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Thin Films in Photovoltaics: Contribution to a Future 
Mainstream Electricity Provider
Winfried Hoffmann, Vice President, European Photovoltaic Industry Association, Brussels, Belgium 
Executive Summary provided by Michael Andreasen, Vacuum Edge, Vacaville, CA

From the Keynote Presentation, Monday, April 
18, 2011 in the Symposium on Manufacturing 
and Technology for Thin Film Photovoltaics, 
54th SVC Technical Conference in Chicago, IL.

D r. Hoff mann studied physics in Karlsruhe 
and has a PhD in Biophysics from the 
University of Freiburg and has been 

involved in solar power research and industry 
for over 32 years. He is currently a consultant to 
Applied Materials Solar and Vice President of 
the European Photovoltaic Industry Association 
(EPIA). Th e EPIA is the world’s largest PV-only 
oriented industrial association with currently 
over 240 members representing the global PV 
industry and the complete PV value chain 
including material production, equipment man-
ufacture, component production, system inte-
gration, R&D institutes and importantly, many 
national PV associations. Th e budget last year 
for the EPIA was $5.6 million. EPIA is part of 
the European Renewable Energy Council 
(EREC), which is an umbrella organization rep-
resenting all of the renewable energy sectors of 
Europe. As we will see by the end of the talk, if 
renewable energy is to provide 100% of global 
energy needs, it will take a portfolio of all types 
of renewable energy to do so.

This talk will cover four topics.
• The photovoltaic market and generation 

cost: past and near future 
• The power of Price Experience Curves 

– for PV modules and relevant thin film 
technologies 

• Thin vacuum deposited films for c-Si wafer 
based and Thin Film modules 

• The long-term perspective towards 100% 
global energy supply by Renewables with 
PV playing an increasingly important role 

The Photovoltaic Market
Today, PV solar is serving a multitude of 
customer needs. After discovery of the first 
silicon solar cell in 1954 PV was principally 
employed in the 60’s and 70’s to power satel-
lites as  this  was the least expensive way to 
provide electric power. This fact of PV com-
petitiveness you will recognize throughout 
this presentation. Then in the 1980’s PV found 
niche applications providing power for off-grid 
applications where the only other choice for 
industrial systems was by diesel generators 
where transportation of fuel was in most cases 
by helicopter. Again, PV was able to displace 
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Figure 1

these existing power sources due to lower cost. 
Off-grid rural systems to power the billions 
of people in regions where they will not have 
access to electricity for a long time to come 
could also demonstrate their usefulness; how-
ever lack of financial models did not support 
this important type of marketin the past. In 
the last 10 years we have seen a great develop-
ment in on-grid applications providing power 
for industrial as well as residential applications 
driven by market support programs with feed 
in tariffs being the most successful. PV has 
proven itself capable of providing power for 
applications requiring milliwatts all the way up 
to hundreds of megawatts.

Global PV market growth has been and is 
projected to continue to be dramatic. Figure 
1 summarizes historical and projected growth 
trends in a ‘bottom-up’ approach, showing  
that the average annual growth in installed 
megawatts (MW) over the last ten years has 
been 51%. In 2009 the new PV installations 
were about 7 Gigawatts (GW) and in 2010 
it more than doubled to about 17 GW. Over 
the same ten year period the global growth in 
annual sales at the system level has been from 
about $3 billion to well above $50 billion and 
and will soon approach towards $100 billion. 

The EPIA conducts a market survey with 
its members every year to determine moderate 
and policy-driven scenarios of PV growth in 
the various local markets. The recent survey 
in March 2011 shows that members expect 
the moderate ‘business as usual’ scenario to 

be somewhat lower PV installation at 14 GW 
in 2011, but growing over the next five years 
to about 24 GW in 2015. However, the more 
aggressive policy-driven scenario reaches 43 
GW by 2015. Even this policy-driven scenario 
shows only about a 20% annual growth rate 
going forward compared to the historical 
51%, so this could be quite conservative. Let’s 
compare this with a “top-down” approach 
to forecasting the PV market. Three years 
ago EPIA together with AT Kearney made a 
top-down approach for  the market growth 
making three assumptions. The first was a 
baseline scenario of growth to cover 4% of 
Europe’s requirements by 2020 representing 
a growth from 2010’s 30 GW installed base 
to 130 GW cumulative installations. An 
intermediate scenario of growth to cover 6% 
of Europe’s requirements was projected, but 
we will concentrate on comparing the baseline 
scenario with a “paradigm shift” scenario in 
which PV grows to an installed base of about 
400 GW, enough to cover 12% of Europe’s 
requirements by 2020. This represents about 
500 terawatt-hours of electricity.

Looking just at Germany, for example, in 
the paradigm shift scenario, it would mean 
that 80 GW would have to be installed in this 
country by 2020. The impact on the electricity 
load curve of adding increasing GW’s of PV to 
Germany’s installed base is shown in the next 
Figure which plots the use of electricity from 
Monday to Sunday on a typical week in June. 
The load throughout a weekday is in between  

continued on page 22
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40 to 60 GW and on the weekend from 30 to 45 
GW with a pronounced peak every day in the 
afternoon. Adding 10 up to 40 GW of PV to the 
available power, progressively replaces the oth-
erwise needed peak power supply in the after-
noons. Above 40 GW the PV supplywould dig 
deeper and deeper into the base load. On the 
weekends 80 GW of PV power would be suf-
ficient to supply 100% of the afternoon power 
demand. However, use of PV power still leaves a 
demand peak, but it has shifted to the early eve-
ning hours. To smooth out this peak one could 
first change customer behavior by introducing 
Demand Side Management and implementation 
of Smart Grids. In addition.it would be possible 
to add battery storage to the installed base of 
PV power. This requires the development of low 
cost battery or other electricity storage tech-
nology, which would not need to be low weight 
as required for automotive use. Solving the 
PV energy storage issue would go a long way 
towards solving the important issue of dispatch-
able PV energy. We will return to the paradigm 
shift analysis later in the discussion.

In 1999 Dr. Hoffmann produced a plot 
predicting the cost of generating PV electricity 
versus retail prices for electricity for residential 
and small business use and for large power con-
suming industries, shown in Figure 3. In 1990, 
a 10 square meter, 1 kW PV system cost about 
€13,500 and amortized over 20 years would 
produce electricity at a cost of about €1.1/kWh 
in a location, like Germany, with 900 sun hours 
per year or half of that in a location with 1800 
sun hours per year like Spain or California. By 
2000 the cost had dropped to €0.6 in 900 sun 
hour locations and €0.3 in 1800 sun hour loca-
tions. Today, we are exactly where one would 
expect to be – at 0.18 to 0.38 Euro cents per 
KWh. These same cost curve slopes predict that 
the cost of generating PV power in the 900 sun 
hour locations will cross the line of grid power 
price latest in 2020 or most probably before, 
depending on the price increase for conven-
tional electricity supply. The cost has already 
dropped below the grid power price for 1800 
sun hour locations and by 2020 will be below it 
and continuing down. It is clear that grid parity 
and below will be reached in all regions and in 
all applications. This finding has just been con-
firmed in a thorough analysis, “PV competing 
in the energy sector” by EPIA together with 
A.T.Kearney.

The Power of Price Experience 
Curves for PV Modules and 
Relevant Thin Film Technologies
The price experience curve shown in Figure 

Figure 3. Cost Competitiveness between PV and Electricity Generation

Figure 2

4 details the decrease in price for crystalline 
silicon modules. The global average selling 
price is plotted vs. the cumulative installed 
MW of PV modules on a double log plot. The 
respective year for a given cumulative volume 
is also indicated in the graph. This plot shows 
that the price experience factor (PEF = price 
decrease for each doubling of the installed 
PV base) is 20%. As shown in Figure 4, this 
cost/price decrease has been driven by inno-
vations in being able to use thinner wafers 
and reducing kerf (cutting) losses, thus saving 
silicon cost, increasing the absorber efficiency 
by, for example,  use of multiple junctions, 
automation of the manufacturing process and 
experience in manufacturing larger and larger 
volumes of products. 

However, the price experience curve seems 
to be leveling off in recent time. This leveling 
off has made many think that this experience-
curve-driven price decrease is coming to an 
end and manufacturers may have difficulty 
continuing the price reduction in the future. 
The following examples will show why we 

can safely assume that the 20% PEF curve will 
continue on into the future.

Not all industries follow the same slope 
of such a Price Experience Curve. Industries 
dominated by materials and energy costs, for 
example the glass industry may even show 
an increase in price with increased produc-
tion volume due to price increase for mate-
rial and energy. However, the PV industry 
is more of a technology dominated industry 
and should more mimic the silicon transistor 
industry example best known as Moore’s 
law. The industry expected that by 1990 the 
silicon DRAM price experience curve, which 
had a PEF of 40%, would level off, meaning 
new technologies would have to take over to 
continue the drop in price. The truth is that 
today the industry has grown by additional 5 
orders of magnitude and prices still continue to 
follow the same PEC. This is because today the 
industry is able to fit 4 gigabits of memory onto 
a chip the same size as was used for a 4 bit chip 
in 1971 due to the innovations in micro scaling 
of gate components. The second plot in Figure 

Thin Films in Photovoltaics
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Figure 4. Crystalline Silicon PV Experience Curve

5 shows how progress in reducing critical 
dimensions parallels and drives the drop in 
price and powers the continuation of the expe-
rience curve price reduction. This evolution in 
micro scaling took many technological innova-
tions in deposition, etching and so on in the 
silicon DRAM industry.

Another example is the architectural glass 
coating industry. By 2005 this industry has 
produced an accumulated 500 million square 
meters of coated glass for residential and com-
mercial buildings world-wide, mostly by large 
area sputtering processes. Perhaps surprisingly 
the price experience curve for the low E layer 
stack (taken as difference between coated and 
uncoated glass) shows a PEF of 17%. This is 
because the glass coating industry is largely 
technology driven in that the cost of produc-

Figure 5. DRAM Experience Curve and Micro Scaling

tion has continuously been reduced by the 
development of higher capacity sputtering 
equipment capable of coating ever large sub-
strates (now 3.21 x 6 meters), more efficient 
and higher capacity sputtering cathodes and 
targets, higher capacity and lower cost vacuum 
pumps and associated vacuum equipment 
and so on. The technology drivers are shown 
on the associated plot in Figure 6 where the 
sputtering system capacity is shown to increase 
dramatically and the price of the coated layer 
stack drops.

Another example is the flat panel display 
industry where the price of a half square 
meter display was $8,000 to $9,000 ten years 
ago and today is about $400. The experience 
curve shown in Figure 7 shows that the price 
is continued to drop at about 35% per each 

doubling of manufactured volume over the 
last 20 years. Today an accumulated volume 
of over 500 million square meters of flat panel 
displays have been manufactured and the 
price drop continues. Again, this is because 
the flat panel display industry is technology 
driven as shown on the second plot in Figure 
7 detailing the growth in substrate size coated 
by innovations in coating technology similar 
to the architectural glass coating industry.

Thus it is most probable that the crystal-
line silicon PV industry will follow the model 
of technology-driven industries in the price 
experience curve and continue cost/price 
reductions based on further technology 
innovations. 

Thin Vacuum Deposited Films for 
c-Si Wafer Based and Thin Film 
Modules
The crystalline manufacturing processes 
revolve around cutting silicon wafers into 
thin slices, diffusing dopants into them to 
create the charge separating electric field, 
metallization and sintering and final module 
assembly. The latest market data shows that 
the crystalline price experience curve has 
already returned to the historical 20% rate as 
shown in Figure 8. Thin film PV is much less 
mature than crystalline but is likewise tech-
nology driven and is already lower in cost and 
price. Since the manufacturing technologies 
are very different it is reasonable to assume 
that the crystalline and thin film PV products 
will follow different price experience curves. 
The thin film PV manufacturing processes 
very much parallel the thin film coating pro-
cesses of the flat panel display industry and it 
is likely that thin film PV manufacturers can 
take advantage of the same coating innova-
tions as the architectural glass and flat panel 
display industries to coat thin film absorbers, 
TCOs and associated thin film structures onto 
large sheets of glass and use laser pattern-
ing to produce the required structures. This 
similar progression to larger substrates and 
more economical processes has the potential 
to keep the thin film PV module price experi-
ence curve headed down at a healthy price 
reduction rate, probably even at a greater 
price experience factor than for crystalline 
silicon modules.

So, one can conclude:
• that the 20% price experience curve for 

crystalline silicon will continue
• That there is reason to believe that there 

will be a different price experience curve 
and price experience factor for Thin Film 
technologies
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Figure 6. Coated Architectural Glass Experience Curve

Figure 7. Flat Panel Display Industry Experience Curve

Figure 8. Thin Film Industry Experience Curve 
Projected from Crystalline Curve

• For volume growth scenarios for PV, we can 
look at the base case and paradigm shift 
scenario shown in Figure 9.
The model consists of three factors:  the 

Baseline and Paradigm Shift growth scenarios 
(shown again in the Volume Scenario plot 
within Figure 9), the price experience factor 
(TF PEF) and the thin film market share (TF 
Share). The TF PEF is allowed to take values 
of 20 or 25% and the TF Share is allowed to 
take the constant value of 15% or increasing 
from 15 to 35%. Using these assumptions and 
completing the calculations shows that we 
would expect the crystalline silicon price in 
2020 to be in the $0.60 to $0.80/watt and the 

Thin Films in Photovoltaics
continued from page 23

Figure 9. Two assumed growth scenarios for the 
PV Future 

thin film technology to be in the $.30 to $.70/
watt as shown in Figure 10. At midpoints, this 
is a difference of $.20/watt.

If there is such as large difference in 
cost/watt, why would not thin film take the 
whole market from crystalline silicon PV? The 
answer lies in the total cost of a PV system 
in which one must consider not just the cost 
of the PV module itself, but the balance of 
system (BOS) and installation cost as well. The 
BOS cost includes power related cost (DC-AC 
inverters and approval procedures), which 
one can assume will be the same for both 
cases, and the mounting structure, cabling 
and installation costs, which will scale with 

the area of the PV panels required to meet the 
system power design. The required area of 
the panels will scale with the efficiency of the 
modules in converting sunlight to electricity. 
Thus as long as thin film PV is lower effi-
ciency than crystalline PV, any gain in manu-
facturing cost will be offset by an increase 
in area-related BOS costs. Figure 11 details 
this analysis and shows that if the average 
crystalline module is in the 14.5% efficiency 
range and the thin film module today is in 
the 10% range, the difference of $0.20/watt in 
manufacturing cost is offset by the BOS cost. 
So, if thin film PV is to overtake the share of 
crystalline silicon PV, one must look deeper 
for the reasons. 
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continued on page 26

Figure10. PV – Future Price Development Figure 11. BOS – Complete Systems Consideration

Those reasons will likely include the fact 
that thin film PV can take advantage of:
• Highly efficient, proven, large area PVD 

and CVD deposition technologies for all 
layers

• High deposition rates for the high perfor-

Figure 12.Thin Film PV Enables Unique Products and Applications

mance layers which should lead to lower 
costs as experience is gained in manufacture

• Innovative, more efficient multi-junction 
absorber cell structures capable of generat-
ing electricity using broader visible and 
infra-red portions of the solar spectrum.

The Long-term Perspective 
Towards 100% Global Energy 
Supply By Renewables with PV 
Playing an Increasingly Important 
Role:
Turning to the future all PV technologies have 
the potential for lower cost, higher efficiency 
and important niche market applications.

Thin film PV has the potential to enable 
unique products. Since the solar absorber 
can be designed and coated to be partially 
transparent in the visible region, it makes 
building integrated photovoltaics (BIPV) an 
exciting possiblility. Figure 12 shows photos 
of Schott Solar building facade of insulated 
glazing units made from semi-transparent thin 
film amorphous silicon modules. This facade 
serves the dual purpose of allowing light into 
the building while producing electricity for use 
in the building. This application would not be 
possible using crystalline PV modules.

Also, since thin film PV can be coated onto 
flexible substrates such as cloth and polymers 
it makes flexible PV products such as clothing, 
backpacks, tents, curved and lightweight 
architectural rooftop applications, automo-
tive applications such as sunroofs and so on 
possible. Such products, shown in Figure 12, 
use existing web coating equipment and tech-
nologies and are already on the market and 
growing in market share and applications.

Crystalline silicon also has important 
potential improvements on the horizon which 
could include the following.
• The replacement of costly screen printed 

silver paste used for metallization with PVD 
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Figure 13. Concentrix III-V PV with Concentrator System Installed on Tracking System in Spain

Figure 14. Technology Evolution of PV

Thin Films in Photovoltaics
continued from page 25

Figure15. Future Renewables Portfolio to Supply 100% 
Global Energy Demand

aluminum which would have substantially 
lower material cost.

• Even thinner wire-cut silicon wafers from 
today’s 180 to 200 μm to less than 100 
μm. Ultimately 10 μm crystalline silicon 
films can be produced by high rate deposi-
tion which will further reduce the cost of 
expensive silicon used in the modules and 
improve efficiencies beyond 20%

• In the long term nanotechnology may help 
to have band gap tailoring allowing multi-
bandgap Si cells with potential efficiencies 
beyond 30%.
Innovative structures to improve the 

efficiency beyond the current 20%+ of com-
mercialized solar systems are already being 
deployed in Spain and soon in California. 
The combination of III-V (GaInP/GaInAs) 
multi-junction absorber systems with solar 

concentrators have demonstrated 41% effi-
ciency at 500X concentration and installed on 
trackers that follow the changing angle of the 
sun throughout the day also a much improved 
utilization of the sun’s daily light output. 
Figure 13 shows just such a concentrator 
structure and the improved use of DNI (daily 
normal incidence) of the sunlight.

In summary it seems reasonable to project 
that all current PV technologies will continue 
to improve efficiencies and reduce cost and 
that other technologies such as dye and 
organic PV will emerge from the lab so that 
over the next 20 years all will play important 
roles in the continued commercialization of 
renewable energy sources. Such a techno-
logical evolution is shown in Figure 14.

And, projecting PV growth and volume 
into the future from the last decade’s actual 

growth of 51% shown at the beginning of this 
presentation one could assume that the next 
decade could be 25% annual growth, the fol-
lowing decade 8% and the following decades 
4%. This seems like a fairly conservative set of 
assumptions. This projection gives a cumula-
tive volume of 8,000 GW installed by 2050 
with 400 GW per year being installed by 2050. 
Even the International Energy Agency (IEA) 
roadmap now shows 3000 GW of installed 
capacity for PV by 2050. This is not 8000, but 
it is a start in recognition of the importance of 
PV to the future of renewables.

The global electricity demand today is 
25,000 terawatthours. Almost all of this is 
supplied by primary (traditional) electricity 
generation using coal, oil and some nuclear. 
This demand is expected to increase to 35,000 
terawatts by 2050. Installation of 8000 GW 
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Figure 16. The World-Wide Super Grid

of modules would produce conservately 9000 
TWH/a which corresponds to about 25% of 
the total electricty by 2050.

Another factor should be considered in 
calculating the global energy demand that 
is often not taken into account.Thin film 
technologies in lighting (LEDs), display 
(OLEDs), architectural (electrochromics) 
and others have the potential to reduce the 
overall demand for energy. These innovations 

and others are able to reduce the demand by 
more than half by the end of the century. This 
would make the possibility that PV and other 
renewable energy sources could supply up to 
100% of the global demand even more likely.

Figure 15 projects how a portfolio of 
renewable could supply 100% of the global 
energy demand by the end of the century. PV, 
solar thermal, solar thermal concentrating 
systems, wind, biomass and other renewable 

resources are shown as well as non-renewable 
resources that would still be required 
to supply part of the demand in towards the 
2050 timeframe.

As we go towards 2100 we may be able 
to abandon all Non RES at all. This may be 
enhanced if weproject a future combination 
of world-wide super grids via high voltage 
DC cables that could solve all problems of 
seasonal energy storage by generating energy 
from renewables when and where sun and 
wind is available and dispatching it via the 
connected grids to user bases throughout 
the world.

Michael Andreasen has over 20 years experience in 
the vacuum coatings field and consults in thin film 
technology, applications, processes and equipment.  He 
is currently serving in the SVC as Treasurer and TAC 
chair for Large Area Coatings.

For more information, contact Michael Andreasen at 
Michael.Andreasen@VacuumEdge.com
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