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CAN WE UNDERSTAND SURFACE TRAPS IN COLLOIDAL 
NANOCRYSTALS AND HOW TO HEAL THEM ?

Ivan Infante



VISTA Seminar Online    21-01-20212

iCab 

Genova, Italy 

Nanochemistry Department 
(Manna Group)

Modelling since 2018
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Salt
Rock-Salt 

Macroscopic Crystal

Solution Processable

Nanocrystal

What are Colloidal Nanocrystals ?
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II IV VI

CdS, CdSe, CdTe, PbS, PbSe 
(Semiconductors) CsPbBr3
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Photovoltaics Bio-imaging
Commercial Si PV: ~ 15%

16.6 %

QLED (TV DISPLAYS)
IR Photodetectors

24.2%
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Calculations on CdSe Nanocrystals

Many works by Prezhdo, Kilina, Tretiak, etc.

Became a Standard

Too small (approx. 1nm)

Too flexible

Not Scalable with Size
Became a Standard

Insights on Electronic Structure 

Easy to calculate: MD of about 10ps
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Disadvantages of Colloidal Nanocrystals ?

Organic Molecules

Organometallic Molecules
Stoichiometry 

how many Cd or Se ?

Ligands 
where ? how 

many ?

Surface  
what shape ?

Colloidal Nanocrystals 
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SHAPE SIZE

Transmission Electron Microscopy (TEM)
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ELEMENTAL ANALYSIS

Cation excess compensated by Ligands

NMR

XPS, ICP

Ligands (Un)Bound to the Surface

Ligand Density at the Surface

Type of Ligands 
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Cd Se Br

CdSe

2.4 nm

Cd:Se = 1.2

PbS

Pb S Br

2.5 nm

Pb:S = 1.65

CsPbBr3

Cs Pb Br

2.5 nm
Cs:Pb = 1.75
Br:Pb = 3.75
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Se-(111)Se-(111) Cd-
(100)

Cd-
(111)

Se

Cd

Cl

Cd68Se55Cl26

1.8 nm
Cd:Se =1.2  

Energy

1Se

1Pe

1Pe

1Pe

Cl core

Cd-3c Cd-4c
Se-3c Se-4c

HOMO

LUMO

1 2 3
Time (ps)

0 10.5
Time (ps)
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Scaling to Large Sizes

Ligands Attached as SMILES strings

Pre-optimization of ligands 

with core frozen

Export : PDB, xyz, mol2, etc.

CP2K input for DFT and MM calculation

All automated !!

Dummy positions

Compound Attachment Tool (CAT)
GitHub:  https://github.com/nlesc-nano/CAT

+ligands

Cd Se

Ligands

Core provided as input

https://github.com/nlesc-nano/CAT
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Classical Molecular Dynamics Simulations

Box size  
(90 Å x 90 Å x 90 Å) 

Number of 
Atoms  
20.000

Timescale 
1 microsecond

Ensemble 
NPT 

P = 1atm ; T = 298K

GitHub: https://github.com/nlesc-nano/auto-FOX

Interfaced to CP2K

User-Friendly

Stable

https://github.com/nlesc-nano/auto-FOX
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CdSe CsPbBr3

Test the Model on reference 
(small)systems (Structure, Density of 

States, Abs Spectrum)

Building a Realistic ModelExperiments

New Knowledge

Modify and Improving the Models 
according to a given Experiment 

(chemistry at the surface, coupling 
dots…)

Experiments

Experiments
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CdSe Zincblende

Cd 5s

Se 4p

CB

VB

CdSe 3.0 nm

Cd 5s

Se 4p

CB

VB

krad

ketrap

khtrap

knrad
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krad

ketrap

khtrap

knrad
PLQY =

krad

krad + knrad + ketrap
+ khtrap

PbS
PbSe ~ 50-60% Semonin et al., JPCL, 2010, 1, 2445

~ 10-50%CdSe
CdTe

Chakrabarty et al., J. Mat. Chem. C, 
2015, 3, 7561

PLQY TYPICAL NCs

What are the PL quenching 
mechanisms ?
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core Cd-2c Cd-3c Cd-4c

Se-2c Se-3c Se-4cCl

How do Trap States emerge in Colloidal Nanocrystals ?

Understanding the  Surface

Ligand Binding Types

Coordination Numbers

-6

-5

-4

-3

-2

En
er

gy
 (e

V)

HOMO

LUMO

- 1CdCl2 

+ reconstruction 

Hole Traps

- 2CdCl2 

+ reconstruction 

Hole Traps
X

X
M(II)

X

X
M(II)

Surface Chemistry
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Fixing Hole Traps CsPbBr3

krad

khtrap

knrad

CdTe

+ MXn

CdTe
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Electron Traps

krad

ketrap

knrad

DFT/PBE     AIMD  NVT 10ps
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krad

ketrap

khtrap

knrad

Interface between CP2k and PYXAID

Temperature Dependence

Role of Ligands

Numerically
Internal Engine to  
Compute Overlaps

LibInt Library

Role of Surface

What about NAMD ?
nano-QMflows

GitHub:  https://github.com/SCM-NV/nano-qmflows

Size Effect

Type of material

https://github.com/nlesc-nano/CAT
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NVE T = 300K 

3.0 nm / 1000 atoms
DFT/PBE
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Main Collaborators

Carlo Giansante (Universita’ del Salento, Lecce, IT)

Arjan Houtepen (TU Delft, NL)

Bas van Beek (VU Amsterdam, NL)

Felipe Zapata (eScience Center, NL)

Zeger Hens (University of Gent, BE)
Maksym Kovalenko (ETH Zurich, CH)

Experiments

Simon Boehme (VU Amsterdam, NL)

Liberato Manna (IIT Genova, IT)

Jonathan Owen (Columbia University, USA)

Francesco Zaccaria (IIT Genova, IT)

Juliette Zito (IIT Genova, IT)
Roberta Pascazio (IIT Genova, IT)


