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GW Production with Dramatic.Efficiency.lmprovements
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CdTe efficiency increased from 17% to 22% in
Six years!



Module and Cell Efficiencies.for.Commercial PV
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Silicon Module Prices

Input Data Assumes No Tax Exemptions or Tariffs and 243 cm? Cells.

$1.6 $1_55 ’ —. January 22, 2016
Paolysilicon price reductions: g H..\BEHE
1.4 From $35/kg to $15/kg.
Metallization iImprovemeants,
including silver utilization:
it From 200 mg/eell to 110
$1,2 ma/cell. Process enginesring
g and economies-of-scale.
E 7% to 15% operating margin
Q $1.0
E 160 micron kerfless wafer.
o PERC call architecture. Process engineering and
= 10 to 50 mg of silver per cell. realization of single-junction
O %08 15% to 11% operating margin efficiency potential. Reduced
(] 50.55 margins as industry matures.
. N% to 10% operating margin
4 s0e > — $0.55
o — @
5 $0.39
N $0.4 I
$0.2
$0.0
2010 Benchmark 2015 Benchmark Kerfless Wafer and Better Long-Term
(14% Module Efficiency) (16%) Surface Passivation (18%) Potential (25%)

B Research and Development Plus Sales, General, and Administrative ™ Remaining Costs for Module Assembly
B Balance-of-Madule Materials B Remaining Costs for Cell Fabrication Metallization B Wafer Processing
B Silicon 4 Calculated Sustainable Price

http://www.nrel.gov/docs/fy160sti/65872.pdf
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CdTe Module Costs
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2015 U.S. Dollars per Wpe

$0.2

$0.1
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Cost Model Results for CdTe Module Manufacturing

Roadmap Assumes Efficiency Gains Are Realized With Reference Case Materials and Processes

$1.02
Tellurium price change from $220/kg
to $130/kg. Globalization of supply
chain and manufacturing. Process January 8, 2016
improvements and engineering. ﬁ N R E L
=40 to 2.5 um CdTe MRIFERAL TIREARELE § SRR LS
—17% to 15% Operating Margin

Improved carrier lifetimes, back
contact recombination barrier, and
better control of doping and internal
electric field profile. Low Fe glass. Impravad light transmission
—2.5to 1.5 pm CdTe through buffer layer.
=15% to 11% Margin Optimization of front and back
electrical contacts, Better grain
50-51 boundary passivation,
Master film uniformity issues,
". —15 to 1.0 ym CdTe
—11% to 10% Margin

2010 2015 (16%) 20% Efficiency Long-Term
(11% Module Efficiency) Potential (22%)
B Research and Development Plus Sales, General, and Administrative http://www.nrel.gov/docs/fy160sti/65872.pdf
® Depreciation for New Eguipment and Facilities (7- and 20-year straight line)
B Equipment and Facilities Maintenance B Direct Labor: Line Workers and Engineers Electricity

Buffer and Absorber Layer Materials (Te Price = $220/kg or $130/kg) ® Balance-of-Module Materials
# Calculated Minimum Sustainable Price with the Indicated Margins
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Energy Pay-Back Time for PV and CPV Systems

Different Technologies located in Catania, Sicily, Italy

Global Irrad.: 1925 kWh/m2/yr, Direct Normal Irrad.: 1794 KWh/m2/yr
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There Isn’t Enough Te on Earthl!
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2012 PV Materials Resource Availability and Production

Resource and Production Estimates for
Gallium, Indium, and Tellurium
{all data in metric tons)
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They Will Find More if the Price.is.Right

Hotional representation of a oritical element supply curve
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How Did We Get Here?
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Why Interfaces?

" |nterfaces are the next big problem in CdTe - they
become more important as the bulk improves

Interfaces and

contacts

MBE 20%

16%

11



What Happens When We Add Interface.Recombination?

a)S =100 cm/s b)S = 105 cm/s c) Difference
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Interface recombination is not critical when t and p are low

NATIONAL RENEWABLE ENERGY LABORATORY




Interfaces Limit Performance. with.Long Bulk Lifetime
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Device Processing

TCO options: MOCVD SnO,:F/SnO,,
sputtered CTO/ZTO, ITO

CdS: Chemical bath, sputtered CdS:O

CdTe: CSS 550 °C — 620 °C

CdCl,: CSS~400 °C

Back Contact:
Sputtered ZnTe:Cu/Ti (~320 °C)
Evaporated Cu/Au + heat treatment
Evaporated ZnTe:Cu/Au + heat treatment

38 mm x 38 mm pieces of flexible glass
14-16 % 14-16% JV - Photolithographic isolation
or apertures

 Four front contact stacks and three back contacts
yield good performance

* Processing temperatures > 600 °C and thermal
cycling during fabrication
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Electrical Measurements
JVTI - Interface recombination analysis

Numerical interface recombination analysis in thin film devices: (electrical JVTI) Li et al, Sol.Mat. 124, 143 (2014)
(optical) Kuciauskas et al, JAP 117, 185102 (2015)

Optical approach:

If interface lifetimes <1ns and PL emission is from

cdTe near-interface, interface properties with “spike”
band alignment can be analyzed from:
—— 1 1111
Sl [ . =,
=lol| - 2 [ T TR T Ts D
~lwn| o - [
28| 8 £ |
s O 3 2 o [ L_ 1 [T AE
= b — =7 A5 XP\ —7 = |»
g 14 O~ T s . T, Ly, V2mm P kgT
® 2 S=2600 cm/s |
g 4:9/9\/ — = aS.
CIGS
0.1, T T T T T T T T ol 1 TCzD
-0.8 -0.4 bias?.\g) 0.4 0.8 P - 4X% )
If interface lifetimes are >1ns, carriers
drift/diffuse from the interface. Optical methods This analysis requires good devices and
can be also applied to such graded absorbers knowledge of band alignment, Eg-grading, etc.
where Eg indicates depth. In non-Eg graded Therefore, standard —and much simpler —
samples, TCAD needs to used to model interface approach is to use double heterostructures

recombination effects on TRPL (CL, EBIC, ...) data



Example of a Student Project

CdS:0 — Optical bandgap CdS:0 — Valence band maximum
shifts with oxygen content shifts with oxygen content
3.8_| | | I I ‘.l 1‘ =\ | | | I i
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%0,/Ar in sputtering ambient Binding Energy (eV)

e CdS growth and materials characterization, device
fabrication and characterization

e Surface analysis, band offset measurements, correlation
to device performance and process-property
relationships
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Defect Mapping.and. Lifetimedviapping

Recombination at extended defects limits carrier lifetimes when dd is >10° cm?
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0 | —©— dislocation s
| | | | | | | T T T S
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Distance (um) Distance (um) @)
(%]
Zaunbrecher, Kuciauskas, Swartz, Dippo, Edirisooriya, <
Ogedengbe, Sohal, Hancock, LeBlanc, Jayathilaka, Barnes,
Myers; Impact of Extended Defects on Recombination in Kuciauskas, Wernsing, Jensen, Barnes, Myers,
CdTe Heterostructures Grown by MBE; APL, revision Bartels; Analysis of Recombination in CdTe

submitted heterostructures with time-resolved 2PE
microscopy; IEEE JPV, in press
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Atom Probe with Colorado School.of Mines

APT specimen,
As rich

APT specimen,
As poor

Clusters on
the nano-scale
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Opportunities for Students.and.Postdocs

* Work in a commercial technology that needs additional
fundamental knowledge to continue advancing

e Range of projects from foundational to highly applied
* Highly Collaborative, publishable, innovative

 Measurements, synthesis, device integration, solid state
theory, device modeling

* At least 6 months if you come to NREL

o Shorter term projects possible if we send material to
universities for unique measurements

e Can send samples out for unique characterization or
analysis techniques
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Two Photon TRPL Mapping

550C/1min 450C/20min

_ control ampoule
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MBE728: As-doped
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Efficiency Comparison of Technologies:
Best Lab Cells vs. Best Lab Modules

(X
o
o

® mono-5i, Cz n-type (144 cm? Cell)

» mono-5i, FZ n-type (Module)

» multi-5i, Block (243 cm? Cell)

Crystalline Silicon

multi-Si, Block (Module) 18.5

20.5

2016, 22.1%

= CI(G)S (1 cm? Cell)

» CI(G)S (Module)
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B CdTe (Module) é
» a-5i, triple (1 cm? Cell)
a-Si, triple (Module) | 10.9 |
Efficiency n [%] lIJ I5 1:0 1|5 IID 2I5 30
Data: Green et al_: Solar cell Efficiency Tables, (version 45), Progress in Pv: Research and Applications 2015. Graph: PSE AG 2015
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