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Greenhouse Gas Emissions for Climate Change

https://cfpub.epa.gov/ghgdata/inventoryexplorer/ 

https://cfpub.epa.gov/ghgdata/inventoryexplorer/
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2021 Use               20 TWy/y         
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https://ourworldindata.org/cheap-renewables-growth 

https://ourworldindata.org/cheap-renewables-growth
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1 Year The World 
Used Electricity

(~3x105 TWh/year)

~10 mins Solar Energy 
Received on Earth 

(1.5x1012 TWh/year)
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82% of greenhouse gas (GHG) come from 
non-renewable fossil fuels

NASA Solar Energy in US & Australia

9.834 million km2 7.688 million km²
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46.91 TWh

238.12 TWh 584.15 TWh



Future of  Solar Energy: Price

15
https://www.georgiapower.com/residential/billing-and-rate-plans/pricing-and-rate-plans/residential-service.htmlhttps://ourworldindata.org/grapher/solar-pv-prices-vs-cumulative-capacity?time=earliest..2022 

https://ourworldindata.org/grapher/solar-pv-prices-vs-cumulative-capacity?time=earliest..2022
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Valence Bandh

Solar Cell: Photovoltaic Effect 

17

Conduction Band

e

Bandgap, Eg

Photogeneration:
 Ephoton > Eg

                    Recombination

(1820-1891)

Since 1839

Semiconductors with suitable bandgap for light absorption, 
e.g., Si~1.1eV, CdTe~1.4 eV, Perovskite Halides  ~ 1.5 eV

CdTe

Semiconductors



Sillicon Solar Cells
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1954 2024

p-n junction



Si vs Thin film Solar Cells
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Si solar cells and module manufacturing 2-3 days (~150 m)

FTO Glass
Absorber 

Deposition
Chemical 
treatment

Metal 
contact

Module System

CdTe Thin film solar cells and module manufacturing 2-3 hours (1-3 m)

Polysilicon Si Ingot Wafer Si Cell Module System
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Thin Film Photovoltaics (PV) Solar Cells

CsFAMAPbI3

Absorbers

Vacuum, V. 139, P, 159, 2017

CdTe



Solar Cell Efficiency Measurement:
Current-Voltage (I-V) Curve

21

(1 Sun in lab, 𝑃𝑖𝑛 =100 mW/cm2)

𝐹𝐹 =
𝑩𝒍𝒖𝒆 𝑨𝒓𝒆𝒂

𝑹𝒆𝒅 𝑨𝒓𝒆𝒂
=

𝑉𝑀𝑃𝑃 × 𝑗𝑀𝑃𝑃

𝑉𝑜𝑐 × 𝑗𝑠𝑐

Fill Factor (FF)

𝑃𝐶𝐸 =  (𝑉𝑜𝑐 × 𝑗𝑠𝑐 × 𝐹𝐹)/𝑃𝑖𝑛

Power conversion efficiency (PCE) 
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Shockley–Queisser Limit (SQL) for Efficiency 
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Si

Ge

CuInSe2

CdTe
GaAs

CuGaSe2

W. Shockley and H. J. Queisser, J. Appl. Phys., 1961, 32, 510–519.

Max power when absorb visible light (max Voc) and few traps (max Jsc)

Voc Jsc

CdTe

MAFAPbI3 (Perovskite)

Single Junction Solar Cell : Theoretical PCE ~ 32% @ 1.4 eV
M
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Cells

Current Champion status

Modules

Sb2Se3

Perovskite 
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CdTe

Perovskite

1% of  Efficiency improvement can reduce 5% cost of  Solar Cell
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CdTe Thin Film Solar Cells

26
Si: Indirect Bandgap CdTe: Direct Bandgap

550MW AC, Topaz Solar Farm, San Luis, CA, USA 
First Solar developed  (Area: 25 km2)

9M Modules, 160K Homes, 377K Tons CO2 displaced

Toxic

CdTe

Cadmium Telluride = “CadTel”



2727

2015, 22.1%

2024, 23.1%

2011, 17.1%
1992, 16% ~20 years (+1% increase)

~9 years (+1%)

1976, 8.9%

1988, 11.5%

~5 years
(+5%)

~5 years 
(+5%)~10 years

(+2%)

CdCl2 treatment & Cu Doping

Absorber

Back contact

Vapor growth Solution growth

Doping



Major Challenges in Polycrystalline CdTe Solar Cells

28
Burst etc, Nature Energy,1, 16055, 2016; Duenow, etc. APL, 105, 053903, 2014

Doped Poly-Crystalline 
 22.6% (2024)
Voc 898.9 mV

CdTe Poly-Crystlline 
1991 yrs ~15% 

Voc 850 mV

1400mV
S-Q limit

Mono-Crystalline  
17% 

Voc 1096 mV

Theory 
Limit
31%

?

Doping

• Open circuit Voltage: Voc



Doping in CdTe: Traditional Cu in Cd Site

29

Cu doping in Cd site: 
CuCl, Cu:ZnTe , etc as dopants sources

“In semiconductor production, doping is the intentional 

introduction of impurities into an intrinsic semiconductor for 

the purpose of modulating its electrical, optical, and structural 

properties.”--Wikipedia

CdTe

Cd

Group I

2Cu+Te = Cu2Te

Cu+ + VCd = (CuCd)- + h+

Defect: CuCd

https://en.wikipedia.org/wiki/Semiconductor
https://en.wikipedia.org/wiki/Intrinsic_semiconductor


Cu doping Challenges in CdTe Device

• 1. Fast Cu diffusion rate leads to the fast degradation of 
device performance
• Stability issue: Efficiency degradates 20% in 25 years. 

• 2.  Cu doping has a low carrier lifetime and carrier 
concentration. 
• Cu associated accepters are difficult to activate (less than 1%).

• Low Voc ~870mV in solar module

30

How to improve the module lifetime beyond 25 years?

How to improve the Voc beyond 900 mV of polycrystal CdTe?

Peters et al., Joule 5, 1–17. 2021



CdTe

Doping in CdTe: Group V in Te site

31

Defect formation energy is based on 
the local chemistry environment in CdTe

Group V

e.g., As3- + VTe = (AsTe)- + h+

Defect: AsTe



Approaches to Do Group V Doping in CdTe

32

In situ doping
During CdTe deposition

Ex situ doping
Post CdTe deposition

vs

Pros:
• Higher dopant concentration 
• Better control of distribution
Cons:
• Low activation ratio ~1%
• Possible dopant segregation

Pros:
• Higher activation ratio ~5%
• Less dopant segregation
Cons:
• Lower dopant concentration 
• Fixed distribution

Dopant



Ex-situ Group V Doped CdTe Solar Cells
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Yan, etc. Nat Energy 6, 715–722 (2021)



As Dopants Distribution in CdTe: Nanoscale

3434

Yan, etc. Nat Energy 6, 715–722 (2021)

First, As ions diffuse along the grain 
boundaries (GBs)

Then, As ions diffuse from GBs to grain 
interiors (GIs)

Second ion mass spectroscopy (SIMS) Mapping
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As Doping Depth Profile: Macroscale

• As diffused from back side to the front end, similar to the Cu doping

• Desired doping depth profile was achieved at the back surface.
Yan, etc. Nat Energy 6, 715–722 (2021)

As in Te site Cu in Cd site

SIMS Depth Profile:



As Chemical States in the CdTe 

36Yan, etc. Nat Energy 6, 715–722 (2021)

X-ray photoelectron spectroscopy (XPS) suggests Potential Doping Redox: 

xAs3+Cl3 +Cd2+Te2- +2e- = Cd(As3-
xTe2-

1-x) +xTe2+Cl2



As doped CdTe Device Performance

• AsCl3 Improved Voc to ~863mV 
vs. 852 mV of CuCl solution 
doped process. 

37Yan, etc. Nat Energy 6, 715–722 (2021)

• Carrier lifetime ~22 ns.   

Wavelength (nm)
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As doped CdTe : Dopant Activation Ratio

Activation ratio = Carrier concentration/ Incorporated dopants 
                                             2.51x1015 cm-3/4.27x1016 cm-3    ~  5.88%

4.27x1016 cm-3 

Capacitance-voltage SIMS



Future of  CdTe Thin film Solar Cell: Efficiency

39

1.0

PCE~26%

PEC 
23.1%

8 years

20 years

https://www.nrel.gov/pv/interactive-cell-efficiency.html Submitted to Joule, In revision, 2024. 

(PCE >20%)



Future of  CdTe Thin film Solar Cell: Materials

40

1.0

PCE~26%

PEC 20%

Doping, etc 

Efficiency roadmap

However, the Cd toxicity and Te earth scarcity are 

the still the major challenges limit the CdTe technique 
compared to the Si solar module 
(e.g., All the Te in the earth can be used up in 20 years)

New Low toxicity and Earth abundant 
light absorbers 
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Absorbers



https://en.wikipedia.org/wiki/Abundance_of_elements_in_Earth's_crust
#/media/File:Elemental_abundances.svg

CdTe vs. Sb2Se3

Earth Abundance and Less-toxic Sb2Se3

42

https://en.wikipedia.org/wiki/Abundance_of_elements_in_Earth's_crust#/media/File:Elemental_abundances.svg


Similarity to CdTe: Phase Diagram of  Sb2Se3

• Phase diagram CdTe Sb2Se3

• Both are the only stable compounds.
• Low energy consumption for manufacturing

CdTe

Sb2Se3

Power of 
Role Model

43



Similarity to CdTe: Tunable Bandgap of  Sb2Se3

• Tunable Bandgap via alloying/compounding

CdTe-CdSe Sb2Se3-Sb2S3

1.34 eV

Sb2(S1-xSex)3
Sb2S3 Sb2Se3CdTe CdSe

1.34 eV

44



Unique Crystal Structure of  Sb2Se3:1D-like Structure

45

F. Yan, et al. Solar RRL 2, 1800128 (2018)

• Tunable photoexcited carrier transport

CdTe

3D carrier Transport

Orthorhombic
Orth
Or    

• Isotropic growth
• Grain boundaries passivation 

needed

Sb2Se3 

1D carrier transport



Earth Abundant Sb2Se3 Thin Film Solar Cells

• Nontoxic Sb vs. toxic Cd; Earth abundant Se vs.  Rare Te

• Low cost ; High efficiency (theoretical 31% PCE)

• High absorption coefficient (~105 cm-1); 

• Desired bandgap (1.2 eV), Intrinsic P-type semiconductor

• Anisotropic Orthorhombic structure with ribbons (Sb4Se6)n

46

Sb2Se3

Can we make Sb2Se3 solar cell like CdTe technology?

Sb2Se3



Sb2Se3 Thin Film Vapor Deposition Challenges

47Yan, etc, Solar RRL 2, 1800128 (2018)

Close spaced sublimation (CSS)
(Physical Vapor Deposition) Challenges for thin film growth of Sb2Se3 due to its noncubic structure.
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Tune the Sb2Se3 Thin Film Deposition Conditions 

• Substrate temperature significantly impact the 1D nanoribbons orientation
• Thickness sensitive to the nanoribbon's orientation

Yan, etc, Solar RRL 2, 1800128 (2018)



Sb2Se3 Device Performance

49

F. Yan, etc, Solar RRL, 2019, 2020, 2021, 2022, 2023, 2024
F. Yan, et al. Solar RRL 2, 1800128 (2018)

• Ribbons dependent device performance, i.e., normal to substrate 
• Decent efficiency, 8%, as grown without doping, and other treatment.

4.2%
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Future of  Sb2Se3 Thin film Solar Cell

50

• Materials Engineering
• Device Engineering
• Bandgap Engineering
• Defect Engineering
• New Device Architecture Sb2Se3

New technologies to improve the Solar 
Cell Device Performance? 

Defects control for the VSe, VSb, and 
antisites

Sb2Se3

25%

？>10%

Adv. Mater. 2022, 34, 2202969
Joule 8, 2105–2122, July 17, 2024
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Perovskite Thin Film Solar Cells

• Magic efficiency improvement from 3% to 26% in 10 years.
Sourece: https://research.csiro.au/printedpv/perovskite/ 

3.8%

26.5%

2008

Formamidinium (NH2CH = NH2
+ or FA)

Methylammonium (CH3NH3
+ or MA)

Organic-Inorganic Hybrid Perovskite Structure

52

https://research.csiro.au/printedpv/perovskite/


Metal-Electrode Based Perovskite Solar Cells

53

Organic-Inorganic Perovskite solar cell Issues:

• Ambient instability (i..e, Heat, Moisture, UV light, Oxygen sensitivity)
• High-cost manufacturing (e.g, .Noble Au electrode~$60/g, and organic hole 

transport layer)

InfoMat. 2020; 2: 1034

Day 0

Day 1

Day 2

Day 3

20 C, RH~50%
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Nat Commun 12, 1878 (2021)

J. Mater. Chem. A, 2015, 3, 12436-12442

Vapor Deposition Approach

Synthesis of  Perovskite Solar Cells

Solution Approach in Air

Gas quench or Vaccum

Blade or Slot Die 



Carbon-electrode Based Perovskite Solar Cells

55

Our Perovskite thin film solar cells research focus
• Low-cost Carbon electrode ($0.006/g,  1/100000 cost of the Au) e.g., Carbon soot, coal
• Water hydrophobic 
Carbon issue
• Traditional Carbon paste issue is that high resistive with polymer binder

Carbon electrode
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Carbon-electrode Perovskite Solar Cells 
for Space Application

56
Yan, etc. Materials Today Physics, 2020, 13, 100204, 2020

SpaceX CRS-25 Launch

MISS-16 Task 

• Launch from Kennedy Space Center on LC-39A
• Date/time: 15 Jul 22 at 00:44 UTC 
• News Article: https://spacenews.com/spacex-launches-cargo-dragon-mission-to-iss/
• Photos: credit to NASA 

• High efficiency
• Ultralight
• Stable in space

https://spacenews.com/spacex-launches-cargo-dragon-mission-to-iss/
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Key Research Foci:
• Higher Efficiency
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• Cost-effectiveness
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CdTe
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