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Areas of Focus 
Infrared 

• EPIR: Infrared Material and Sensor Fabrication 
• Episensors: Infrared Cameras 

Research & Development 
• Quantum Optics 
• Radiation Detectors 
• Type II Superlattices 
• Colloidal Quantum Dots 

Solar 
Episolar 
• Solar PV Sales and Manufacturing 
• R&D for Flexible, High-Efficiency PV 

Community Service 
• InSPIRE 
• STEM-focused education and training 

initiatives 
• Outreach to underserved communities 

Medical 
• Biological Sensors 
• Neuroscience 
• Medical Imaging 
• Social Medicine 
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Global Outreach 
R&D Training Solar Energy Workshops in Sri Establishing Sri Lanka as a 

Exchange Program Lanka and Morocco Global Renewable Energy Hub 
and Internships in the Indian Ocean 

India, China, Morocco, Sri Lanka 

Solar PV installations donated to 
Universities 

Passion to mentor and motivate interest in science, technology, engineering and 
mathematics among underrepresented communities across the world 
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 Fundamental Research and Novel Ideas 
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 Advanced Material Research and Prototyping 
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 Integrated Sensor Intelligence 
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Integrated Modeling Capabilities 
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Physical Structure 
Design, molecular dynamics 

Electronic Structure 
K.p envelope function, 

pseudopotential, ab initio 

Phonon Structure 
Rigid ion, adiabatic bond charge 

Radiative and Non-
Radiative 

Recombination 
and Generation 

Adaptive mesh Monte Carlo, 
photon recycling via Boltzmann 

equations 

Transport 
Drift diffusion/Poisson, Monte 

Carlo, Keldysh 
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Investments/Spin-offs 

• High-efficiency CdTe • Low-cost, • Infrared Materials • High-speed imaging 
• Focal Plane Arrays • Thin-Film Solar Panels high-performance • Compressive sensing 

• Next Generation cameras and 
Flexible Solar Panel imaging systems 
R&D 
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SWIR MWIR LWIR 

High Performance HgCdTe Sensors and Imagers 

EPIR’s HgTe material layers are the detectors in the SXS 
-SXS was fabricated with NASA Goddard team 
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MBE Growth of CdTe and Its Alloys 
•Bandgap engineering 
•In situ doping control 
•Precise film thickness 
•Low T -> little diffusion 
•Low maintenance cost 

• Non-volatile sources 
• Low vapor pressures 
• Non-flammable 

•Low downtime 
•High throughput 
•Scalable for low cost 
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II-VI MBE Thin Film Growth – Key EPIR Technology 
for IR and Multijunction Solar Cell Materials 
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Arsenic Incorporation and Activation in HgCdTe 
Low temperature annealing 

Arsenic concentration: 1018 cm-3 

Density of native point defects during annealing, after Berding et al, J Electr. Mat. 27 (1998) 

Berding et al, J Electr. Mat. 27 (1998) 

Co-evaporation (cracked and non-cracked As) 
• As2 and As4 - neutral 

Arsenic incorporation in MBE grown Hg1−xCdxTe; Grein, C.H., Garland, 
J.W., Sivananthan, S.; Journal of Electron Mater 28, 789 (1999) 

Evidence that arsenic is incorporated as As4 molecules in the molecular beam 
epitaxial growth of Hg1−xCdxTe:As; J. W. Garland, C. H. Grein, B. Yang, P. S. 
Wijewarnasuriya, F. Aqariden, and S. Sivananthan Appl. Phys. Lett. 74, 1975 (1999) 

Cd2As3 
• Forcing As into the Te lattice 
• May not require annealing 

L.H. Zhang, S.D. Pearson, W. Tong, B.K. Wagner, J.D. Benson and C.J. 
Summers, J. Electron. Mater., 27, 600 (1998) 

Planar (Delta) Doping 
• Activation 85% 
• Doping concentration 1x1017 cm-3 

P.S. Wijewarnasuriya, F. Aqariden, C.H. Grein, J.P. Faurie and S. 
Sivananthan, J. Cryst. Growth, 175/176, 647 (1997) 

F. Aqariden, P.S. Wijewarnasuriya, S. Rujirawat and S. 
Sivananthan, Mat. Res. Soc. Symp. Proceeding 450, 251 (1997) 
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Results of Arsenic Doping of HgCdTe 
MCT00128	 CdZnTe substrate MCT00128	 CdZnTe substrate 
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Arsenic activation in molecular beam epitaxy grown, in situ doped HgCdTe(211); Gui et al.: QMSA study of p-type HgCdTe 
J. Appl. Phys., Vol. 84, No. 8, 15 October 1998 P. Boieriu, C. H. Grein, H. S. Jung, and J. Garland; Appl. Phys. Lett. 86, 212106 (2005) 
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In-situ As doping of CdTe/Si Grown via MBE 

• Developing novel MBE growth recipes for high activation 
and incorporation of in-situ As in single crystal CdTe/Si 

• Dedicated MBE chamber for material growth specific to 
CdTe solar applications 

• Consistently achieve FWHM of ~75 arcsec for CdTe/Si 
using refined 3-cycle spike anneal recipe 

• Target goal of 50% CdTe activation at concentrations of 
2 x 1016 cm-3 by end of year 
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  Advanced MD Modeling of CdTe Deposition Processes 
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2009-2011 EPIR PolyCdTe Project 
• Goal: Improve cell efficiencies by means conducive to

low cost manufacturing 
– Improve device efficiency on commercial TCOs 

• Optimize CdS material quality and SnO2 buffer layer 
• Maintain repeatability 

Designe
buil

in-hous
syste

I
Fab

E
d and 
t 
e CSS 
m 

nitial 
rication 

ff 12.0%  13.0%  14.0%

C

Implem

15.0% 

RA

entation of

15.3% 

DA 

Buffer Layer 

March June Sept Dec March June Sept Dec March June Sept Dec 

Sivananthan Laboratories, Inc. Proprietary Information 

17 



   

    
 

  
 

 

 
 

 

EPIR Efficiencies above 15% 

NREL verified I-V parameters 

η = 15.33 % 

Month of 
Verification η 

Voc 
(mV) 

Jsc 
(mA/cm2) FF 

Jul-2010 12.02 % 802 21.97 68.19 % 

Dec-2010 15.21 % 815 24.03 77.64 % 

Apr-2011 15.08 % 829 23.87 76.16 % 

Apr-2011 15.33 % 834 24.47 75.16 % 

• Achieved above 15% efficiencies with Voc between 820 - 835 mV, 
Jsc approximately 24 mA and FF between 75 - 78% 

Among the highest CdS/CdTe solar cell efficiencies on 
commercial TCO substrates in 2011 
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Performance Distribution 
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Fill Factor 

• Hundreds of devices processed between July 2010 and 
August 2011 

• Mean efficiency > 14.4% (std dev of 0.6 percentage points) 
• Mean FF > 73% 
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Polycrystalline CdTe Solar Cells Architectures 

22.1% (First Solar, 2016) 

11.0% (NREL, 2010) 
13.6% (EMPA, 2013) 

~10 W/Kg 

~100-200 W/Kg 
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II-VI 2- and 3-Junction Single Crystal Solar Cells 

Two-junction CdZnTe/Si solar cell Three-junction CdZnTe/CdTe/Si solar cell 
Projected optimal production-line efficiency ~38% Projected optimal production-line efficiency ~42% 
Projected large-scale production cost < $1/cm2 Projected large-scale production cost < $1.50/cm2 

Inverted II-VI four-junction production-line efficiency → 50% 
21 
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Patented Solar Technology 

Tunnel Heterojunctions in Group 
IV/Group II-VI Multijunction Solar 
Cells 

MBE Growth Technique for 
Inverted Multijunction Solar Cells 

Device for 
Measuring 
Leakage Currents 

High-efficiency 
Multijunction II-VI Solar 
Cells 

Tunnel Homojunctions in Group 
IV/Group II-VI Multijunction Solar 
Cells 22 
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Summary 
• Voc values must be increased to obtain highest efficiencies 
• Increase p-doping of CdTe with long carrier lifetimes 
• Long-term module longevity increases with doping reliability 
• Higher doping yield improved contacts 
• Atomistic modeling of co-evaporation of dopants, grain/crystal 

growth and annealing is mandatory 
• Sivananthan Laboratories and its affiliates have extensive expertise 

in incorporation and activation of Gr V dopants in II-VI materials 
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