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Quantum Dot-Sensitized Solar Cells 

QD-sensitized solar cell: Efficiency is low of ~14%, due to fast 
internal electron-hole re-combinations => Introduce hole-accepter 

Fast  
hole transfer  

from QD*  
to Ru-dye! 

QD 

Ru(II)-dye 

Our DFT predictions: J. Phys. Chem. C 2013, 117, 18216;  
J. Phys. Chem. Lett.  2014, 5, 3565; ACS Appl. Nano Mater. 2018, 7, 3174 
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Sykora	et	al.	J.	Am.	Chem.	Soc.	2006,	128,	9984	

Quantum dots for photo-catalysis 
2 pathways are possible for catalysis:  
①  Electron transfer from the photoexcited dye: Ru*(II) => Ru(III)  
②  Hole transfer from photoexcited QD: Ru(II) => Ru(III)  

hole transfer from 
QD* to Ru-dye! 



For solar energy conversion the 
direction and speed of charge 
transfer are the key factors to 
increase the efficiency of a 
device. 
 
 
 
 
 
 
 
 
 
 
 

 
 

Charge Transfer Prerequisites 

J. Appl. Phys. 110, 014314 (2011) 

•  The alignment of electronic 
states of the QD with respect 
to the dye is a preliminary 
condition determining the 
charge transfer mechanisms. 

•  QD-size, dye modifications,  
and QD-Dye interactions 
may change the mutual 
alignment of electronic states 
and the QD-dye couplings.    

+ QD-Dye electron   
   couplings 
+ electron-phonon  
   couplings  



Diameter ~ 1.5 nm 

Bulk		CdSe	=>	Cd33Se33							

Computational 
models 
Tools:  

•  DFT: Hybrid functionals PBE0 
•  Linear-response TD-DFT 
•  Non-adiabatic DFT-based 

dynamics + surface hopping 

Geometry and Dynamics:  
by VASP 
•  plane wave basis set;  
•  GGA functionals (PBE );   
•  Pseudo-potentials (PAW) 

Optical Spectra: GAUSSIAN (TD-DFT): 
•  Hybrid functionals (PBE1) 
•  Basis set: LANL2dz (QD)/6-31G*(ligand) 



 KS	orbitals	at	each	moment	t,	k=j	

Wavefunction in adiabatic (KS) basis  

Non-Adiabatic Dynamics: Time Dependent Kohn-Sham 
Kohn-Sham (KS) equations of motion:  

Evolution of wavefunction coefficients: 

S. Kilina et al, J. Phys. Chem, 111,  4871, 2007 

Hopping probability ~ nonadiabatic coupling 

Tully’s fewest switches hopping techniques 

Pkj (t,dt) = 

density matrix coefficient 

q

S0

S1

S2

in the region of the QD (shown as grey vertical lines in Fig. 2) is calculated as

Fi =

⇤

r�S
|⇥i(r)|2. (4)

Here S is the shell around the Cd and Se atoms that we define by comparing the magnitude

of the total electronic density ⌅̄(r) of the ligated QD when ligands are removed, to a specific

tolerance parameter ⇤ at each grid point r of the simulation cell:

S(r) =

�
0, ⌅̄n(r) < ⇤

1, ⌅̄n(r) � ⇤.
(5)

The tolerance parameter ⇤ characterizes the radius of the isosurface for a QD with cut

ligands, as illustrated in Fig. 1(c). Analogously, we defined the fraction of the partial charge

density localized on ligands, with the di�erence that S is constructed from the total charge

density of the ligated QD with removed QD, so that only ligands remain saving exactly the

same configuration as they had in the ligated QD.

The time-domain ab initio simulation of the electron-phonon relaxation dynamics is

based on the implementation53 of the fewest switching surface hopping (FSSH) technique64–66

within time-domain Kohn-Sham (TDKS) theory67 implemented within the VASP software.

In general, FSSH is an atomistic non-adiabatic molecular dynamics approach that satisfies

detailed balance66 and, therefore, can be used to study relaxation processes and decay to

thermodynamic equilibrium. The two components of the TDKS-FSSH methodology are

outlined below. Further details can be found in Refs.38,39,53

The electron density is written in the KS representation67 as

�(x, t) =
Ne⇥

p=1

|⇧p(x, t)|2 , (6)

where Ne is the number of electrons and the ⇧p(x, t) are single-electron KS orbitals. The

evolution of ⇧p(x, t) is determined by application of the time-dependent variational principle

to the expectation value of the KS density functional and leads to the system of coupled

equations of motion for the single-particle KS orbitals67

i~⌃⇧p(x, t)

⌃t
= H {⇧(x, t)}⇧p(x, t), p = 1, . . . , Ne. (7)

The equations are coupled, since the Hamiltonian H depends on the density, Eq. (6) and,

hence, all KS orbitals occupied by the Ne electrons. Expanding the time-dependent KS
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? 

orbitals ⌅p(x, t) in the adiabatic KS orbitals ⇤(x;R)

⌅p(x, t) =
Ne⌃

k

cpk(t)
⇤⇤⇤(x;R)

⇥
(8)

the TDKS equations (7) transforms to the equation of motion for the expansion coe⇥cients

i~ ⇧

⇧t
cpk(t) =

Ne⌃

m

cpm(t)
⌅
⇥m�km + dkm · Ṙ

⇧
. (9)

The adiabatic KS orbitals are obtained by solving the time-independent KS equations, which

are implemented in many computer codes. Here we use VASP61 and the same level of DFT

as was used for the geometry optimization.

The NA coupling

dkm · Ṙ = �i~
�
⇤(x;R)

⇤⇤⇥R

⇤⇤⇤(x;R)
⇥
· Ṙ = �i~

�
⇤
⇤⇤ ⇧
⇧t

⇤⇤⇤
⇥

(10)

arises from the dependence of the adiabatic KS orbitals on the phonon dynamics, and is

computed numerically according to the right-hand-side of Eq. (10).65 The prescription for

phonon dynamics R(t) constitutes the quantum-backreaction problem. In order to define

the backreaction, FSSH uses a stochastic algorithm that generates trajectory branching64

and detailed balance.66 Trajectory branching mimics the splitting of quantum mechanical

wavepackets describing phonons in correlation with di�erent electronic states. Detailed bal-

ance ensures that transitions up in energy are less likely than transitions down in energy by

the Boltzmann factor. It is essential for studying electron-phonon relaxation and achieving

thermodynamic equilibrium.

FSSH requires an electronic basis. Preferably, the basis is formed of adiabatic states.64–66

While the adiabatic forces for the ground- and excited-electronic states as well as the NA

coupling between them can be calculated in TDDFT,67 the NA coupling between excited

electronic states remains an open question. We use the zeroth-order adiabatic basis formed

of the adibatic KS orbitals. Compared to the original implementation of the TDKS-FSSH

method,53 we use a further approximation by going from the many-particle Slater determi-

nant basis to the single-particle representation. The FSSH simulation is performed separately

for electrons and holes in the basis of single-particle adiabatic KS orbitals. The single-particle

representation is appropriate for studies of QDs, since their electronic structure is well rep-

resented by the independent electron and hole picture. Quantum confinement e�ects in QDs
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S. Kilina and O. Prezhdo, ACS Nano, 2009 

  
non-adiaba3c	coupling:	
	

djk(R) = ��j(r, R)|⇤R|�k(r, R)⇥



Effect of Dye Binding Geometry on DOS of QD/N719 

ACS Appl.  
Nano Mater. 2018, 7, 3174–3185  

2O-C 

Eb= -0.5 eV  

Eb= -1.0 eV  

Eb= -0.9 eV  

Eb= -0.01 eV  
1S/1O-B 

1O-B 



Effect of Dye Binding Geometry  
On Charge Transfer Couplings  

Strongest	electron		
couplings	ó	fast		
QD*-to-dye	e-transfer	
and	e-recombina3on	

Weak et and re 
couplings 

provide better 
conditions for 
QD*-to-dye  

hole transfer!   

Constrained	DFT	(CDFT)	is	used	
for	the	electronic	couplings.	



Charge Transfer from QD to Black Dye  

Fast component ~10 fs  

Slow component ~100 fs  
     

Dr. Peng Cui 

Dr. Jabed  
Mohammed 

A hole is 
on a dye An electron 

is on a QD 

results from redistribution of  
    population between QD states   

results from 
QD-to-dye 
hole transfer 



Phonon Modes Coupled to Holes  

Coupling between ‘cooled’ 
holes and high frequency 
vibrations of the dye (N-C 

stretching), promotes 
ultrafast QD-to-dye hole 

transfer of ~10 fs. 

N-C stretching 

HOMO-2 

HOMO 
QD 



(PbCd)34Se68	(100)	
	symmetric 

Pb31Cd37Se68 (111)		
Cd-enriched 

Pb37Cd31Se68 (111)		
Pb-enriched 

              Janus PbSe|CdSe QDs: Structures 

Experiment: Nano Lett. 2017, 174, 2547-2553 

Dipole,	D	
(toluene)	

11.0	 26.8	(19.1)	 13.9	(13.1)	

Pb-Se,	Ang	
(toluene)	

2.90	 2.91	(2.95)	 2.96	(2.95)	

Cd-Se,	Ang	
(toluene)	

2.69	 2.74	(2.76)	 2.73	(2.73)	

Dr. Jabed  
Mohammed 

(former 
Grad. Stud) 



Pb-enriched 

Energy (eV) 

Pb-enriched 

Cd-enriched 

Janus PbSe|CdSe QDs: 
Absorption and 

Electronic Structure 

Jabed Mohammed 
(Former Grad. Stud) 



N719 Dye on Janus PbSe|CdSe QDs 
Pb-enriched in 
Acetonitrile  

Interface 
attachment 

Cd-site 
attachment 

Pb-site 
attachment 

Dye’s electron states are more 
affected by linking than holes. 

Dye’s holes are deep inside QD’s VB 
    and 
 
 
 
 
do not favor QD-to-dye hole transfer 



Pb-enriched 
Interface 

attachment of 
N719 

Solvent effect: N719 Dye on Janus QD 

Ben Geffree 
(undergrad) 

QD/Dye 

Dye’s 
states 

A nonpolar solvent 
destabilizes dye hole 
states moving them to 
the edge of  the QD VB.    



Solvent effect: N719 Dye on Janus QD 

Ru(II) 
Isothiocyanate 
Carboxyl 

Energy -Ef (eV) 

Pb-enriched QD/N719 Single COO-attachment  

Double COO-attachment  
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Absorption Bands: N719 Dye on Janus QD 
A nonpolar 
solvent 
redshifts 
spectra and 
results in 
CT states. 



Ø  Electronic structure of Janus QDs is 
adjustable by dye’s linking and media/
solvent polarity: 
•  Non-polar solvent results in charge-

transfer (CT) optical transitions. 

Ø  Binding via carboxyl is stable and favors 
QD*-to-dye hole transfer  

Hole          Electron 

Janus QDs 

S1 non-polar solvent 

Ø  Binding via isothiocyanates is not stable. 
•  It leads to strong electronic couplings 

favoring QD-to-Dye electron transfer 
•  It stabilizes dye orbitals deep inside the 

VB unfavoring QD*-to-dye hole transfer. 

Conclusions  

Ø  Two passways for QD*-to-dye hole transfer 
•  Ultrafast (~10 fs) is facilitated by 

coupling with C-N stretching phonon  
•  Slower component (~100 fs) originates 

from the QD inter-band relaxation. 
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Hole          Electron 

Janus PdSe|CdSe QDs 

The lowest excited state S1 


