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Introduction
Thin-film photovoltaic (PV) modules that convert sunlight directly into 
electricity are widely viewed as important and viable options for large-
scale electricity production. During the past decade, the annual growth 
rate in PV module shipments averaged 46%. If this dramatic growth 
continues, which many sources indicate is likely, PV-generated electric-
ity could produce a majority of the projected new electricity needs of 
the United States by ~2020 (~0.2x1012 kWh new capacity required by 
~2020). It could also surpass the energy generated by all U.S. nuclear 
power plants by ~2030 (~0.8x1012kWh electricity produced by nuclear 
in 2004) and produce the equivalent amount of all energy presently 
consumed in the United States from all energy sources by ~2040 
(energy equivalent of ~30x1012 kWh consumed in 2004) [1,2,3].

To some, these projections may seem wildly optimistic. 
Nevertheless, increasing concerns about diminishing cheap petroleum 
resources and greenhouse-gas emissions from combustion of fossil 
fuels could require meeting these projections on an even more rapid 
timescale. 

Although the scientific foundations for thin-film PV module pro-
duction are established to the extent that commercial production is 
being pursued rapidly, much of the manufacturing technology required 
for large-scale production (e.g., continuous installation of ~20+ GW/
year) has not yet been demonstrated. This article describes, in broad 
terms, the three present thin-film PV technologies that could play sig-
nificant roles in achieving the energy-production goals discussed above. 

The three thin-film PV technologies presently in commercial pro-
duction are amorphous silicon (a-Si), cadmium telluride (CdTe), and 
alloys of copper indium diselenide (CIS). Reviews of each of these tech-
nologies are available [4,5]; however, for the purposes of this discus-
sion, an overview of some of the inherent strengths and weaknesses of 
each technology is useful. Many different criteria can be used to gauge 
advantages and disadvantages of thin-film PV technologies. Some that 
are often found useful are: (1) demonstrated cell and module efficien-
cies under standardized conditions, (2) perceived production advan-
tages, and (3) perceived availability and low toxicity of the component 
materials/minerals. Using these criteria, Table 1 suggests that each of 
the present three thin-film PV technologies demonstrates a particular 
strength at this time of development.

Table 1. Comparison of three thin-film PV technologies indicating present 
strengths of each technology. 

It should be noted when considering Table 1 that any of these PV 
technologies could acquire additional strengths as they mature. For 
example, presently a-Si has a perceived strength in the criteria of mate-
rial availability and low toxicity. Unfortunately, however, production 
of the high-quality a-Si absorber layers necessary for PV application 
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presently requires low deposition rates (~3 Å/s is typical). This neces-
sitates large deposition zones and/or long deposition time, limiting full 
exploitation of the material’s inherent strengths. In this case, improved 
understanding of how deposition kinetics affect materials properties 
might reasonably be expected to enable higher deposition rates, thereby 
reducing capital investment in deposition tooling.

Similarly, although CIS alloys (specifically CuIn1-xGaxSe, or CIGS) 
presently leads the other thin-film technologies in demonstrated cell 
efficiency (>20.0% confirmed cell efficiency for x=0.3) [6], large-area 
production of this multi-element absorber requires precise deposition 
control to achieve a film of uniform electronic quality. Improved under-
standing of CIGS material properties, development of new deposition 
methods, and advancements related to in situ process analysis tools 
would likely yield more cost-effective processes.

In the case of CdTe, the perceived production advantage of a two-
element absorber material that sublimes congruently has already been 
exploited commercially [7]. Although the maximum demonstrated 
CdS/CdTe cell efficiency (16.7%) is lower than for CIS-alloy devices [8], 
it remains likely that the higher performance possible from the more 
optimal CdTe bandgap (relative to CIGS) should eventually yield higher 
efficiency [9]. Considering all these strengths and weaknesses, one can 
see the inherent difficulty of predicting when, or even if, a particular 
thin-film PV technology may demonstrate market dominance. 

Regarding production of large-area, thin-film PV modules, much of 
the present generation of processing equipment is based on equipment 
designed to produce laboratory-sized cells. Typically, these laboratory 
devices evolved with the main goal of demonstrating high cell perfor-
mance, rather than testing industrial processes consistent with cost-effec-
tive module production. It is not surprising then that present commercial 
PV-production equipment often resembles lab-scale designs modified to 
produce larger-area product. In contrast, commercial processes are most 
successful when developed with a clear understanding of how material/
layer functionality is altered by various processing alternatives. The degree 
to which material parameters may limit device performance is an ongoing 
debate within the research and development community. Further, the 
impact that various process alternatives may have on material parameters 
is even less certain. Thus, predicting which potential PV production pro-
cesses may yield a commercial advantage is not straightforward.

One example in which limitations have not been a primary focus in 
thin-film PV device development is deposition temperature. Although 
significant effort has gone into studying how deposition temperatures 
in excess of 400°C improve the electrical quality of CdTe and CIS-alloy 
absorber materials, less effort has been directed at achieving sufficient 
electrical quality for lower process temperatures, such as might be 
required for certain types of glass or polymer webs. Further, even if a 
substrate can tolerate higher process temperatures, lower-temperature 
processes could still provide advantages, such as more compact produc-
tion tooling, less power used to produce the PV module, use of cheaper 
substrates, substrates with advantageous mechanical properties, more 
cost-effective device interconnection schemes, less diffusion of substrate 
impurities into the device, and processing with thinner and/or higher-
speed webs. The following discussion will describe process steps for a-Si, 
CdTe, and CIS-alloy PV devices and will highlight present production 
concerns as well as future opportunities.
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Existing Thin-Film PV Production and Applications
A review of recent PV thin-film module production technology sug-
gests that the vast majority of production is based on rigid-glass sub-
strates for products used in stand-alone fields and rooftop arrays. About 
1%–2% uses flexible substrates primarily for roofing products, and <1% 
uses flexible substrates for ultra-lightweight applications (e.g., aerospace, 
military, and recreational). Examining this production landscape from 
a technology-specific context, all three thin-film technologies (i.e., a-
Si, CdTe, CIS alloy) are being produced commercially onto rigid-glass 
substrates, but only a-Si and CIGS are being produced commercially 
on flexible substrates. Dividing by flexible substrate type, both a-Si and 
CIGS are being produced commercially onto stainless steel [10,11]. 
Only a-Si is presently available commercially on polyimide substrates 
[12], although production is in development for CdTe [13]. 

Although it is believed that thin-film PV will continue to expand 
its market for ground-mounted rigid products, the development of 
products associated with residential, commercial, and specialized 
roofing remains attractive. These applications are part of a category 
often referred to as building-integrated PV (or BIPV). One method 
to estimate the potential size of the (near-term) BIPV market is to 
consider the amount of residential and commercial roof areas in the 
United States that is appropriate for PV deployment. PV works best 
when modules are directly illuminated, so the total roof-area estimates 
must be reduced by considerations related to roof orientation and 
obscuration by other buildings or roof protrusions (collectively defined 
here as a “shading factor”). These estimates suggest the United States 
has ~3.6x109 m2 of residential roof area appropriate for PV instal-
lations (~16.3x109 m2 less 78% shading factor), and 2.5x109 m2 of 
similar commercial roof area (~5.0x109 m2 less 50% shading factor) 
[14]. Converting this to annual energy production (assuming1800 

kWh/m2/year average solar insolation and 10% module efficiency) yields 
a combined energy production potential of ~1.1x1012 kWh/year (i.e., 
0.65x1012 kWh/year residential plus 0.45x1012 kWh/year commercial). 
This amount of potential electricity production is ~10% of present 
electricity consumption of the United States (i.e., ~40% of our total 
energy consumption of ~30x1012 kWh/year = ~12x1012 kWh/year) [3]. 
Alternatively, assuming that the present ~2% annual growth in electricity 
consumption continues for the next 35 years [3], 1.1x1012 kWh/year 
also represents ~10% of the new electricity generating capacity that the 
United States will need to install within ~35 years. Although much of 
this BIPV generating capacity could be derived from non-flexible PV 
modules, design aesthetics and/or covenants may preclude the use of 
non-flexible products in certain locations. In any event, the above anal-
ysis shows that commercial opportunities for innovative BIPV products 
are substantial.

PV Device Basics
All PV devices require the following four components for operation (See 
Figure 1):

1. An electrical contact on the non-illuminated side of the device 
(hereafter called the back contact). This layer must provide a low-resis-
tance, quasi-ohmic electrical contact to the semiconductor absorber 
layer.

2. A p-type (or n-type, or intrinsic) semiconductor “absorber” layer. 
This layer must have appropriate optical properties to absorb a sufficient 
amount of available sunlight within a very short distance (typically less 
than 1μm, hence the term “thin-film PV”). It must also have appropriate 
electrical properties to allow electrons and holes to be generated by sun-
light, and be of sufficient quality to allow these charge carriers to remain 
separated long enough so that most are collected by the other layers of 
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the device. The optimum bandgap of a PV absorber layer for terrestrial 
application is ~1.5 eV. However, materials with bandgaps from ~1 to 
2 eV can be useful, depending on the requirements of a specific PV 
device design

3. An n-type (or p-type) semiconductor “window” layer. This layer 
must demonstrate either low optical absorption of sunlight, be thin 
enough so that little absorption occurs, or have electrical quality suf-
ficient to allow diffusion of photogenerated minority carriers to the 
opposite side of the junction. The window layer must also be of the 
opposite doping to the absorber layer so that an electric field will be 
established that can assist in the separation of electrons and holes.

4. A top electrical contact (hereafter called the front contact). This 
contact must be either transparent and conductive, or composed of a 
semi-transparent metal grid. In either case, the front contact must make 
low-resistance, quasi-ohmic electrical contact to the window layer and 
allow light to pass into the absorber layer.

Figure 1. Schematic diagram illustrating the cross sections of representative: 
a) a-Si, b) CIGS, and c) CdTe thin-film PV devices. Arrow to right of each dia-
gram indicates the approximate extent of the space-charge region and direc-
tion of the electric field (i.e., the direction that positive charge carrier (holes) 
will drift. Note that all devices are illuminated through the top surface

During operation, the amount of current generated by the device 
depends on the effectiveness of the absorber layer to produce electrons 
and holes from sunlight. The voltage of the device depends on the size 
of the “built-in” electric field between the n-type and p-type semicon-
ductor layers (which depends on both the bandgap and doping of each 
layer). The overall efficiency of the device depends not only on the cur-
rent and voltage, but also on the resistance from the contacts and layers, 
current leakage through the junction, and the ability of the absorber 
material to continue to enable collection electrons and holes as the 
built-in electric field is reduced when power (i.e., voltage and current) 
is drawn from the back and front contacts. It is the job of the device 
designers and production technicians to operate the related deposition 
equipment so that these (often conflicting) criteria are optimized to 
produce efficient, stable, and cost-effective thin-film PV modules.

a-Si PV Technology
Because of its relatively low deposition temperature (<250°C) and trans-
ferable experience related to crystalline Si technologies, a-Si is viewed 
as an important near-term candidate for large-scale PV production. 
However, a brief summary of a-Si PV technology suggests why produc-
tion of large-area a-Si PV is a non-trivial undertaking. These a-Si films 

are simply an extended dispersion of Si atoms assembled so that the 
material has no long-range crystalline order. This structure presents 
both benefits and challenges for PV applications. Benefits include the 
fact that a-Si films for PV applications can be deposited by many tech-
niques, although plasma enhanced chemical vapor deposition (PECVD) 
from a silane-containing (SiH4) precursor is the most common. Unlike 
crystalline Si where an indirect bandgap of 1.1 eV necessitates an 
absorption thickness of ~30–50 μm for effective solar absorption, a-Si 
demonstrates a direct bandgap of 1.7eV. The higher absorption coef-
ficient means that a thin-film a-Si PV device requires only ~0.5 μm of 
absorber material. Another significant advantage of a-Si is that doping 
both n- and p-type with phosphorus and boron, respectively, is well 
understood and enables homojunction device design. To avoid boron 
diffusion, processing temperatures are typically limited to <250°C once 
a boron-doped layer is established.

The most significant historical challenge of a-Si is that the random 
positioning of Si atoms produces numerous “dangling” chemical 
bonds, yielding electronic properties that are too poor for effective PV 
applications. It was found that film properties improve significantly 
by saturating these dangling bonds with 5%–20% hydrogen during 
film growth. Although improvement of electrical properties continues 
at higher hydrogen dilution of the silane, hydrogen dilution reduces 
the already low deposition rate and also leads to the onset of a lower-
bandgap (1.3 eV) microcrystalline phase. Because the highest-quality 
a-Si material occurs just before the onset of the microcrystalline phase 
– and this onset depends on the combined effects of hydrogen content, 
deposition rate, temperature, and film thickness – deposition control is 
a significant challenge.

In addition to single-junction devices, multiple-junction a-Si PV 
devices are in commercial production. As many as three tandem junc-
tions have been produced in a single commercial device design by 
producing discrete a-Si layers that are alloyed with materials to produce 
desirable bandgaps. Alloying a-Si with carbon forms a higher-bandgap 
a-SiC (bandgap to ~2.0 eV), whereas alloying with germanium reduces 
the bandgap to as low as 1.3 eV. Studies are also ongoing to test use 
of a 1.3-eV microcrystalline phase for the low-bandgap junction of 
multijunction a-Si devices. The largest producer of web-based a-Si 
commercial product produced three-junction modules using a stainless-
steel web using SiGe bottom and middle cells [10]. Once the devices 
are deposited, the stainless-steel web is cut into smaller devices that are 
configured into BIPV roofing products. Although present production 
capacity for a-Si on polyimide is much smaller than for stainless steel, 
the insulating substrate allows for cost-effective monolithic intercon-
nection [13]. Module efficiency is lower for polyimide-based products 
compared to a-Si on stainless steel, presumably because the deposition 
temperature must be lower when polyimide is used (<180°C for poly-
imide vs. ≤250°C for stainless steel). 

CIS-Alloy PV Technology
Unlike a-Si homojunction PV devices, thin-film CIS-alloy PV devices 
are often considered heterojunctions because the p-type CIS-alloy 
absorber layer is partnered to an n-type window layer of a different 
material. CdS has been the historic and highest-performance choice for 
the n-type window layer, but toxicity concerns have led to the identifica-
tion of several promising Cd-free alternatives. CIS-alloy devices are pro-
duced exclusively in the substrate configuration, in which the CIS alloy 
is deposited on a metal back contact, followed by the CdS window layer 
and a top contact. The back contact for rigid CIS-alloy devices (e.g, fab-
ricated on a soda-lime glass substrate) is typically a single layer of Mo. 
The Mo forms a thin MoSe2 interface layer (~1–2-nm thick) between 
the Mo and CIS alloy during the high-temperature absorber growth, 
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which assists in low-resistance current transport from the absorber to 
the back contact. Although a Mo layer is also used for back contact in 
web-based processes, metal or polymer web substrates typically incor-
porate a NaF layer prior to CIS-alloy deposition. Na is an important 
component that assists in both increasing free-carrier concentration and 
passivating grain boundaries. In addition, if a stainless-steel web is used, 
a metal (typically Cr) or polymer layer is placed between the substrate 
and the Mo to act as a barrier to reduce metal-impurity diffusion into 
the device. The top contact is typically a bilayer transparent conducting 
oxide (TCO) composed of a high-resistance, undoped ZnO “buffer” 
layer and a low-resistance ZnO:Al “conduction” layer. 

The most important part of producing a high-performance CIS-alloy 
device is depositing the CIS-alloy absorber with both the proper stoichi-
ometry and thermal conditioning to form the chalcopyrite phase within 
the material. The 20.0% efficient devices produced at NREL use a three-
step, co-evaporation process that sequences both the substrate tempera-
ture and (non-stoichiometric) delivery of Cu, In, Ga, and Se fluxes such 
that the proper CuIn1-xGaxSe chalcopyrite material is formed in the 
region where the majority of light absorption occurs [4]. Other groups 
have found that selenization of the binary- or ternary-metal layers is 
effective and may have production advantages. Still other groups are 
entering commercial production by depositing chemical dispersions of 
Cu, In, Ga, and Se, followed by rapid-thermal processing to crystallize 
the appropriate CIS-alloy absorber.

The fact that the CIS-alloy device has been developed in a substrate 
configuration explains why many companies are investigating web-
based processes for CIS-alloy PV. Although both stainless-steel and 
polymer substrates have been investigated for CIS-alloy PV, predomi-
nantly stainless-steel webs are used in present commercial production. 
The primary benefit of stainless steel is that it allows for CIS-alloy 
deposition temperatures consistent with high-performance devices 

(500°–600°C). Unfortunately, electrically insulating coatings for the 
stainless steel that can withstand high processing temperature with suf-
ficient microscale uniformity have not yet been identified. Monolithic 
interconnection of any PV devices (including CIGS) on stainless steel 
has not yet been demonstrated. Therefore, web-based CIGS module 
production presently requires the time-consuming processes of cutting 
devices from the web and interconnecting them individually into encap-
sulated PV modules. Other CIS-alloy web-related issues under inves-
tigation include diffusion from the steel during the high-temperature 
processing and effectiveness of pre-deposition cleaning treatments. 

CdTe PV Technology
Like CIGS devices, thin-film CdTe PV devices are typically based on 
a heteroface design that uses p-type CdTe as the absorber layer and 
n-CdS as the window layer. Unlike CIGS devices, all commercial CdTe 
device-fabrication processes use the “superstrate” configuration, start-
ing with the CdS window-layer deposition onto a transparent glass 
substrate that has been coated with a TCO top contact. The CdTe 
absorber layer is deposited onto the CdS, followed by a CdCl2 “activa-
tion” process and a back electrical contact. In the completed superstrate 
device, light enters through the transparent substrate. TCO top contacts 
for commercial CdTe devices are typically SnO2:F, although both In2O3:
Sn (ITO) capped with SnO2 and ZnO:Al capped with an appropriate 
buffer layer have been used (15,16). Similar to CIS-alloy devices, higher-
performance devices generally incorporate a high-resistance buffer layer 
between the high-conductance TCO and the CdS. The CdS layer can be 
deposited by aqueous solution growth or by vacuum deposition. When 
vacuum processing is used for the CdS, the device performance benefits 
from careful incorporation of oxygen (17). Because the CdTe PV device 
includes Cd in a relatively thick absorber layer, few studies have inves-

continued on page 20
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tigated replacement of the thin layer of CdS based solely on toxicity 
concerns. 

CdTe deposition is performed typically at a substrate temperature of 
between 550° and 650°C for high-performance devices (i.e., 14%–16% 
efficiency). Nevertheless, several groups have fabricated ~12% devices 
at, or possibly lower than, ~400°C [13,18]. Because CdTe is a nearly 
congruent sublimator, deposition processes based on close-spaced 
sublimation [19] and gas-phase transport [20] can produce uniform, 
device-quality CdTe absorber layers at extremely high deposition rates 
(tens of μm/min). Following CdTe deposition, an activation process 
involving the use of a Cl-containing material (e.g., CdCl2 and CHClF2) 
significantly improves the electrical properties of the CdTe layer. If 
the CdTe is deposited at high temperature (550°–630°C), activation 
improves the electrical quality of CdTe grain boundaries, whereas if the 
CdTe is deposited at lower temperature, activation can produce benefits 
related to complete recrystallization. 

The processing used to form low-resistance electrical contact to 
the CdTe significantly improves junction functionality. Therefore, the 
specific elements of the back-contacting process are some of the most 
important steps of CdTe PV device production. High-performance 
device designs diffuse a small amount Cu from the back contact into 
the CdTe by using various Cu-containing interface layers (e.g., a thin 
layer of Cu, CuxTe, ZnTe:Cu) placed between the CdTe and an outer 
metal. Insufficient Cu diffusion into the CdTe layer typically produces 
lower-performance devices resulting from an excessively wide space 
charge, low doping, and low minority-carrier lifetime. In contrast, 
excessive Cu diffusion leads to low performance due to voltage-depen-
dant collection caused by too narrow a space charge, and may also 
reduce device stability [9]. The goal in a well-designed commercial 
CdTe production process is to produce optimum Cu diffusion within 
an expected production variation. Efforts are ongoing to understand 
CdTe material changes that occur during back-contacting with Cu, as 
well as to explore contact options fabricated with little or no Cu (e.g., 
Sb2Te3, or As2Te3) [21,16].

Although most CdTe PV devices have been produced on glass 
at high temperature and in a superstrate configuration, commercial 
interest in thin-film CdTe PV using a substrate configuration is 
increasing. This is because web-based processing is widely believed to 
embody both specific cost ($/watt) advantages for terrestrial products 
and specific power (watts/Kg) advantages for CdTe thin-film PV prod-
ucts designed for aerospace applications [22].

Reliability, Minerals Availability, Environmental, and 
Energy-Payback Time
The above discussion suggests thin-film PV modules are a viable 
option for large-scale, long-term, renewable electricity generation. 
This is because the specific cost of thin-film modules is (or is quickly 
becoming) less than the price of delivering electricity in many parts of 
the world. Although economic viability is a necessary element for con-
tinued production expansion, the promise of thin-film PV as a source 
of sustainable base energy requires consideration of additional issues. 
Although a thorough treatment of any of the following topics is beyond 
the scope of this article, the following brief discussion suggests why 
many believe these topics are of equal importance to costs in the wide-
spread establishment of any PV energy infrastructure.

Reliability. As PV a technology matures from the laboratory 
to commercial production, a point is reached when product reli-
ability must be understood well enough to assign a product warranty. 

Presently, most thin-film PV companies desire to align with module 
warranties consistent with historic alternatives (i.e., wafer-based Si). 
This level of reliability is often consistent with the panel delivering 80% 
of initial power after 25years of service. Assuming a constant exponen-
tial degradation, this equates to about 0.9% power loss per year. Because 
thin-film manufactures need to assure their products demonstrate 
reliability consistent with their warranty, developing techniques that 
can rapidly and accurately probe reliability expectations remains one 
of the more critical challenges for both public- and private-sector PV 
researchers. Another evolving value consideration relates to expecta-
tions of post-warranty deployment. Like many older cars that are still 
on the road, many PV modules have exceeded their warranty period, 
but remain usefully deployed. Although degraded modules may not 
be appropriate for some applications, off-grid and/or remote power 
production will continue to be valued in others. It therefore seems 
reasonable to assume that designing module reliability for time periods 
exceeding the warranty could impart (marketing) advantages to new PV 
products—in much the same way as it does in cars.

Minerals Availability. As production of thin-film PV technologies 
expands, there is increasing debate as to whether minerals availability 
will become a significant factor in module cost. This is because most 
of the present thin-film alternatives use a mineral component that is 
relatively rare in the Earth’s crust. The minerals that are most often 
mentioned include indium (used in CIGS), tellurium (used in CdTe), 
and germanium (used in amorphous SiGe alloys for some a-Si device 
designs). A direct answer in this debate is complicated because these 
minerals are generally co-processed along with other (primary) min-
erals. Because of this interdependence, parameters that will influence 
mineral availability include the following:  1) the amount of production 
of the primary ore; 2) concentration of the secondary mineral in the 
primary ore; 3) industry incentive to co-process the secondary mineral 
(i.e., emerging and/or multiple markets for the secondary ore); and 4) 
environmental/governmental/practical constraints related to extracting 
the mineral. The main message is that the business plan of anyone 
working to establish large-scale production of any PV technology should 
include thorough advisement from a reputable mineral geologist. 

Environmental. It is well known that although PV modules do not 
produce toxic waste or greenhouse gas when operating, these by-prod-
ucts are produced during the initial production and recycling phases 
of the PV module’s life cycle. This waste is the primary component of 
what is often referred to as the “total life-cycle eco-toxicity” of any PV 
technology. Although this eco-toxicity derives from many sources, much 
of it depends on the particular chemicals used to process subcompo-
nents, as well as the burning of fossil fuels to mine or refine materials 
or provide the electricity used to produce the modules. Realizing that 
different module production methods may use different amounts and 
types of chemicals, and that different countries use different amounts, 
types, and mixtures of fossil fuels to produce their electricity, it is easy to 
see how associating a given level of eco-toxicity with any particular PV 
technology involves significant assumptions of both production process 
and location. Further, the energy mix will continue to evolve as more 
PV-derived electricity is used to fuel the production of PV modules (i.e., 
often called the “breeder PV” energy-balance scenario). Nevertheless, 
reports are beginning to suggest some useful guidance for technology-
dependent reduction in PV eco-toxicity. [23,24,25]  For example, a 
primary source of eco-toxicity in glass-encapsulated thin-film modules 
arises from the production of the glass. This suggests that significant 
opportunities may exist to reduce both eco-toxicity (as well as to reduce 
the energy used to make the module) by developing module designs 
that incorporate either less glass or glass produced in such a way to gen-
erate less eco-toxicity. 

Large-Scale Photovoltaic Energy Production
continued from page 19



2010 Fall Bulletin 21

Energy-Payback Time. The energy-payback time (EPT) of a PV 
module is the amount of time a module must produce power to recover 
the energy it took to produce the module initially. Although assump-
tions vary among EPT calculations, the energy to produce the module 
should be as inclusive as possible, accounting for everything from 
the energy needed to mine, transport, refine, produce, and deliver all 
module subcomponents to that required to deposit/assemble/package 
the module, deploy it, and eventually recycle the module at the end of 
its life. Within this definition, if a particular module is expected to last 
for 25 years, and it demonstrates an EPT of five years, one can roughly 
expect to get about five times more energy out of the module than was 
used to produce it. Although this ratio of energy returned-to-invested 
sounds great, a five-year EPT may still be too long when one accounts 
for expected production-growth scenarios.

The growth scenario discussed above might be consistent with PV 
production and efficiency levels of several years ago. In this case, as long 
as the PV module produced more energy in its expected lifetime (~15–
25 years) than it took to produce the module, it was considered a net 
energy producer. In contrast, we presently have PV production technol-
ogies and module efficiencies that yield EPTs of two–five years – or less. 
An EPT of two years would allow a module with a 25-year warranty to 
produce more than 10 times the original energy investment during its 
lifetime. Although this sounds really great, a serious complication arises 
when the growth in PV production becomes so rapid that the expected 
doubling time of production rate becomes shorter than the EPT. In 
this rapid-growth scenario, an energy balance at any given time during 
production expansion can only be achieved if the EPT is equal to or less 
than the expected production doubling time. Otherwise, other energy 
sources (e.g., fossil fuels) may have to be used to provide the energy to 
sustain the rapid growth in PV production. Furthermore, if PV is to be 
a net energy producer, the EPT may need to be significantly less than the 
production doubling time. Specifically, the 46% exponential growth in 
PV production observed during the past 10 years indicates that EPTs 
needs to be less than two years. Therefore, the primary question is this: 
What is the EPT for different PV technologies, and specifically for 
thin-film PV technologies? Recent reports have indicated that thin-film 
technologies may have advantages over wafer Si in the EPT criteria, 
with some thin-film PV module technologies (i.e., CdTe) demonstrating 
EPTs of less than one year [23,25].

Conclusions
This article has discussed why technologies related to large-volume 
electricity production by thin-film PV devices embody considerable 
opportunity for present and future high-technology industries. These 
opportunities are linked to product advantages related to low specific 
cost ($/watt), high specific power (watt/Kg), and mechanical flexibility. 
However, even when economic requirements are met, the establishment 
of a sustainable PV energy-production infrastructure requires consider-
ation of additional longer-term issues. These include reliability, materi-
als availability, environmental, and energy-payback time. 
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