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Objectives

• Explore the history of this PV technology

• Establish where we are today (markets, technology)

• Examine where we expect to be in the future
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Annual Worldwide PV Shipments
93,901

35.2% growth

World PV Shipments 2006-2017: Where we are

370-410 GW Cumulative!

94 Gigawatts
in 1-year!

How many 
homes in US?

Power?

1,310,000 homes

India?
29,500,000 homes

370-410 GW Cumulative



Objectives

• Explore the history of this PV technology

• Establish where we are today

• Examine where we expect to be in the future

Driving force for technology has been, is, and will continue to be innovation
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Inovação? 



Inovação:  aplicação de idéias originais ou novas, que levam a soluções
que criam valor. 

Inovação leva a mudanças significativas e positivas.

A semente da inovação é a criatividade.

A visão é a força motriz para a inovação. 



“The sun  . . . 

our greatest energy source!”

Charles Proteus Steinmetz [1908]

“I put my money on the sun and solar energy. 

What a source of power!” 

Thomas Alva Edison [1903]

“The sun is the spring that drives all . . .

A better way to obtain power would be to 

avail ourselves of the sun’s rays.”

Nikola Tesla [1900]

Os inovadores e visionários
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I’d put my money on the sun and solar energy. 
What a source of power! 
I hope we don’t have to wait until oil and coal run out 
before we tackle that.

Os inovadores e visionários



Many associate energy with oil, and oil with Saudi Arabia . . .  

Estamos mudando!































Tomorrow is yesterday!





60 anos atrás . . .



60 anos atrás . . .



First market for PV . . . space 

Can still track Vanguard!

www.n2yo.com



Currently: 

>1400 active satellites in earth orbit





The future . . . scenarios



WORLD ENERGY VISION
German Advisory Council on Global Change (WBGU) 

Geothermal

Other Renewables

Solar Thermal 
(Heat/Cooling)

Solar Electricity

Wind

Biomass (Adv.)

Biomass (Trad.)

Hydroelectricity

Nuclear Power
Gas
Coal
Oil

2015:       ~50% ~25%

2100:       ~ 90%       ~70%

Renewable     Solar
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Expanding Markets

Increasing Investments

Growing Intellectual Capacities

MENA
India

China

100 GW by 2022

150 GW by 2020



37% growth

World PV Shipments 2001-2017: Where we are

Annual Worldwide PV Shipments
93,901

What about other “renewables”?



Global Renewable Energy Portfolio

2038: About 50% of Electricity
of ~2,650 GW



Wind Energy

87 Wind turbines
55 miles2

659 MW – 600,000 homes



The PV beginnings . . . 
64 years ago !



It started in 1954 at Bell Telephone Laboratories
The PV beginnings . . . 



Gerald Pearson

Daryl Chapin

Calvin Fuller





Bell concern with consumer buy in:
How do these new electronic devices work?





In 1958, the annual production of photovoltaic cells was ~50 W from Hoffman Electronics!!!

Now . . . 



Where is all this PV coming from?

Annual Worldwide PV Shipments
93,901



China (57%)

Malaysia (10%)

Viet Nam 
(7%)

Taiwan (11%)

South Korea(5%)
Japan(3%)

Thailand(2%)

India (1.3%)
Singapore (1%)

U.S. (0.6%)

Europe (2%)

PV Shipped (2017)
Country of Origin – 93.9 GW
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Top PV Manufacturers in 2017

1. Jinko Solar (9.7 GW)

2. Trina Sollar (9.1 GW)

3. JA Solar (7.5 GW)

4. Canadian Solar(6.85 GW)

5. Hanwha Q cells (5.4 GW)

6. GCL (4.6 GW)

7. Lerri Solar Tech (4.40 GW)

8. Yingli Green (2.65 GW)

9. First Solar (2.60 GW)

10. Risen Energy (2.5 GW)
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Where is all this PV going?

Germany

Rest of 
World

2011 PV Installations

Where is all this PV going?
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China (57%)

Malaysia (10%)

Viet Nam 
(7%)

Taiwan (11%)

South Korea(5%)
Japan(3%)

Thailand(2%)

India (1.3%)
Singapore (1%)

U.S. (0.6%)

Europe (2%)

Europe (4%)

China (57%)
U.S. (15%)

India (11%)

Japan (7%)

Africa (1%)

Latin
America (1%)

Middle East (1%)
Rest of World (3%)

PV Shipped (2017)
Country of Origin – 93.9 GW

PV Installed (2017)
Country Installed – 92.9 GW

• Average module Prices decreased by 8% 
from 2016 ($ 0.53/W) to 2017 ($ 0.49/W)

• Lowest price in 2017: $ 0.29/W

• Modules with ≥72 cell/module dominate

TOTAL CUMULATIVE?



35.2% Growth!

Annual Worldwide PV Shipments
93.901

TOTAL CUMULATIVE INSTALLED
1975 – 2017 :  378 GW worldwide

China (135.6 GW)

U.S. (56.3) GW

Japan (49.8 GW)

Germany (42.3 GW)

India (20.1 GW)

Italy (12.5 GW)
U.K. (12.4 GW)

France (7.5 GW)

Australia (6.8 GW)
Spain (6.3 GW)

Range:  370-410 GW

“Top 10” countries



<$0.40

The Effect?

Muito obrigado, China!

Now - <$0.47/W





Bankability
The capacity or capability to manufacture or produce a product 

competitively (e.g., with an acceptable profit, reliability, etc.)







Off-Grid versus Grid-Connected?
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Technology Diversity



•







Current R&D Priorities

• Materials and Devices

• Manufacturing

• Reliability
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Interdigitated Back Contact
Si Heterojunction

tiertier



Si Heterojunction

Sanyo
HIT Cell

Panasonic

tiertier



Interdigitated Back Contact

Sanyo
HIT Cell

Panasonic

SunPower
Cell

tiertier





The Fast-Evolving World of Bi-Facial Solar Cells/Modules

Bifaciality factor𝐼𝑠𝑐 =
𝐼𝑠𝑐,𝐵𝑎𝑐𝑘

𝐼𝑠𝑐,𝐹𝑟𝑜𝑛𝑡

Measurement done at STC condition

[3]



CMBM Soiled

CMMMSoiled

VMBM Soiled

CMMM Clean

CMBM Clean

VMBM Clean

Benefit Example: Soiling after 27 days in India

—Vertically
Mounted

— Conventionally
Mounted
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Benefit Example: Soiling after 27 days in India

—Vertically
Mounted

— Conventionally
Mounted



Soiling Loss (%) = 1-
𝐸𝑛𝑒𝑟𝑔𝑦_soiled

𝐸𝑛𝑒𝑟𝑔𝑦_cleaned

Soiling Loss Result









• Semiconductors
Direct bandgap: more-efficient light absorbers

Thinner layers required to absorb sunlight–better materials utilization

Semiconductor bandgaps well-matched to solar spectrum 
and some tunability

Diversity of semiconductors

Diversity of device structures

• Fewer Processing Steps

• Processing well-suited to Automation
Monolithic integration

Substrate diversity: flexible, rigid, semi-transparent, . . .

”Glass in –Module out”: Roll-to-roll fabrication an option.

Large-area modules

• Performance
Better energy output - kWhr/kW

Perform better at lower light levels – kW/day

Perform better in diffuse and as well in direct sunlight irradiance

Arguments for Thin-Film PV

Monolithic
Integration



Challenges

• Higher module efficiency

• Gaps in efficiency: Between cells and modules;

Between best cells and attainable levels

• Thinner absorber layers (<1.0 µm?)

• Alternative absorber production (processes)

• Faster absorber processing

• Stability and encapsulation 

(water/water vapor ingress)

• Materials availability/cost

• Uniformity and stoichiometry 

(manufacturing issues)

• Standardization of equipment

• Environmental/materials concerns

• Recycling, "Insurance"

• Substrates (glass, plastics)

• Engineering of Voc . . .

“Bankability”



V. Fthenakis, in Encyclopedia of Sustainability Science 

and Technology, Springer, 341-357 (2016)

ALL PV:  Very good “energy payback” times







Amorphous Silicon: 
A Technology in Disorder



Thin Films: The commercial leaders



Glass Superstrate

(3-4 mm)

CdSnO4

Zn2SnO4

ZnxCd1-xS
CdS (0.05 µm)

CdTe (1.6 µm)

ZnTe (0.1 µm)

Ni (0.01 µm)

Al (0.03 µm)

Encapsulant

Glass Substrate 
(3-4 mm)
Also, stainless steel,
polymer

Mo (1 µm)

CIGS (2-4 µm)

CdS, ZnSnO, or InSe

(0.05 µm)

ZnO (~0.5 µm)
MgF (~0.1 µm)

Front Contact 
Al (0.3 µm) on Al (0.05µm) 

Cu(InGa)(S,Se)2 Thin Film Cell CdTe Thin Film Cell

Thin Films: The commercial leaders

Best Research: 22.9% - Solar Frontier Best Research: 21.1% - First Solar



Thin Films: The commercial leaders

Series 6 Module Technology





















Organic Thin Films: 
Just one-word-“Plastics”





What I was really thinking 

was a ”plastic solar cell”!



Organic Photovoltaics (OPV)

• “Flexible”
• Roll-to-roll processing
• Low-energy production
• Inexpensive
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Disruptive Thin Films: 
“Santo Graal”?



Si GaAs, CdTe Cu(In,Ga)Se2 Cu2 ZnSn(S,Se)4

Hybrid (Inorganic/Organic) Perovskites – ABX3

A B X

CH3NH3
+ Pb2+ I-

(CdS, Cu2S)

Evolving Complexity of PV Materials Science



P

b

Toxic

Industry

Moisture,
Humidity

H2O 

Vapor

O2

From Lab Bench to Market

Nothing is easy . . .

Certification

T



But, what about funding?



Mas que sobre o financiamento?



Perovskite

CZTSSe



Perovskite

CZTSSe









Hybid Perovskite (organic-inorganic)

Methyl-ammonium lead halide [(MA)PbX3]





ISSUES (’greater than 20% in lab but . . .’ )

• “Get the lead out” (toxicity)

• Stability (performance)

• Manufacturability (large area)

X



Not your father’s materials science anymore!

“Edisonian Approach” - Conventional trial-by-error science 

“Materials-by-Design” - Inverse process: Define desired materials functionalities
and work backward to computationally define (determine)
best-of-class materials

Innovation in Approach: 
Materials by Design + Artificial Intelligence



High-throughput 
inverse-design calculations

The most famous halide perovskite is MAPbI3.
Our target is to design other materials with
comparable performance & better stability.
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High-throughput 
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The most famous halide perovskite is MAPbI3.
Our target is to design other materials with
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Record tandem 

(perovskite on Si)

27.3% confirmed (2018)Record tandem 

(perovskite-perovskite)

>25%? (2018)





”The only thing about the future
that you couldn’t predict . . . 
was the history you didn’t know.”



”But, it is easier to grasp the future
if you know what it should look like . . .”



”And, the best way to protect the future
. . . is to create it.”

Muito Obrigado!Amanhã é hoje!











Concentrated Solar Power

Parabolic Trough

Parabolic Dish

Fresnel Concentrator



Jobs in Renewable Energy



Our technology world in 1998

Windows 98
introduced by Bill Gates at Comdex

Apple iMac introduced 
($1299)

Intel Pentium II Xenon Processor introduced 
(400 MHz, 512 Cache)

International Space Station: 

“Zayra” first module placed in orbit

India & Pakistan conduct nuclear tests

“Furby” – first domestic robot

PayPal was founded

wifi (1997-1999)

First MP3 player

USB flash memory (IBM “Disk on Key” 4/8 MB)

First megapixel digital camera released

Reverses Einstein’s “biggest blunder”
Dark energy: Cosmological constant real

Google incorporated in California

1st Blackberry - “950”

Nobel Prize in Chemistry to Walter Kohn 
for development of  Density Functional Theory (DFT)





1998: 10,000 queries/day

2018:  60,000,000 queries/day
Or about 10,000 per 0.25 second!



1998: I-Megapixel camera and 32 MB music

2018: 12-20 Megapixel camera
and 512 GB music

~500 Hollywood movies
~125,000 songs

0.10 Hollywood movie
~10-20 songs



1998: 8 MB

2018: 512 MB – 2 TB



1998: “Furby” –
Simple mechanical movements
Spoke “Furbish” language that
evolved to simple English words 
over time
“Learned”?
Robot value:  Entertainment

2018: “Roomba”, “China Rose”

Window cleaning!



“Furby” – first domestic robot

1998: Domestic Robot

2018: Alpha II 



Dr. Benjamin Spock
(1903-1998)

EU agrees to “EURO” currency
1st issue – January 1, 1999

Oscar for best film: 

Titanic

Other world events in 1998

Sinto muito . . . 

Copa do Mundo –
France 3 Brasil 0

William Clinton
President of U.S.

Tony Blair

Prime Minister of U.K.

British Pound
1998: 1.61 BP/US$

2018: 1.31 BP/US$

Ferdinand A.E. 

Porsche

(1909-1998)

Linda McCartney

(1941-1998)

Top song in U.K.
“No Matter What”



Wind Energy

87 Wind turbines
55 miles2

659 MW – 600,000 homes





37% growth

World PV Shipments 2001-2017: Where we are

Annual Worldwide PV Shipments
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• Semiconductors
Direct bandgap: more-efficient light absorbers

Thinner layers required to absorb sunlight–better materials utilization

Semiconductor bandgaps well-matched to solar spectrum 
and some tunability

Diversity of semiconductors

Diversity of device structures

Arguments for Thin-Film PV
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• Semiconductors
Direct bandgap: more-efficient light absorbers

Thinner layers required to absorb sunlight–better materials utilization

Semiconductor bandgaps well-matched to solar spectrum 
and some tunability

Diversity of semiconductors

Diversity of device structures

• Fewer Processing Steps

Arguments for Thin-Film PV

CIRCUIT



Innovation

Energy

Technology 



Artificial intelligence (AI) (also called “machine learning”) is 

an area of computer science that emphasizes the creation of 

intelligent machines or operations that work and react like 

humans. Some of the activities for which computers with 

artificial intelligence are designed include:

• Speech recognition

• Learning

• Planning

• Problem solving

• Design
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1975 – 2017 :  378 GW worldwide

China (135.6 GW)

U.S. (56.3) GW

Japan (49.8 GW)

Germany (42.3 GW)

India (20.1 GW)

Italy (12.5 GW)
U.K. (12.4 GW)

France (7.5 GW)

Australia (6.8 GW)
Spain (6.3 GW)

Range:  370-410 GW

“Top 10” countries



High-throughput inverse-design calculations

The most famous halide perovskite is MAPbI3. Our target is to design

other materials with comparable performance & better stability.
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High-throughput inverse-design calculations

The most famous halide perovskite is MAPbI3. Our target is to design

other materials with comparable performance & better stability.
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Materials Design with
Artificial Intelligence Inverse Design High-Throughput Calculations

Artificial Intelligence “learns” and “adapts”



“Materials-by-Design” Research (Materials Genome Initiative)

Stability?

Stability (ΔH ≥ 0.1eV)

Chlorides and bromides are 
more stable to decomposition 
than iodides.

Sn more stable than Pb for 
“MA” or “DA”



Not your father’s materials science anymore!

“Edisonian Approach” - Conventional trial-by-error science 

“Materials-by-Design” - Inverse process: Define desired materials functionalities
and work backward to computationally define (determine)
best-of-class materials

Example: Materials by Design



Innovation, Artificial Intelligence and Robotics . . . 



Wind Energy

87 Wind turbines
55 miles2

659 MW – 600,000 homes



Phys Rev. 96, 533 (1954).
At the same time . . . 

1962-1972: Shiozawa, Cusano, Shirland . . . 




