
(0070 FIG. 9 shows an exemplary embodiment of the 
invention, in which an apparatus and a process are shown for 
laminating two (or more) modules 910 and 920 having flex 
ible substrates onto another module 901 having a rigid sub 
strate, to produce sequentially laminated Stacks provided by 
laminating units 902 and 903, respectively. 
0071 FIG. 10 shows an exemplary embodiment of the 
invention, in which an apparatus and a process are shown for 
laminating together two modules 1001 and 1002, which both 
have flexible substrates. Although different lamination meth 
ods could be used, including pressure lamination, thermal 
lamination and others, extrusion lamination may be particu 
larly adaptable for this process, in which a thin layer of melted 
adhesive 1003 is applied between the modules, followed by 
cooling and rolling into a roll 1004. 
0072 FIG. 11 shows an exemplary embodiment of the 
invention, in which an apparatus and a process are shown for 
laminating a segmented electro-optic module 1102 onto 
another segmented electro-optic module 1101 to form a seg 
mented electro-optic laminate 1103. Segmented electro-optic 
module 1102 includes a flexible substrate and segmented 
electro-optic module 1102 includes a rigid substrate. A sac 
rificial flexible carrier film 1104 may be used in this process. 
Furthermore, each segment of the modules 1101 and 1102 
may represent a previously tested, good known part. Lami 
nating rollers 1110 and aligner 1120 are used to align and 
attach the respective segments of modules 1101 and 1102 to 
one another as monitored and controlled via a view-vision 
system 1140. The lamination rollers 1110 also serve to peal 
off the sacrificial substrate 1104. 
0073 FIG. 12 shows an exemplary embodiment of the 
invention, in which an apparatus and a process are shown for 
laminating a segmented electro-optic module of an individual 
panel 1201 onto another segmented electro-optic module of 
an individual panel 1202. Each segment of the processed 
modules may represent a good known part. Individual panels 
may be made from either rigid or flexible substrates to satisfy 
the aforementioned multi-layer electro-optic hybrid integra 
tion requirements. In this embodiment, pick-and-place 
robotic tools 1210 may be used to facilitate high volume 
production and minimize manufacturing costs. Also, vacuum 
lamination apparatus 1211 and processes can be utilized to 
further improve the performance and reliability of the result 
ing multi-layer device 1203. 
0074 Variations of the apparatus and method described 
above are possible without departing from the scope of the 
invention. 

1. A method of producing a hybrid multi-junction photo 
Voltaic device, comprising the steps of 

providing a plurality of planar photovoltaic semi-transpar 
ent modules, each of the modules being a fully func 
tional, thin-film, photovoltaic device and including first 
and second conductive layers and at least first and Sec 
ond semiconductor layers disposed between said con 
ductive layers, said first and second semiconductor lay 
ers defining a junction at an interface therebetween; 



US 2009/02152.15 A1 

disposing the modules one on top of another and hybridly 
adhering them to each other, wherein at least one of the 
modules is configured to convert a first spectral portion 
of optical energy into an electrical Voltage and transmit 
a second spectral portion of optical energy to another of 
the junctions that is configured to convert at least part of 
the second spectral portion of optical energy into an 
electrical Voltage. 

2. The method of claim 1, wherein said step of adhering is 
achieved by sequentially laminating each of the modules to 
another of the modules. 

3. The method of claim 1 wherein the disposing step 
includes laterally offsetting the modules from one another. 

4. The method of claim 1 further comprising disposing 
transparent insulating layers between said modules. 

5. The method of claim 1 further comprising exposing a 
part of said conducting layers of every module so that they are 
accessible for connection to external electrical circuits. 

6. The method of claim 1 wherein providing said plurality 
of modules includes deposition of CIGS based absorber lay 
CS. 

7. The method of claim 1 wherein providing said plurality 
of modules includes deposition of semiconductor absorber 
layers with different bandgaps optimized for enhanced power 
conversion efficiency. 

8. A method of producing a hybrid electro-optic device 
comprising steps of 

providing a plurality of planar electro-optic semi-transpar 
ent modules, each of the modules being fully functional, 
thin-film, electro-optic device and including first and 
second conductive layers and at least first and second 
semiconductor layers disposed between said conductive 
layers, said first and second semiconductor layers defin 
ing a junction at an interface therebetween; 

disposing the modules one on top of another and hybridly 
adhering them to each other; 

applying an electrical contact to the conducting layers of 
each of the modules. 

9. The method of claim 8 wherein said steps of providing 
said plurality of electro-optic modules further includes seg 
menting said modules into a plurality of segments. 

10. The method of claim 9 further comprising aligning said 
segmented modules with respect to one another and providing 
electrical connectivity for said segments. 

11. An apparatus for hybrid manufacturing of a multi 
layered electro-optic device comprising: 

a roll-to-roll system for feeding a plurality of electro-optic 
modules, at least one of them being on a flexible sub 
strate, each one being fully functional, thin-film electro 
optic device, including first and second conductive lay 
ers and at least first and second semiconductor layers 
disposed between said conductive layers, said first and 
second semiconductor layers defining a junction at an 
interface therebetween; 

an arrangement for monitoring and maintaining speed, ten 
sion and temperature of the modules as they traverse the 
roll-to-roll system; 

at least one pressure roller to exert a compression force for 
attaching two of said modules on top of each other in a 
continuous fashion; and 

an aligner system for positioning and laterally offsetting 
one of the modules over another of the modules. 
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12. The apparatus of claim 5 wherein each module com 
prises a plurality of segmented modules and further compris 
ing a view-vision system for selecting good known module 
segments, separating and detaching the module segments 
from a carrier film, and removing remaining unused module 
Segments. 

13. An apparatus for hybrid manufacturing of a multi 
layered electro-optic device comprising: 

a pick and place system for handling a plurality of electro 
optic modules, each one being fully functional, thin-film 
electro-optic device, including first and second conduc 
tive layers and at least first and second semiconductor 
layers disposed between said conductive layers, said 
first and second semiconductor layers defining a junc 
tion at an interface therebetween; 

at least one pressure member to exert a compression force 
for attaching two of said modules on top of each other in 
an automated fashion; and 

an aligner system for positioning and laterally offsetting 
one of the modules over another of the modules. 

14. The apparatus of claim 7 wherein each module com 
prises a plurality of segmented modules and further compris 
ing a view-vision system for assisting an alignment process 
between segments of different modules. 

15. A process for manufacturing a hybrid electro-optic 
device comprising: 

feeding a plurality of electro-optic modules through a roll 
to-roll system, at least one of the modules having a 
flexible substrate, each of the modules being a fully 
functional, thin-film electro-optic device, each of the 
modules including first and second conductive layers 
and at least first and second semiconductor layers dis 
posed between said conductive layers, said first and 
second semiconductor layers defining a junction at an 
interface therebetween; 

positioning and aligning one of the modules over another 
of the modules: 

monitoring and maintaining speed, tension and tempera 
ture of said modules while being fed through the roll-to 
roll system; 

exerting a compression force for attaching two of said 
modules on top each other. 

16. The process of claim 15 further comprising a deposi 
tion of adhesive layers on at least one side of each of said 
modules. 

17. The process of claim 15 further comprising laminating 
said modules on top of each other. 

18. The process of claim 15 further comprising attaching a 
sacrificial flexible carrier to at least one of said modules. 

19. The process of claim 15 further comprising exposing a 
portion of said conducting layers of each module and provid 
ing an electrical connection from each of the conducting 
layers to an external circuit. 

20. The process of claim 15 wherein said modules are 
configured as panels and further comprising aligning and 
attaching said module panels on top of each other. 
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