


Installed System Cost ($/W)
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Source: US DOE report “$1/W Photovoltaic Systems,” August 2010.



Module Prices ($/W)

Last Week's Lecture by Anshu Sahoo
and Stefan Reichelstein

Silicon is currently competitive in favorable locations with the current subsidies.

Average Sales Prices of Modules and Cumulative Module Output

Q1-08 — Q1-09 ----- 81% learning curve
l I l — Average sales price (ASP)
—"_—\ —— Economically sustainable price (ESP)
’ 4 2 3 4 5 6 7 8 9 -
10 10°

Cumulative Output, MW

In 2017 the cost of silicon cells will probably be $0.65/W.




There are many approaches to making PV cells
and experts do not agree on which one is the best

—

oV Thin Films | Crystalline Silicon

MARKET MATERIAL STRUCTURE

20x-100x 500x Cu(In,Ga)Se, ~ 1-2 um c-Si~ 180 um

National Renewable Energy Laboratory Innovation for Our Energy Future
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Best Research-Cell Efficiencies

LiNREL

NATIONAL RENEWABLE ENERGY LABORATORY

Multijunction Cells (2-terminal, monolithic)

LM = lattice matched
MM = metamorphic
IMM = inverted, metamorphic

V' Three-junction (concentrator)

A Two-junction (concentrator)
A Two-junction (non-concentrator)

B Four-junction or more (concentrator)
O Four-junction or more (non-concentrator)

Single-Junction GaAs
A Single crystal

A Concentrator

V' Thin-film crystal

Crystalline Si Cells

B Single crystal (concentrator)

B Single crystal (non-concentrator)
O Multicrystalline

L @ Thick Sifilm

® Silicon heterostructures (HIT)
V' Thinilm crystal

V¥ Three-junction (non-concentrator)

Thin-Film Technologies

O CIGS (concentrator)

® CIGS

O CdTe

O Amorphous Si:H (stabilized)
@ Nano-, micro-, poly-Si

OO Multijunction polycrystalline
Emerging PV

O Dye-sensitized cells

O Perovskite cells

@ Organic cells (various types)
A Organic tandem cells

@ |norganic cells (CZTSSe)
< Quantum dot cells

44.4% "4
43.6% [0

NREL (IMM)
NREL

38.8% |u]
37.9% A4

QQQQQ

ONGW ONSW Z TNSW

UNSW

Radboud U

UNSW NREL S

ARCO 1ol
- United Solar

U. Linz

| | | 1 L1 1 |
1985 1990 1995 2000 2015

Efficiency Records Chart available at: http://www.nrel.gov/ncpv/images/efficiency chart.jpg. The chart above was downloaded on 2/27/2014.




Silicon PV

'-. ; G v Q s s\ g k.‘\l"
Silicon Feedstock mmp INgot Growth m——) Slicing Wafers

- e«
& »*

Photovoltaic System «gemm== Module Encapsulation €====Cell Fabrication

National Renewable Energy Laboratory Innovation for Our Energy Future



19.6% efficient planar cells on silicon

Ag (screen-printed, fired)
SiN, (PECVD)

SiO, (thin, thermally-
grown)

n*(P)-Si (ion
implantation)

p(B)-Si (starting wafer)
SiO, (thin, thermally-
grown)

SiN, (PECVD)

Al-Si Eutectic (screen-
printed, alloyed)

p* (Al)-Si (LPE during
alloying)

Source: J-H Lai, IEEE PVSC, June 2011

National Renewable Energy Laboratory

Innovation for Our Energy Future



Cost analysis of Si Modules

U.S. Module Cost Projections
1.50 Module

Packaging
1.29 ® Input Electricity

B Maintenance
M Yield Loss
1.25 i | mDepreciation
I ® Ribbon
Labor

Encapsulant
JB and Cable

1.00 0.89 . ’ ' mBack Sheet
-0.15 W Frame
m Glass

Cell

-0.13 W Screens
| m Maintenance

Input Electricity
- -0.09 ‘ 0.52 Yield Loss
Labor
‘ Chemicals
WIIUEE G 00 mmm 0 e e e T A * m Depreciation
m Metal Paste
 — | Wafer
M Input Electricity
| Yield Loss

G2 - | B Maintenance
m Ingot Casting
Wire Sawing
- w Labor
0.00 m Depreciation

W Silicon Feedstock

Cost [US$/Wp]
)

. &
LOS is line of v ¢ < W
sight WP

Tonio Buonassisi et al., Energy and Env. Sci. 5 (2012) p. 5874.



Table 2 Data table of cost analysis results as displayed in Fig. 2

2012 2020 LOS 2020 Adv. Concept
Cost [US$/W,] Cost [USS/W,] Cost [USS/W,]

Wafer

Silicon feedstock 0.229 0.067 0.014
Depreciation 0.090 0.088 0.073

Labor 0.069 0.053 0.032

Wire sawing 0.064 0.049 0.000

Ingot casting 0.029 0.023 0.000
Maintenance 0.027 0.024 0.018

Yield loss 0.028 0.017 0.004

Input electricity  0.024 0.020 0.003

Cell

Metal paste 0.111 0.047 0.054
Depreciation 0.063 0.061 0.051
Chemicals 0.045 0.039 0.017

Labor 0.034 0.020 0.013

Yield loss 0.030 0.020 0.011

Input electricity  0.024 0.026 0.021
Maintenance 0.018 0.016 0.013

Screens 0.013 0.010 0.000

Tonio Buonassisi et al., Energy and Env. Sci. 5 (2012) p. 5874.



Table 2 Data table of cost analysis results as displayed in Fig. 2

2012 2020 LOS 2020 Adv. Concept
Cost [US$/W,] Cost [US$/W,] Cost [USS/W,]

Module

Glass 0.073 0.056 0.047
Frame 0.060 0.046 0.000
Back sheet 0.050 0.038 0.032
JB and cable 0.040 0.036 0.036
Encapsulant 0.039 0.030 0.025
Labor 0.034 0.020 0.013
Ribbon 0.032 0.025 0.000
Depreciation 0.028 0.028 0.023
Yield loss 0.025 0.017 0.010
Maintenance 0.009 0.008 0.007
Input electricity  0.003 0.004 0.003
Packaging 0.003 0.002 0.002
Total 1.293 0.890 0.523

Tonio Buonassisi et al., Energy and Env. Sci. 5 (2012) p. 5874.



Sensitivity Map for 2012 Cost Structure

) * Efficiency
E & Yield
Q
3
—
o
>
£
Z'e
2 g
5 2 # Silicon Feedstock
S a'-é‘ * Depreciation
W)
2 @01
8 = & Labor
%’ = Metal Paste
-g g 7 Other Module Cost Components:
S o 1) Glass 7) Input Electricity
% - 2) Wire sawing 8) JB and Cable
‘g 3) Frame 9) Encapsulant
- "~ 4) Chemicals 10) Ribbon
X 5) Maintenance  11) Ingot Casting
6) Back Sheet 12) Screens
0.01
0 0.25 0.5 0.75

Maximum Cost Savings Available [US$/W,]

Fig. 3 Sensitivity study for the 2012 module cost structure. Input vari-
ables that strongly determine module cost are shown toward the top of
the plot, while variables that have a large cost reduction potential are
shown toward the right.
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Tonio Buonassisi et al., Energy and Env. Sci. 5 (2012) p. 5874.



World Record 156 mm x 156 mm Full-Square Cell’E
Using 43 um Epitaxial Silicon Cell Absorber

|CIERGY] ®

S==LEXEL
Device ID: V4-Supreme-16-4106 Device Temperature: 24 5= 0.5 °C
N REL_Ce r‘tified Fu”_Area Oct 11, 2012 12:51 Device Area: 242.6 cm’

Spectrum: ASTM G173 global Irradiance: 1000.0 W/m’

LINREL 351 o

tﬁ e o o Wumm PV Performance Characterization Team

ln T I T I T ] T l T ] T l T l T
AV

Cell Efficiency = 20.13%

vV, =06817V \
| L.=92532A \
s L J.=38143mA/cm” \

Fill Factor =77.41 %

1 -—4_7-%..I--|

Current (A)

[,..=806486 A
0 F V., =05646V

- P =48830W
Effictency =20.13 %

-4 1 | 1 I 1 | | I 1 I 1 I 1 I 1
0.1 00 01 02 03 04 05 06 07

Voltage (V)

156 x 156 mm? full-square cell (242.6 cm?)

43 pm epitaxial Si cell, FSRV < 10 cm/s
Voc=681.7 mV

Jsc = 38.14 mA/cm?
FF=77.41%

Cell Max Power = 4.88 Wp; |_=9.25 A

Mehrdad Moslehi— Solexel, Inc. - DARPA/NREL Workshop, 16 January 2013

[7]



Lightweight, Thin, Simple BIPV Shingle PackaBiiEay=aysyess

Capability of supporting walking

Lightweight BIPV solution:
7 kg/m? for BIPV shingle demo system

BIPV is < half the weight of typical
framed glass-covered modules

2/3 the weight of asphalt shingles

Distributed shade management

Simple, flat box packaging for shipment
and storage

Mehrdad Moslehi— Solexel, Inc. — DARPA/NREL Workshop, 16 January 2013 [13]



Using nanocones to enable
complete light absorption in thin Si

100

80 -

Absorption (%)

- Nanocone 10-um-thick Si
N _ 20 o Planar 10-um-thick Si w/AR layer
SiO, — Planar 500-um-thick Si w/AR layer

400 600 800 1,000
Wavelength (nm)

Sangmoo Jeung, Mike McGehee, Yi Cui, Nature Comm. in press.



Gallium Arsenide

« The 1.4 eV band gap is ideal for solar cells.
» High quality films are grown on single crystal substrates with MOCVD.

@@@@@%@@%@@@@




Alta Devices 28.8% efficient thin-film GaAs cell

a) MOCVD growth of device
structure on reusable GaAs
substrate.

b)

\———' Deposition of back contact

metals and bonding of
sample to flexible handle.

Dissolution of AlAs release

c) layer to produce thin-film
device on metal and

flexible backing.

d) Completion of device
fabrication.

Source: B. Kayes, IEEE PVSC, June 2011




Photon recycling

Si

Eli Yablonovitch et al., IEEE J. of Photovoltaics, 2 (2012) p. 303.

GaAs



Why thin film GaAs is better

 Remitted photons are weakly absorbed and can easily
travel more than a carrier diffusion length away from the
junction in a wafer-based device.

* Ina thin cell, a mirror keeps photons near the pn
junction.

R T Evaw i I E—

Textured, good mirror Untextured, good mirror Untextured, bad mirror

Eli Yablonovitch et al., IEEE J. of Photovoltaics, 2 (2012) p. 303.



Theoretical limits

TABLE ]
Voc.Jsc . AND EFFICIENCY VALUES FOR THREE POSSIBLE GEOMETRIES AND RELEVANT CELL THICKNESSES

v i Evaw n B E—

Textured, good mirror Untextured, good mirror Untextured, bad mirror

Thickness 500nm Ium  10pum 500nm Ium 10um  500nm Ium 10um

Voc (volts) 1.14 1.13 1.12 1.16 1.15 1.14 1.08 1.08 1.07
Jsc (mA/cm?) 323 32.7 335 29.5 31.6 32.8 25.2 29.5 32.6
Fill Factor 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89

efficiency % 328 33.1 334 30.6 32.6 333 243 283 30.9

A good rear mirror is crucial to a high open-circuit voltage and, consequently, to efficiencies above 30%.

Eli Yablonovitch et al., IEEE J. of Photovoltaics, 2 (2012) p. 303.



A Manufacturing Cost Analysis
Relevant to Photovoltaic Cells Fabricated
with I11-Vs

f“)«iﬁ’ '7 \

— [ 1

“ |

.

P
e

| S

The National Center for Photovoltaics

= "5

i‘c!l'i'ael Woodhouse

S
. v
-

. Aaron Ptak
Alan Goodrich David Young
. . Scott Ward
Additional NREL Contributors: Myles Steiner September 30, 2013

Strategic Energy Analysis Center Pauls Stradins
Ted L. James

David Feldman
Robert Margolis

John Geisz
Daniel Friedman
Sarah Kurtz

Hydrogen Techn?logies Center Graphics and Communications Publication Number:
(Photoelectrolysis Interest) Alfred Hicks NREL/PR-6A20-60126
Todd Deutsch Kendra Palmer Contract Number:

Henning Doscher Nicole Harrison NREL: DE-AC36-08G028308
John Turner

NREL is a national laboratory of the U.S. Department of Energy, Office of Energy Efficiency and Renewable Energy, operated by the Alliance for Sustainable Energy, LLC.




An Example Process Flow for Making Single-Junction IlI-V Devices by ELO

-"_/"0"' "'

1. Unpack and clean 2. MOVPE of AlAs 3. MOVPE of GaAs 4. MOVPE of AlinGaP 5. MOVPE of GaAs
GaAs epi-wafer. release layer. contact layer. window layer. emitter layer.
”

o

o <+ <
X
Vg
Vg
10. Dissolution of AlAs 9. Deposition of back contact 8. MOVPE of AlGaAs 7. MOVPE of 6. MOVPE of GaAs
release layer and metals and bonding of cell contact / buffer layer. InGaP BSF. base layer.
release of cell from to flexible handle (PET). 0 . EL Ivsi
epi-wafer. ngoing NREL Analysis
9/13/2013
-’@ '
11. Lithography and 12. Frontside 13. Deposit 14: Edge isolation. 133 cm? single junction GaAs
etching of contact layer. metalization. AR coating. 15: J-V testing and sorting. solar cell on flexible handle.

NATIONAL RENEWABLE ENERGY LABORATORY



Step 1: Unpack and Clean GaAs Parent Epi-Substrate—3

(The Reference Case Scenario in the Bar Chart Assumes 50 Reuses and 70% Yields)

The Costs for the Epi Substrate as a Function of Reuse Number
Reference Case Repolishing Cost (S8 per repolish per 133 cm? wafer) and Cell Efficiency (25%)
$18.0
Cost Estimates for Unpacking Parent EpiSubstrate
- d 500 MW, pc, U. S. Facility, 25% Cell Efficiency and 70% Yield
G 516-0 T $7.0 -:.':Eepreciation 4
B uipment an
=} 5.0 Building
o $14.0 ) = Utilities
; ;E $5.0
-~ | abor & Maintenan F
~. 120 NREL Cost Analysis 3 sa0 ebor & Naintenance
v 9/13/2013 w |
wy S100 g 80 " Treatment Matorials
4 o [
= $2.0 | ® Epi- r
= 480 3 o oo
)
cC ] DRAFT Cost A B Chemical Mechanical
Q $6.0 ! 9/13/2013 Polishing (CMP)
L S 1
| 9 1
S $40 | SE—
(@ . Reference
$2.0 ; Case Repolishing Cost
° | (Assuming a Repolish is Needed
- : for Each Growth Cycle)
S0.0'|':'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|
Please see the annotated 5 25 45 65 85 105 125 145 165 185 205
notes below this slide
for more details. Number of Reuses

NATIONAL RENEWABLE ENERGY LABORATORY




Cost Summary, by Step, for the Reference Case.

(20 substrate reusages, precursor utilizations of 30% for the Ill- source and 20% for the V- source, 15 um/hr GaAs, 70% effective cell yield )

Calculated Device Processing Costs for Single-Junction Ill-V's
500 MWppc) U.S. Facility, 25% Cell Efficiency, 70% Yield, 5 yrs Equipment Depreciation

$7.00
<— ®Depreciation
$6.00 Costs
(Equipment
and Building)
o
a $5.00
;o. B Utility Costs
—
&4 $4.00
72]
-
wied
c  $3.00 BlLabor &
e Maintenance
’5 s Costs
O s$2.00
I E Material Costs
$1.00 l
- Unpack and MOVPE of MOVPE of MOVPE of MOVPEof MOVPEof MOVPEof MOVPE of Bottom Dissolve  Etching of Top Edge
Clean  AlAs Release GaAs Front AlinGaP GaAs Emitter GaAs Base InGaP Back AlGaAs Metallization AlAs Release  GaAs Metallization Isolation,
Epiwafer Layer Contact Window Surface Field Buffer/ Back Layer & Contact Test and Sort
Layer Layer T Contact Epitaxial Lift- Layer and Please see the annotated
raver o ARC notes below this slide

for more details.

NATIONAL RENEWABLE ENERGY LABORATORY 23



Technology Roadmap Simulations for Single-Junction llI-V’s (GaAs Base)

Cost Model Results for Single-Junction (SJ) GaAs Solar Cells by ELO
$150 for 133 cm? Substrates, 0.25 Laborers per Reactor, U.S. Manufacturing

ERequired margin to meet minimum

, $13.60/ W — H Depreciation
C (Capital Equipment and Building)
$13.00 C Improvements in Epi-Substrate Utilization H Electricity
r Increase Parent Epi-Substrate Reuses:
$12.00 From 20 reuses to 500 reuses # Labor & Maintenance
» Replace Chemical-Mechanical Repolishing
$11 00 T with Wet Bench Surface Preparation - . .
. ! Lower WACC: Materials Costs for Device Layers
—_ - From 9% to 7%
8 $10.00 u (P:arent epi-substrate and
ey C hemical-Mechanical Polishing
; $9.00 £ Improvements in Cell Processing
u Increase Material Utilization:
a C From 30% to 50% for TMG, TMI, and TMA
$8.00 From 20% to 30% for AsH, and PH,
(/)] L Reduce GaAs Base Thickness:
- | I From 2.5 um to 1.5 um
- $700 [ ™ Increase GaAs Deposition Rate:
c i 3 From 15 um/hr to 20 um/hr
D $600 T © Secure Lower TMG Costs:
= -l - From $2.50/g to $2.00/g
= $5 00 I g ) Eliminate Au, Pt and/ or Pd from metallizations
- - > $4-60/ w Improve the Effective Cell Yield: N I'M facturing P .
o L U') From 70% to 95% *P(:l‘)lliily A\?arill:bI?acD:n::)ﬁgtratir;(s:eCsu?rently Unknown
$400 _E o Lowe;rvvrﬁ(;oc/: to 6% Reduce Device Materials Costs by
- v om /70 106% 80% from the Long-Term Case for MOVPE
$3 oo I 1 (e.g., different precursors and higher utilizations)
' C $2.40/ W Reduce Cell Labor & Depreciation Expenses by
C 80% from the Long-Term Case for MOVPE
$200 T [a (e.g.,, higher dep. rates and larger batch sizes)
=
. C (SunShot Adjusted Cell Price Goal)
r —
$0.00 —
Reference Case (nN=25%) Mid-Term (m=27%) Long-Term MOVPE (n=29%) Long-Term SJ GaAs (n=29%)

NATIONAL RENEWABLE ENERGY LABORATORY



APPLICATION BRIEF

ATfADEV'CES Solar Powered Consumer ngices

Sample Products
Tablet and Smartphone Cases

I 20cm |

Integrated 7-in Tablet
Power: 4.3W 12cm

Area: 17.35x 10 cm

Smartphone Case
Power: 1.3W
Area:5x10.5 cm

12.5cm




What can be done to bring the costs
down?

* Huge breakthrough in reducing materials deposition cost.

* Light trapping to reduce film thickness. See Jim Harris’s
2013 GCEP talk at http://gcep.stanford.edu/symposium.

e Use concentrators. With epitaxial liftoff, 500 X
concentrators might not be necessary. Trackers for 10 X

concentrators are relatively cheap.



Cadmium Telluride Solar Cells

B glass - Direct bandgap, E,=1.45eV
iy ;’{_'v"' "‘*.z‘.' “ﬁ_':“) ‘,4':‘:.“,..',-,,-\“ s f':" o i o . [
M’\ﬂ}u\vg‘ﬁ«; b Sn0O; High module p_roductlon speed
SRS Y s 1 * Very inexpensive

7o) ‘ 3 » 20.4 % efficiency

ZnTe:Cu
Lych ¥
CdS/CdTe P = 10-100 Torr CdTe crystals
T - 800°C in perforated ampoule

)i+ evnits voer

—— (0 NSatION
Image from Rommel Noufi 600°C
.~ ~Blbstrate .

Schematic from Bulent Basol




CdTe: Industrial Status

First Solar is the leader. It takes them 2.5 hours to make a 13.4 % module.

Manufacturing Capacity 2,732MW

2,236MW
1,502MW
1,228MW
716MW
308MW
100MW
2V -

2005 2006 2007 2008 2009 2010 2011* 2012*

The energy payback time is 0.8 years.

www.firstsolar.com; greentech media

Average Manufacturing Cost
2006: $1.40/watt
2007: $1.23/watt
2008: $1.08/watt
2009: $0.87/watt
2010: $0.77/watt
2011: $0.74/watt
2012: $0.64/watt
2013: $0.53/watt

28



Sources of energy loss
\ Thermalization of

Efficiency limits A
ANAN ,\/\/\/\/_'Below band gap

photons not absorbed

40 | ® VB
(b) /
B O
BIack:bocjy limit
o / : GaAs
g 20— InP
= Cu(ln,Ga)(S,Se),
| , CulnSe, | CdTe _ AM1.5
/e Cu(ln,Ga)(S,Se), ol Sa'ls““ I
s uin
10 AMO Cu,S CSGaSeZ -
| |
0.5 1.0 15 2.0 2.5
| Bandg Jp (eV)
Increasing Vo and decreasing J¢. -




There are lots of 3 Generation
ideas to beat the Shockley-
Quiesser limit, but only one that
works.



B8 Multijunctions: The Road to
igher Efficiencies

G(Q\.\p

Higher-efficiency MJ cells require new materials that
divide the solar spectrum equally to provide current match

Ge provides lattice match but the bandgap is too small

| GalnP | GalnP
ﬂ W\'\\:(> 1.8 eV 1.8 eV
| - GaAs | GaAs
| 1.4 eV

GalnNAs
1.0 eV

- New Solar

Energy (eV) "Conventional Junction
S MJ Cell MJ Cell

ISC2009 —Tokyo University, March 3, 2009 JSH 31

GE [
4 5 6 7 89



4-junction cell with 44.7 % efficiency at 297 suns

World record solar cell with 44.7% efficiency, made up of four solar subcells based
on llI-V compound semiconductors for use in concentrator photovoltaics.
©Fraunhofer ISE



Multijunction Cells are Very Expensive

Gag 59Ny 50P: Top Cell

Gag g9lng o1As: Middle Cell

Ge substrate: Bottom Cell

n+-Ga(ln)As
n-AllnP window NS
——— o@
n-GalnP emitter Q
«0
p-GalnP base
&
S
p-AlGainP BSF <
P Sy
e A
n-GalnP window oe\\
n-Ga(ln)As emitter ;¢
\21‘6
2 p-Ga(ln)As base G
5
<&
S
p-GainP BSF o/
po-TJ <
n*-TJ
av n-Ga(ln)As buffer 2\

-_e(‘

contgct

* These complex
structures are grown
very slowly under high
vacuum.

» 37 % cells can be
purchased for $50,000/
m2

» Concentrating the light
Is essential.

N\
%)
= y
and substrate / R.R. King; Spectrolab Inc., AVS 54th

International Symposium, Seattle 2007



Concentrating Light

It is possible to track the sun and concentrate the light by 500X

Mirror Coatings
-—20-40 mm——»

Dish Shape

PV Cell

Sol Focus



Hybrid Tandems Are Intended to be a High-
Performance Low-Cost Option
Efficiency 3

Cost

Organic Hybrid Epitaxial
12% efficient 30% efficient .
$30/m? $100/m? Crystalline

45 % efficient
‘_V $40,000/m?
Low Cost Defect-
Tolerant Technology:
Perovskite, Organic,
Nanowires or 1I-VI
E,~1.9eV

K.

Established
Technology:
Silicon or CIGS
E,~1.1eV




InP Nanowire Array Solar Cells
Achieving 13.8% Efficiency by
Exceeding the Ray Optics Limit

Jesper Wallentin,' Nicklas Anttu,’ Damir Asoli,” Maria Huffman,” Ingvar Z\berg,

2

Martin H. Magnusson,? Gerald Siefer,’ Peter Fuss-Kailuweit,’ Frank Dimroth,
Bernd Witzigmann,* H. Q. Xu,"® Lars Samuelson,’ Knut Deppert,’ Magnus T.

' I .

Borgstrom™

“E 25

é-’ -

£ 20 p=—

~ 15 - 1=13.8%

z | J,=246mAlcm’
S 10~ Vv =0779V

© L

| g 5[ FF=T724%
S ol o 1 o1
o - . O 0 1 1 1
pma,e 00 02 04 06
Voltage (V)

Surface recombination velocity = 170 cm/s

Science 339 (2013) p. 1057.



Stion, Khosla-Funded PV Startup, Hits 23.2%
Efficiency With Tandem CIGS

Greentech Media
February 24, 2014



‘Perovskite’ Describes a Crystal
Structure Class

Generic formula: ABX,

A B X
CH,NH,* G Pb2+6 G

CH,NH,PblI,

Methylammonium-lead-iodide




Perovskite Solar Cells are Soaring

mesop. TiO,
2-step solution MSSC, Al,O,
16 - deposition  15%__ GP’O ----- 15.9% solution-processed
14 - ! 15.4%
12 - ,é evaporated
3 o] thin film PIN
< 10 - !
5 4 0°
.U ””
E 6 - ”,'O’
s
2

2009 2010 2011 2012 2013 2014

Year
Snaith et al., En. Env Sci. Jan 2014

Snaith et al., Nature Sep 2013
Gratzel et al., Nature Jul 2013



Perovskite Solar Cells Evolved From
the Dye-Sensitized Solar Cell

RS TiO,/CH,NH,Pbl,

FTO

¥ o4

g 20

E 151 . 96.4mWcm

> J,, 20.0mAcm3

2 107 v ge3mv

s 5| FF 073

g PCE 15.0%

t ——-—-—-—-—-—-—-—-—-—-—-—-—E

3 ° ~

0.2 0.4 0.6 0.8 1.0
Voltage (V)

o
o



Current density (mA cm)

Perovskites Are Compatible With A
Planar P-I-N Architecture

25 T T T T T —
Vapour-deposited f
201 i | é
Solution-processed
15+ -
10+
Sensor 1 Sensor 2
51 S <
0
5L
Organic Inorganic
_1 0 source source

| 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1s2

Applied bias voltage (V) Spiro-g?\AeTAD
Jsc =21.5mA/ Perovskite
cm?2 Compact TiO,
Voc =1.07V FTO
FF =0.68
Glass

n =15.4%



Low Bandgap — q-V,_ Loss in Perovskite

Solar Cells
Material Bandgap (eV) g-Voc (eV) Energy loss (eV)
GaAs 1.43 1.12 0.31
Silicon 1.12 0.75 0.37
CIGS ~1.15 0.74 0.41
Perovskite
(CH,NH,Pbl,) 1.55 1.07 0.48
CdTe 1.49 0.90 0.59
a-Silicon 1.55 0.89 0.66

M. Green et al. Solar cell efficiency tables (version 42) July
2013



The traps are shallow

L

.

e . -
] < v

S
—

Transition Energy Level (eV)

(b)
L . . | ‘ {8 (0/14) (O/11) o1y (014 .(0/l+)
1Y |57
- 2-/3-) 1.0 - (Tm (1+/3+)
(1-/2-)
1-/2-
: Y o5
(0/1-) (1-12-)
| — 0.0 -
= (0/1-
(0/1-) (0/1 ) — o o1y [}
I MA_ Vor Vo Lo, Lo MA Pb  V Pbi MA, Pb,

Yanfa Yan et al., Appl. Phys. Lett. 104 (2014) 63903.



The Perovskite is a Strongly-Absorbing

Direct Band GaE Semiconductor
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The Perovskite Bandgap can be tuned by
Chemical Substitution

The band gap can be tuned from 1.57 eV to 2.23 €V by
substituting bromine for iodine in CH;NH;Pb(Br.l,_,);
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Eva Unger



Hybrid Tandem Architectures

Glass

Transparent Electrode

Top Cell Transparent Electrode
Transparent Electrode Top Cell
Transparent Electrode Tunnel Junction/ Recomb Layer
Bottom Cell Bottom Cell
Rear Contact Rear Contact
4 Terminal 2 Terminal
« Easier prototyping « Fewer layers that parasitically
* No current matching required absorb
* No tunnel junction or * Module fabrication easier

recombination layer required



Our Semitransparent Perovskite Cells

= Perovskite with transparent electrode

.5 4 ==Perovskite with opaque electrode

r]semi-tran::,paren’( = 10.4%
-10 - nopaque = 12.3%
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Colin Bailie, Grey Christoforo
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Preliminary Cost Estimates

_ Today’ s Silicon Silicon-Perovskite

Efficiency 19.4 % 25 %
Cost/Area $153/m? S167/m?
Cost/Watt S0.79/W S0.67/W

Expected improvements in silicon technology will take the cost
below $0.5/W!



Conclusions

Conventional silicon leads the solar cell race, but
will not take us where we need to go.

Several technologies could take over in the next 10
years.

We are still discovering new materials with
substantially better properties.

| think multijunction solar cells will be thin, light,
cheap and > 30 % efficient.



Final thoughts

We have to solve the energy problem.

Any technology that has good potential to cut carbon
emissions by > 10 % needs to be explored
aggressively.

Researchers should not be deterred by the struggles
some companies are having.

Someone needs to invest in scaling up promising
solar cell technologies.



