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Part I:  Introduction & (PbSe) CQDs
• General introduction to CQDs

• Why PbSe CQDs?

• My PhD work, including the most efficient PbSe cell fabricated >8%

Part II: Other works from the CQD group
• Lead sulphide QD solar cells >10%

• Non-toxic materials: copper indium sulphide (CIS), silver bismuth 
sulphide (AgBiS2) nanoparticle solar cells

• Other materials we can provide

Content



NREL chart

CsPbI3 perovskite QDs: 13.4%

PbS QDs: 12%



What Are Colloidal Quantum Dots?

1 nm = one billionth of a metre

5 nm PbSe QDs

“Colloids”- Dispersed particles in a solution

*CQDs are extremely small

QD colloids



Scaling law of materials

Weidman et.al. ACS Nano, 2014, 8 (6), pp 6363–6371 

Low temperature  High Quality Materials

http://www.sigmaaldrich.com/technical-documents/articles/materials-
science/nanomaterials/quantum-dots.html



Quantum Confinement Effect

Semonin et.al., Mater. Today 2012, 15, 508
Wang et.al., Nature Photonics 5, 480–484 (2011)

Brus equation: 

*Band gap of QD is highly tunable



Surface to Volume Ratio

Weidman et.al. ACS Nano, 2014, 8 (6), pp 6363–6371 

Yang et.al. J. Mater. Chem. C, 2013,1, 4052-4069 

*The properties of QDs can be dominated by the surface conditions



How do we synthesise QDs here?

Precursor 1

Precursor 2

Vacuum / inert gas

Temperature 
controller

Thermocoupl
e

Heater / 
Stirrer



How do we know?

Dark One UV torch Two UV torches

TEM image

HR TEMCsPbBr3 QDs



• Metal chalcogenide QDs
 PbS, PbSe, PbTe

 CdS, CdSe, CdTe

 ZnS etc……

• Perovskite QDs

 Cesium lead halides: CsPbX3 (X = Cl, Br, I or mixed)

• Low-toxicity NPs:

 Silver bismuth sulfide (AgBiS2)

 Copper indium sulfide (CuInS2)

• Oxide NPs:

 ZnO, TiO2, SiO2 etc.

Materials we make here



Why Lead Selenide (PbSe) QDs?

Multiple Exciton Generation

Beard et.al., Nano Lett., 2010



Why Lead Selenide (PbSe) QDs?

Beard et.al., Acc. Chem. Res., 2013

Semonin et.al., Science, 2011

Davis et.al., Nat Comm., 2015

*MEG is more efficient in PbSe nanoparticles

PbSe solar cells with EQE > 100%



• Problems with air-stability of thin films
 Air-stability

 Hot carrier lifetime

 The Journal of Physical Chemistry C 119, 24149 (2015)

• Problems with PbSe QD cell surface recombination
 With perovskite nanoparticles

 Devices suppressed previous highest PCE, to 7.2%

 Advanced Energy Materials. 2016, 1601773

• Problems with PbSe QD surface
 More robust QD surface passivation

 Updated highest PCE for PbSe cell again, to 8.2%

 Advanced Materials. 2017, 1703214

Works on PbSe QDs



Oxidation problem of PbSe QDs

Bae et.al., J. Am. Chem. Soc., 2012
Zhang et.al., J. Phys. Chem. C., 2015



Ligands exchange of PbSe QDs

Palmstrom et.al., Nanosclae, 2015

Tang et.al., Adv. Mat., 2012

*Carrier transfer improves

Oleate ligands



PbSe QDs: Air-stability and ligands

Zhang et.al., J. Phys. Chem. C., 2015

EDT



PbSe QDs: Hot carrier effect and ligands

Zhilong Zhang, Jianfeng Yang, Xiaoming Wen, Lin Yuan, Santosh 
Shrestha, John A. Stride, Gavin J. Conibeer, Robert J. Patterson and 
Shujuan Huang. Efect of Halide Treatments on PbSe Quantum Dot Thin 
Films: Stability, Hot Carrier Lifetime and Application to Photovoltaics. The 
Journal of Physical Chemistry C 119, 24149 (2015).



PbSe QD solar cells

Zhang et.al., Nano Lett., 2014

Kim et.al., ACS Nano, 2015

CdSe QDs + PbCl2  Air-stable PbSe QDs (Cd, Cl passivated)

6.2% in 2014

6.5% in 2015



PbSe QD solar cells – Dip coating

QDs
Ligan

d

Wash



PbSe QD solar cells

Voznyy et.al., ACS Nano, 2012

N-type

I-type

P-type



PbSe QD solar cells: CsPbBr3

Zhang et al., Adv. Energy Mat., 2016

Surface recombination here

*Previous highest PCE reported: 6.5%

7.2%



PbSe QD solar cells: CsPbBr3

Zhang et al., Adv. Energy Mat., 2016



PbSe QD solar cells: CsPbBr3

Zhang et al., Adv. Energy Mat., 2016

*Red photons have longer 
penetration length

Fluorescence image of 
CsPbBr3 QDs



PbSe QD solar cells: CsPbBr3

Electron-blocking effect? Conclusion:

• With CsPbBr3 back layer PCE improved

• Highest PCE 7.2%, best reported at the time

• Some kind of surface passivation?

6.5% in 2015 7.2% in 2016



Ion Exchange between Perovskite NPs

Akkerman et.al., ‎. Am. Chem. Soc., 2015

• Halogens are flexible in perovskite NCs

• Hybrid halide perovskite NCs formed upon 
mixing (room temperature)

Scaling law of NPs 



Does this happen between PbSe and perovskite QDs?

Zhang et.al., Adv. Mat., 2017



Ion Exchange between PbSe QDs and Perovskite NPs

CsPbBr3  CsPbClxBr3-x

PbSe (Cl)  PbSe (Cl+Br) Zhang et.al., Adv. Mat., 2017



Ion Exchange between PbSe QDs and Perovskite NPs

Zhang et.al., Adv. Mat., 2017

CsPbI3  Degraded products

PbSe (Cl)  PbSe (Cl+I)

*CsPbI3 cannot be converted 

to CsPbCl3 directly

Akkerman et.al., ‎. Am. Chem. Soc., 2015



Ion Exchange between PbSe QDs and Perovskite NPs

Purification:

1. Intentional degradation of perovskite NPs 
(by adding polar solvents)

2.  Well-dispersed PbSe QDs are separated 
from the degraded products (powder)

 

*Indication of # defects in the QDs

*Measured using integrating sphere

PLQY of PbSe QDs

Zhang et.al., Adv. Mat., 2017



Ion Exchange between PbSe QDs and Perovskite NPs

Now solar cells:

Zhang et.al., Adv. Mat., 2017

• Highest PCE 8.2%

• Previously 7.2%



Ion Exchange between PbSe QDs and Perovskite NPs

Air-stability:

Zhang et.al., Adv. Mat., 2017



Ion Exchange between PbSe QDs and Perovskite NPs

Zhang et.al., Adv. Mat., 2017

• Highly reproducible

• Voc consistently higher



Ion Exchange between PbSe QDs and Perovskite NPs

Pristine QDs                     CsPbBr3 treated QDs

• Suppressed “red” signal from TA indicates 
less surface defect states

• Improvements arise from better QD 
surface passivation

Zhang et.al., Adv. Mat., 2017

Tyagi et.al., ‎. Chem. Phys. 094706, 2011



Ion Exchange between PbSe QDs and Perovskite NPs

7.2% in 2016 8.2% in 2017

PbSe QD solar cells reported in literature:



Other works from the CQD group

• PbS QD solar cells

 Improved CdS layer as electron layer

 Ag doping in hole transport layer

 One-step deposition

 QD/QD, QD/perovskite tandems 

• Perovskite QD devices

• Low-toxicity materials:

 Silver bismuth sulfide (AgBiS2) NP solar cells

 CuInS2 NP solar cells



Improved CdS electron-transport layer: sol-gel deposition



Improved CdS electron-transport layer

Conclusion: 
(1)Performance optimized through annealing 

time
(2)Performance comparable to those with TiO2 

or ZnO
(3)Suitable for spray, dip-coating etc. for other 

cell types e.g. Cu(In,Ga)Se2, 
Cu2ZnSn(S,Se)4 and CdTe



Contents soon to be 
published



Silver bismuth sulfide (AgBiS2) NP solar cells

Bernechea et.al., Nature Photonics, 10.1038/NPHOTON.2016.108



Silver bismuth sulfide (AgBiS2) NP solar cells

Manuscript in preparation



Conclusion

• We can synthesise CQDs here and fabricate device

• Simple and scalable solution-processes for low cost cells

• PbSe QD cell 8.2%, highest reported to date

• PbS QD cell >10%

• Low-toxicity AgBiS2 NP cells ~5%

• We definitely can fabricate high efficiency CQD devices

• We are happy to provide QDs and NPs



Thank you very much!
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