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(57) ABSTRACT 

A method is provided for fabricating a thin film semiconduc 
tor device. The method includes providing a plurality of raw 
semiconductor materials. The raw semiconductor materials 
undergo a pre-reacting process to form a homogeneous com 
pound semiconductor target material. The compound semi 
conductor target material is deposited onto a Substrate to form 
a thin film having a composition Substantially the same as a 
composition of the compound semiconductor target material. 
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METHOD FOR FORMING ACOMPOUND 
SEM-CONDUCTOR THIN-FILM 

CROSS REFERENCE TO RELATED 
APPLICATION 

0001. The present application is a divisional of U.S. Ser. 
No. 12/061,450, filed Apr. 2, 2008, the contents of which are 
incorporated herein by reference. 

FIELD OF INVENTION 

0002 The present invention relates to a method for form 
ing a compound semiconductor thin-film Such as a semicon 
ductor thin-film suitable for use in photovoltaic solarcells and 
other devices. 

BACKGROUND OF THE INVENTION 

0003 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. The commercialization of photovoltaic devices depends 
on technological advances that lead to higher efficiencies, 
lower cost, and stability of such devices. The cost of electric 
ity can be significantly reduced by using solar modules con 
structed from inexpensive thin-film semiconductors such as 
copper indium di-selenide (CuInSea or CIS) or cadmium tel 
luride (CdTe). Both materials have shown great promise, but 
certain difficulties have to be overcome before their commer 
cialization. 
0004. As shown in FIG. 1, the basic form of a CIS, or 
CdTe. compound semiconductor thin-film Solar cell (1) com 
prises of a multilayer structure Superposed on a Substrate (2) 
in the following order, a back electrode (3), a light absorbing 
layer (4), an interfacial buffer layer (5), a window layer (6) 
and an upper electrode (7). The Substrate is commonly soda 
lime glass, metal ribbon or polyimide sheet. The back elec 
trode is commonly a Mo metal film. 
0005. The light absorbing layer consists of a thin-film of a 
CIS p-type Cu-III-VI Group chalcopyrite compound semi 
conductor. e.g. copper indium di-selenide (CIS). Partial sub 
stitutions of Ga for In (CIGS) and/or S for Se (CIGSS) are 
common practices used to adjust the bandgap of the absorber 
material for improved matching to the illumination. 
0006 CIS and similar light absorbing layers are com 
monly formed by various processing methods. These include 
Physical Vapor Deposition (PVD) processing in which films 
of the constituent elements are simultaneously or sequentially 
transferred from a source and deposited onto a substrate. 
Standard PVD practices and equipment are in use across 
many industries. 
0007 PVD methods include thermal evaporation or sub 
limation from heated sources. These are appropriate for 
elemental materials or compounds which readily vaporize as 
molecular entities. They are less appropriate for multi-com 
ponent materials of the type discussed here, which may 
decompose and exhibit preferential transport of Subcompo 
nentS. 

0008. A sub-set of PVD methods are appropriate for 
single-source, multi-component material deposition, includ 
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ing magnetron sputtering and laser ablation. In these imple 
mentations multi-component compounds or physical mix 
tures of elements, or sub-compounds, are formed into targets. 
The targets are typically unheated or cooled, and their Surface 
is bombarded with high energy particles, ions or photons with 
the objective that the surface layer of the target is transported 
in compositional entirety. In this way complex materials can 
be deposited. By this means the target composition and 
molecular structure can be closely replicated in the film. 
Exceptions occur, most commonly, when targets are made 
from physical mixtures of elemental or Sub-components 
rather than fully reacted compounds. In Such cases the target 
may be consumed non-uniformly with preferential transport 
of constituents. 

0009 Targets for PVD may beformed by casting, machin 
ing or otherwise reforming bulk materials. This includes 
pressing of powdered materials. Target shapes and sizes vary 
in different systems and at the end of life the spent target 
materials are frequently recycled. 
0010. In the case of CIS and similar light absorbing layers, 
evaporation is often used to deposit films of the constituent 
elements onto the substrate. This may be carried out under a 
reactive atmosphere of the Chalcogen (Se or Se) or, alterna 
tively, these elements can be subsequently introduced by post 
processing in reactive atmospheres (e.g., HSe). Heating of 
the Substrates during deposition and/or post-deposition pro 
cessing, at temperatures in the range of 500° C. for extended 
periods, is often employed to promote mixing and reaction of 
the film components in-situ. 
0011. A shortcoming of the conventional multi-source 
vacuum deposition methods is the difficulty in achieving 
compositional and structural homogeneity, both in profile and 
over large areas for device manufacturing. More specifically, 
device performance may be adversely impacted as a result of 
Suchinhomogeneities, including semi-conducting properties, 
conversion efficiencies, reliability and manufacturing yields. 
Attempts to remove inhomogeneity through post-deposition 
processing are imperfect and can generate other detrimental 
effects. Such post-processing is typically carried out at Sub 
liquidus temperatures of the thin-film material. 
0012. When simultaneous deposition from confocal 
Sources for the constituents is employed, the film composition 
differs from the designed composition outside the focal 
region. Such methods are Suitable for demonstration, but are 
more limited in achieving uniform large area depositions as is 
envisioned for low-cost device manufacturing. 
0013 When the deposition is from sequential, or partially 
overlapping, sources (e.g., strip effusion cells used for in-line 
processing), the elemental composition of the films vary in 
profile. Subsequent mixing through thermal inter-diffusion is 
typically imperfect especially if the processing is constrained 
by the selection of substrates and other cell components. As 
an example, in-line deposited GIGS films exhibit graded Ga 
and In concentrations, consistent with the sequence and over 
lap of the elemental sources. 
0014. In Photovoltaic and other multi-layer devices, reac 
tions and diffusion at film interfaces during deposition or 
during post-deposition processing may impact performance. 
For instance it has been shown that Na thermally diffuses 
from soda-lime substrates into CIS layers. In this instance the 
effect is found considered beneficial to the performance of the 
photovoltaic cell. Such effects are a natural consequence of 
the standard processing and are not independently controlled. 
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0015 CIGS solar cells have been fabricated at the 
National Renewable Energy Laboratory (NREL) in Colorado 
which demonstrate 19.5% conversion efficiency under AM 
1.5 illumination. These are small area devices produced by 
elemental co-evaporation onto Soda-lime substrates. Larger 
area devices, manufactured by vacuum and non-vacuum 
methods by various entities, on glass, metal ribbon or poly 
mer Substrates, more typically demonstrate conversion area 
efficiencies in the range of 8-12%. It is generally accepted that 
it is due to shortcomings in the device processing, including 
the light absorbing layer. In this layer, there can be incomplete 
compositional non-uniformity, incomplete chemical and/or 
structural development and/or other defects across area, pro 
file and at the interfaces of the layer. 
0016. The aforementioned techniques for manufacturing 
CIS-based semiconductor thin-films for use in photovoltaic 
devices have not resulted in cost effective solutions with 
conversion efficiencies that are sufficient for many practical 
applications. 

SUMMARY OF THE INVENTION 

0017. In accordance with the present invention, a method 
is provided for fabricating a thin-film semiconductor device. 
The method includes providing a plurality of raw semicon 
ductor materials. The raw semiconductor materials undergo a 
pre-reacting process to form a homogeneous compound 
semiconductor target material. This pre-reaction typically 
includes processing above the liquidus temperature of the 
compound semiconductor. The compound semiconductor 
target material is deposited onto a substrate to formathin-film 
having a composition Substantially the same as a composition 
of the compound semiconductor target material. 
0018. In accordance with one aspect of the invention, the 
raw semiconductor materials may include II-VI compound 
semiconductor materials. 

0019. In accordance with another aspect of the invention, 
the II-VI compound semiconductor materials may be selected 
from the group consisting of Cd—S, Cd-Se. Cd Te. 
Cd—Zn Te. Cd-Hg Te, and Cu-In-Se. 
0020. In accordance with another aspect of the invention, 
Cu may be provided as a minor constituent along with the 
II-VI compound semiconductor materials. 
0021. In accordance with another aspect of the invention, 
the raw semiconductor materials may include I-III-VI com 
pound semiconductor materials. 
0022. In accordance with another aspect of the invention, 
the I-III-VI compound semiconductor materials may be 
selected from the group consisting of Cu-In-Se. Cu—In— 
Ga—Se, Cu—In-Ga—Se—S. 
0023. In accordance with another aspect of the invention, 
Al may be provided in complete or partial substitution for Ga. 
0024. In accordance with another aspect of the invention, 
Na may be provided as a minor constituent along with the 
I-III-VI compound semiconductor materials. 
0025. In accordance with another aspect of the invention, 
an alkali element other than Na may be provided as a minor 
constituent long with the I-III-VI compound semiconductor 
materials. 

0026. In accordance with another aspect of the invention F 
may be provided as a minor constituent along with the I-III 
VI compound semiconductor materials. 
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0027. In accordance with another aspect of the invention, 
a halogen element other than F may be provided as a minor 
constituent along with the I-III-VI compound semiconductor 
materials. 
0028. In accordance with another aspect of the invention, 
the compound semiconductor target material may be depos 
ited by physical vapor deposition. 
0029. In accordance with another aspect of the invention, 
the compound semiconductor target material may be depos 
ited by magnetron sputtering. 
0030. In accordance with another aspect of the invention, 
the compound semiconductor target material may be depos 
ited by laser ablation. 
0031. In accordance with another aspect of the invention, 
pre-reacting the raw semiconductor materials may include 
isolating the raw semiconductor materials at an elevated tem 
perature to establish a structure and bonding profile represen 
tative of the deposited thin-film. 
0032. In accordance with another aspect of the invention, 
a photovoltaic device, is provided which includes a substrate, 
a first electrode disposed on the substrate, and a light absorb 
ing layer that includes a Reacted Target Physical Deposition 
(RTPD) compound semiconductor thin-film. A second elec 
trode is disposed over the light absorbing layer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0033 FIG. 1 is a simplified schematic diagram of a CIS or 
CdTe compound semiconductor thin-film solar cell. 
0034 FIG. 2 is a flowchart showing one example of a 
process that may be employed to fabricate a thin-film semi 
conductor device such as a photovoltaic device. 

DETAILED DESCRIPTION 

0035. 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 
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. 
0036. The processes of the present invention can be used 
to fabricate high-quality thin-film copper indium di-selenide 
(CIS)-based semiconductor devices that have photovoltaic 
effects and are especially adaptable for Solarcell applications. 
For purposes of simplicity, the description of the processes of 
this invention will focus primarily on CIS-based structures. 
However, it should be understood that the processes and 
techniques described herein are also applicable to the fabri 
cation of a wide variety of other compound semiconductor 
thin-film structures. 
0037. The processes of the present invention involve a 
Reacted Target Physical Deposition (RTPD) method, which 
provides an alternative path for forming compound semicon 
ductor thin-films. The RTPD method can produce a uniform 
film with a designated composition while requiring reduced 
levels of post-deposition processing in comparison to other 
established fabrication methods. These attributes impart mul 
tiple advantages for the design, performance and manufacture 
of such films for photovoltaic solar cells and other devices. 
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0038. Thin-films fabricated in accordance with the RTPD 
method will have improved compositional, chemical and 
structural uniformity in both profile and in area. As a conse 
quence, properties which are dependent on uniformity can be 
improved. Thermal and/or chemical post-deposition pro 
cesses that are conventionally used to approach Such unifor 
mity can also be reduced or eliminated. The latter will be 
beneficial for minimizing interactions between device layers, 
process simplification and manufacturing cost reduction. 
0039. The RTPD process is comprised of two parts. Spe 
cifically, (i) the production of a “pre-reacted” target of 
designed composition, which is compositionally uniform and 
has a molecular structure which is representative of the fully 
formed compound semiconductor and (ii) the use of a physi 
cal deposition method, Such as magnetron sputtering, which 
is well suited for depositing thin-film with identical, or near 
identical, composition and molecular structure to the identi 
fied target. 
0040. For the RTPD method the pre-reacted target may be 
made by any available method of synthesis. The key attribute 
of the target is its pre-reacted nature, which provides a source 
material for deposition which has a defined composition and 
molecular structure. This pre-reaction typically includes pro 
cessing above the liquidus temperature of the compound 
semiconductor. The objective of the pre-reaction process is to 
achieve the homogenization and structural definition 
attributes in the target, in order to simplify film deposition and 
post processing. 
0041. In contrast to the RTPD process, conventional tar 
gets made from simple physical mixtures of un-reacted ele 
ments or Sub-components are generally unsatisfactory for 
many purposes. The reasons being that (i) the structure and 
bonding of the compound is not pre-established and (ii) seg 
regated components are likely to exhibit preferential trans 
port. 
0042. In some examples, the RTPD process is used to 
fabricate thin-film compound semi-conductors having layer 
thicknesses less than about 10 micrometers thick, and more 
specifically having layer thicknesses of a few micrometers. In 
regard to CIS and similar materials of the type used in solar 
cells, the thin-films are typically polycrystalline or microc 
rystalline in morphology. This is distinct from the structure of 
epitaxially grown single crystal films, which are also some 
times used in certain solar cell devices. This is also distinct 
from the structure of some amorphous films, such as amor 
phous Si, which are sometimes used in other solar cell 
devices. The RTPD method employs deposition processes, as 
noted in the above examples, which can produce amorphous 
or polycrystalline films. Their form can be influenced by the 
temperature of the substrate during deposition or by thermal 
annealing after deposition. 
0043. For compound semiconductors the preparation of 
bulk materials and RTPD targets typically require a special 
approach. Specifically, the raw materials (“the batch'), which 
include volatile elements such as the Chalcogens, S. Se or Te. 
should be contained in their entirety in a crucible made from 
a material which will not react significantly with the target 
materials or the processing atmosphere. For example, carbon 
crucibles or carbon coated silica glass vessels may be used. 
Silica vessels may be evacuated and sealed around the batch 
of raw materials. Alternatively, crucibles may be placed in a 
sealed chamber under an appropriate pressure of inert gas 
Such as Argon. 
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0044 Sealed vessels may be processed in conventional 
ovens or furnaces. In pressurized chambers heating is pro 
vided locally to the crucible and the batch while the chamber 
walls are unheated or cooled. 

0045. The batch should be processed at a sufficient tem 
perature, typically above the liquidus temperature of the com 
pound semiconductor, for a sufficient time to allow the con 
stituents to mix and chemically react so that they may form a 
homogeneous compound semiconductor body. Enabling 
Such mixing and chemical reaction to occur in the batch will 
minimize the post-processing required for the RTPD thin 
films. Typical processing can be attemperatures in the region 
of 1000° C. under pressures of many atmospheres. 
0046 Certain aspects of the Czochralski single crystal 
growth method (see, for example, U.S. Pat. No. 4,652.332 by 
Ciszek) are similar to RTPD target synthesis as they relate to 
batch processing in a sealed chamber. The goal of the CZo 
chralski method is to pull a single crystal from a melt. In the 
RTPD method, the goal is wider, covering different process 
ing, Solidification practices and material objectives. 
0047. During processing in evacuated vessels, equilibrium 
vapors are formed above the batch. During processing in 
pressurized chambers, vaporization is inhibited by the over 
pressure of the inert gas. Component loss in the former case is 
compensated by adjusting the batch formulation. 
0048. The compound semiconductor target produced from 
the batch in the aforementioned manner may be amorphous, 
polycrystalline or single crystal in form. This form may be 
influenced as desired by adjusting, for example, the cooling 
rate of the batch after high temperature processing. 
0049. The RTPD approach also enables beneficial 
dopants, such as Na in the case of CIS solar cells, to be 
introduced more uniformly in deposited thin-films by incor 
porating appropriate precursors in the batch. 
0050. The target may be used in the shape in which it is 
formed in the vessel or crucible. Optionally, the target may be 
machined or otherwise reformed to an appropriate shape for a 
given deposition system. In the case of magnetron Sputtering 
targets typical shapes include circular or rectangular plates 
which are bonded to a metal carrier to facilitate backside 
cooling during the deposition process. 
0051. The compound semiconductor thin-films deposited 
by the RTPD method using targets fabricated in the manner 
described above are characterized in that they are uniform in 
composition and have Substantially developed molecular 
structure and bonding in their as-deposited form, as required 
in final product. In such thin-films, the optimization of their 
grain sizes and other desirable features requires less addi 
tional processing in terms of time at temperature than films 
formed by conventional techniques. When conventional tech 
niques are employed, thermal processing is also required to 
produce the mixing and chemical reaction of the components, 
whereas in RTPD thin-films these issues are addressed in 
advance. 
0.052 The RTPD method can impart many advantages for 
compound semiconductor thin-film processing over current 
methods. These include: 

1. Processing the batch materials at higher temperatures than 
in conventional approaches. This facilitates better mixing and 
more complete reaction of the constituents. 
2. Improved compositional control of the principal constitu 
ents by target composition. This can facilitate bandgap engi 
neering without processing changes, e.g., the relationship 
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between composition and the bandgap of the compound 
semiconductor CuIn-Ga,(S,Sec) is given by: 

3. Improved doping of the thin-films through pre-doping of 
targets with, e.g., Na. 
4. More uniform films with fewer vacancies or other perfor 
mance limiting defects. 
5. Thinner films for reduced materials usage for cost reduc 
tion. 
6. Films with reproducible compositions over larger areas. 
For higher yield, throughput and low-cost manufacturing. 
7. Process simplifications including (i) elimination of multi 
Source deposition, monitoring and control and (ii) elimina 
tion of chemical (e.g. Selenization) and/or thermal post-pro 
cessing steps. 
8. If desired, multiple RTPD processing can be used simulta 
neously or in sequence to engineer compositional grading. It 
may also be used in combination with other deposition tech 
niques. 
0053. By the RTPD method, CIS or similar films can be 
produced which are more uniform in composition over area 
and in profile than can achieved by current practices. This 
uniformity is expected to impart a higher performance, repro 
ducibility and manufacturability for CIS solar cells. 

EXAMPLES 

0054) 1. In one embodiment, a target for RTPD processing 
is formed from a compound semiconductor material having a 
specified composition. Examples of which are presented 
below. The target may be used in a PVD process to form a 
thin-film semiconductor device such as a photovoltaic device. 
The raw semiconductor material is pre-reacted to achieve the 
molecular structure and bonding of the compound. The mate 
rial may be amorphous, crystalline or polycrystalline in mor 
phology. 
2. In another embodiment, a target as described in Example 1, 
comprises II-VI compound semiconductor materials. 
3. In another embodiment a target as described in Example 2 
comprises Cd—S. 
4. In another embodiment a target as described in Example 2 
comprises Cd Se. 
5. In another embodiment a target as described in Example 2 
comprises Cd Te. 
6. In another embodiment a target as described in Example 2 
comprises Cd—Zn Te. 
7. In another embodiment a target as described in Example 2 
comprises Cd—Hg Te. 
8. In another embodiment a target as described in Example 1 
comprises Cu-In-Se. 
9. In another embodiment a target as described in Examples 
3-8 which includes Cu as a minor constituent. 
10. In another embodiment a target as described in Example 
1 comprises I-III-VI compound semiconductor materials. 
11. In another embodiment a target as described in Example 
10 comprises Cu–In Se. The target preferably has a poly 
crystalline form of CulnSea. 
12. In another embodiment a target as described in Example 
10 comprises Cu—In—Ga—Se. The target preferably has a 
polycrystalline form of CuIn-Ga, Sea, where X may be in 
the range from 0 to 1, preferably between 0.2 and 0.7. more 
preferably between 0.3 and 0.5. Furthermore, the target may 
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have a preferred composition of Cuno Gao Sea, which may 
be most suitable for absorber film deposition for use in pho 
tovoltaic devices. 
13. In another embodiment a target as described in Example 
10 comprises Cu- In Ga-Se S. The target preferably 
has a polycrystalline form of CuIn-Ga,(Sec.S.), where 
X and y may be in the range from 0 to 1. Furthermore, Xandy 
may be preferably between 0.2 and 0.7 and between 0 and 0.6. 
Furthermore, the target may have a preferred composition of 
CuIno-Gao (Seo Soe), which may be most Suitable for 
wide-bandgap absorber film deposition for use in photovol 
taic devices. 
14. In another embodiment a target as described in Examples 
12 and 13 which includes Al in complete or partial substitu 
tion for Ga. The target may have a preferred composition of 
CuInos Alois Sea, which may be suitable for wide-bandgap 
absorber film deposition for use in photovoltaic devices. 
15. In another embodiment a target as described in Examples 
10-14 which includes Na as a minor constituent. The target 
preferably contains less than 1 at.% of sodium, more prefer 
ably less than 0.1 at. '% of sodium. 
16. In another embodiment a target as described in Examples 
10-15 which includes alkali elements other than Na as minor 
constituents. 
17. In another embodiment targets as described in Examples 
10-16 which includes F as a minor constituent. 
18. In another embodiment targets as described in Examples 
10-17 which include a halogen element other than F as minor 
constituents. 
19. In another embodiment a RTPD method is used to form a 
homogeneous thin-film from a compound semiconductor tar 
get which closely replicates the composition of the target. 
20. In another embodiment a RTPD method is used to form a 
homogeneous thin-film from a compound semiconductor tar 
get, in combination with other material sources for simulta 
neous or sequential depositions. 
21. In another embodiment a method as described in example 
20 is used which includes multiple RTPD target deposition 
steps. 
22. In another embodiment a method as described in example 
20 is used along with additional deposition steps other than 
RTPD deposition steps. 
23. In another embodiment a method as described in 
Examples 19-22 is used which includes magnetron Sputter 
1ng. 
24. In another embodiment a method as described in Example 
19-22 is used which includes laser ablation. 
25. In another embodiment a method as described in Example 
19-22 is used which includes nano-particle deposition. 
26. In another embodiment, the RTPD method as described 
above may be used to deposit a thin-film of a compound 
semiconductor onto a substrate, which may be flat, textured or 
curved. The compound semiconductor material may be 
CuInSea and the resulting film may have a thickness in the 
range of 1-10 microns, preferably about 1-2 microns. The 
Substrate material may be glass, preferably Sodalime glass or 
Corning 1737 glass having a coefficient of thermal expansion 
(CTE) close to that of CIS-type materials. The substrate may 
further include additional thin-film layers, for example such 
as dielectric barrier layers maid from SiO, or SiNa, or con 
ducting layers maid from Mo or W films. 
27. In another embodiment, the thin-film described above 
may be modified to include a thin-film of Cuno Gao Sea. 
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28. In another embodiment, the thin-film described above 
may be modified to include a thin-film of Cunos Alois Sea. 
29. In another embodiment, the thin-film described above 
may be modified to include a thin-film of CulnS. 
30. In another embodiment, the thin-film described above 
may be modified to include a thin-film of CuGaSe. 
31. In another embodiment, the thin-film described above 
may be modified to include a thin-film of CdTe. 
32. In another embodiment, the thin-film described above 
may be modified to include a thin-film of a compound semi 
conductor having thickness of less than 1 micron, and pref 
erably less than 0.5 micron, which leads to cost reductions in 
the manufacturing of electro-optic devices containing Such a 
film. 
33. In another embodiment, the thin-film described above 
may be modified by annealing attemperature of at least 450° 
C., preferably at 500° C. or above, which would promote 
crystal grain growth and improve electro-optic properties of 
this film, such as electron and hole mobilities, carrier lifetime, 
and optical quantum efficiency. 
34. In another embodiment, the thin-film may be deposited on 
a stainless steel substrate. The stainless steel may further 
contain at least 13% of Cr, preferably 16-18% of Cr. The 
stainless steel Substrate may also be polished to have Surface 
roughness of less than 10 nm, and preferably of less than 2 

. 

35. In another embodiment, the thin-film may be deposited on 
a polyimide substrate. Furthermore, the film may be annealed 
attemperatures of at least 400° C. 
36. In another embodiment, the thin-film may be deposited on 
a low temperature polymer Substrate, such as polyamide or 
polyethylene terephthalate (PET). Furthermore, the film may 
be annealed at temperatures of 300° C. or less. The RTPD 
process may enable grain growth at lower temperatures as 
compared to those of regular film deposition approaches. 
37. In yet another embodiment, the RTPD method described 
above may be used to produce an electro-optic device that 
includes at least one semiconductor junction having a thin 
film of a compound semiconductor deposited using the RTPD 
method. The junction may beformed at the interface between 
said RTPD thin-film and another semiconductor film. The 
conduction types may be opposite on opposite sides of the 
junction so that the junction may be a PN type junction. In 
addition, the device may include at least two conducting 
layers and a substrate for supporting all of the described 
layers. At least one the conducting layers may be transparent. 
38. In another embodiment, the device described above is a 
photovoltaic (PV) device. 
39. In another embodiment, the device described above 
includes a heterojunction. 
40. In another embodiment, the device described above 
includes a MIS (metal-insulator-semiconductor) type junc 
tion. 
41. In another embodiment, the device described above 
includes a thin-film of a I-III-VI compound semiconductor, 
such as a CIGS-type material. 
42. In another embodiment, the device described above 
includes a thin-film of a II-VI compound semiconductor, Such 
as CdTe. 
43. In another embodiment, the device described above 
includes a stack of a glass Substrate, Mo metal layer, CIS 
layer, CdS layer, i-ZnO layer and n-ZnO layer. It may also be 
preferred to omit the CdS layer and avoid Cd contamination 
without detrimental effects to the device performance. 
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44. In another embodiment, the device described above 
includes a thin-film of wide-bandgap compound semiconduc 
tor having a bandgap greater than 1.4 eV, preferably greater 
than 1.55 eV, and more preferably greater than 1.7 eV. 
45. In another embodiment, the device described above 
includes a homogeneous thin-film of wide-bandgap com 
pound semiconductor having an open circuit Voltage greater 
than 0.8 V, preferably more than 0.9 V. 
46. In another embodiment, the device described above 
includes a homogeneous thin-film of a compound semicon 
ductor having a large area of greater than 100 cm and power 
conversion efficiency greater than 15%. 
47. In another embodiment, the device described above 
includes a homogeneous thin-film of CIGS-type semicon 
ductor having a large area of greater than 100 cm and a power 
conversion efficiency greater than 15%. 
48. In yet another embodiment, the RTPD method described 
above may be used to produce an electro-optic device that 
includes a plurality of modules. Each module has at least one 
semiconductorjunction formed by a thin-film of a compound 
semiconductor deposited using the RTPD method and 
another adjacent semiconductor layer. Such a device may be 
a multijunction PV device, which is known to be potentially 
a more efficient PV device than single junction PV devices. A 
multijunction PV device requires different semiconductor 
layers, each having a different bandgap. For example, in the 
case of a triple junction PV device, it may be preferred to have 
semiconductors with bandgaps of about 1.0 eV, 1.4 and 1.8 
eV. Standard CIGS film deposition methods fail to produce 
homogeneous films with a uniform bandgap across the film; 
the resulting films are often characterized by poorly defined 
and controlled graded-bandgap profiles. Thus, it has been 
difficult to define a bandgap in a multijunction PV device 
using standard approaches. On the other hand, the RTPD 
method is more Suitable to production of multi junction 
devices, since well-defined bandgap materials can be easily 
produced and precisely deposited across large areas. 
49. In another embodiment, the device described above 
includes homogeneous thin-films of three different CIGS 
type semiconductors: CuInSea, CuIn Gao Sea and CuIn 
6Gao.4(So. Seo.4)2. 
50. In another embodiment, the RTPD semiconductor thin 
film semiconductor materials described above may be incor 
porated in a photovoltaic device of the types disclosed in 
copending U.S. application Ser. No. 12/034,944 entitled 
METHOD AND APPARATUS FOR MANUFACTURING 
MULTI-LAYERED ELECTRO-OPTIC DEVICES.” which 
is hereby incorporated by reference in its entirety 
51. In another embodiment, the RTPD semiconductor thin 
film semiconductor materials described above may beformed 
on a Substrate in which an electrically conducting grid is 
embedded, which is disclosed in copending U.S. application 
Ser. No. 12/038,893 entitled “METHOD AND APPARATUS 
FOR FABRICATING COMPOSITE SUBSTRATES FOR 
THIN-FILM ELECTRO-OPTICAL DEVICES.” which is 
hereby incorporated by reference in its entirety. 
52. In another embodiment, a target is provided which is 
comprised of a II-VI compound semiconductor, with a com 
position formulated to give a specific bandgap in the resultant 
thin-films. Specifically, the target may comprise the elements 
Cd,Te.Se, and/or S. 
53. In another embodiment the target described in 52 is pro 
cessed attemperatures above the liquidus temperature of the 
compound semiconductor. 
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54. In another embodiment, a set of targets as described in 52 
with compositions designed to give complimentary bandgaps 
for a multijunction device. 
55. In another embodiment, a target as described in 52 is 
doped with Cu to improve film performance. 
56. In another embodiment, a pre-reacted target is provided 
which is comprised of a I-III-VI compound semiconductor, 
with a composition formulated to give a specific bandgap in 
the resultant thin-films. Specifically, the target may be com 
prised of the elements Cu.In.GaAl,S, Se and/or Te. 
57. In another embodiment the target described in 55 is pro 
cessed attemperatures above the liquidus temperature of the 
compound semiconductor. 
58. In another embodiment, a set of targets is provided as 
described in 55 with compositions designed to give compli 
mentary band gaps for a multijunction device. 
59. In another embodiment, a target as described in 55 is 
doped with Na or Li to improve film performance. 
60. In another embodiment, a target as described in 55 is 
doped with For C1 to improve film performance. 
0055 FIG. 2 is a flowchart showing one example of a 
process that may be employed to fabricate a thin-film semi 
conductor device such as a photovoltaic device. The method 
begins in step 110 when the absorber layer of the semicon 
ductor device is designed by selecting the constituent ele 
ments or compounds. Next, in step 120 these constituent 
materials are mixed together and, in step 130, undergo a 
pre-reacting process to form a homogeneous compound 
semiconductor target material (i.e., an RTPD target material). 
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The target material is optionally reshaped or otherwise recon 
figured in step 140 as appropriate for the deposition technique 
that will be employed. The target material is then deposited on 
a suitable substrate by the selected deposition technique in 
step 150. The resulting thin-film has a composition that is 
Substantially the same as the composition of the compound 
semiconductor target material. Finally, in step 160 any post 
processing that is necessary is performed on the thin-film. 

1. A photovoltaic device, comprising: 
a Substrate; 
a first electrode disposed on the substrate; 
a light absorbing layer that includes a Reacted Target 

Physical Deposition (RTPD) compound semiconductor 
thin-film; and 

a second electrode disposed over the light absorbing layer. 
2. The photovoltaic device of claim 1 wherein the (RTPD) 

compound semiconductor thin-film includes II-VI compound 
semiconductor materials. 

3. The photovoltaic device of claim 2 wherein the II-VI 
compound semiconductor materials are selected from the 
group consisting of Cd-S, Cd—Se, Cd Te. Cd-Zn Te. 
Cd—Hg Te, and Cu-In-Se. 

4. A target for use in a fabricating a thin-film, comprising: 
a Reacted Target Physical Deposition (RTPD) compound 

semiconductor material having a prescribed bandgap. 
5. The target of claim 4 further comprising a dopant that 

includes an alkali or halogen element. 
c c c c c 


