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Outline

● Solar cells

● Quantum mechanics calculations

● Defects in CdTe

● Halide perovskites



  

Tipos de celdas fotovoltaicas

● Silicio cristalino (comercial, optimizada)

● Capa delgada (comercial, en desarrollo)

● Celdas de colorante (laboratorio)

● Orgánicas (laboratorio) 

● Tandem (laboratorio)



Eficiencia = 
Energía eléctrica producida

Energía solar recibida

Shockley-Queisser limit

Evolución tecnológica



  

Low cost PV technologies with 
record  efficiency > 20%

PSC(perovskite)

CdTe/CdS

CIGS
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Área de nuestro trabajo
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The Next Generation solar cells
tandem Si/perovskite

Source: Applied Physics Letters

Oxford PV is building a factory



  

Example: CdTe/CdS 
solar cell (η>22%)

Δ V

�

The Fermi level determines how do the bands align across de 
interfaces.
High hole conductivity is needed for the holes to reach the 
back contact.   

Light

Source: A. Smetz et al, Solar Energy, UIT Cambridge (2018).



  

Our approach: quantum 
calculations at the atomic scale

Software Hardware and 

support from NLHPC

Method
 
Density Functional Theory 
(DFT) 

Hohenberg, Pierre; Walter 
Kohn (1964). 
"Inhomogeneous electron 
gas". Phys. Rev. 136 (3B): 
B864–B871.

Details:
Basis sets: plane waves
Pseudopotentials
Structural optimization with van der Waals corrections.
Wavefunctions and energies from hybrid functionals

http://www.nlhpc.cl
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DFT Kohn-Sham equation (1965)

The ground state energy is given by

Etotal=∑
i=1

N

f i 〈ϕi∣−
1

2
∇ 2+ V (r)∣ϕi 〉+

1

2
∬d r d r '

n(r)n(r ' )
∣r−r '∣

+ Exc [n(r)]

Initial guess for density: n(r)

V eff (r )=V (r)+∫d r ' n(r ' )∣r−r '∣
+ vxc(r ) , con vxc(r )=

δExc
δ n(r )

(−1

2
∇ 2+ V eff (r))ϕi(r )=ϵi ϕi(r)→{ϵi ,ϕi(r)} →

→ nnueva(r)=∑
i

f i∣ϕ(r)∣2
, 0≤ f i≤1 is the occupation number 

compare nnew(r ) con n(r)
if not equal, then n(r)=αnnueva(r)+ (1−α)n(r)
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Estructura cristalina periódica

Red de Bravais                                            +      Base

R⃗n1n2n3
=n1 a⃗1+ n2 a⃗2+ n3 a⃗3

ni=0,±1 ,±2,±3,...

R⃗n1n2n3a
= ⃗Rn1n2n3

+ τ⃗a

τ⃗a posición del átomo a

respecto al punto de la red

Cristal:
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Lo que se 
calcula



Situaciones en que la periodicidad es 
rota y necesitamos la escala de 
dimensiones relevante requiere 
simular muchos átomos.

Defectos
Interfaces
Nanoestructuras



  

Intrinsic defects
Vacancy Antisite

Other defects: self-interstitials, di-vacancies, vacancy-intertstitial, etc

N i = N sites N config exp (−ΔH
f

k
B
T )

Always present: 

Thermodynamic concentration:

Formation 
energy

Materials are like people: it's the defects that make them interestin



  

Bands for standard supercells Cd32Te32/Cd32Te31

?

A diluted point  defect is not expected to destroy the conduction
band. A point defect is a perturbation.

The standard 64/63 atom supercell is not appropriate.

Phys. Status Solidi B 252, 2649-2656 (2015)

I acknowledge advice by P. Wahnón to plot the bands, even 
when defects are not periodic systems by definitions.



  

Bands for Cd128Te128/Cd128Te127 supercells



  

A test for VCd q=+2, and 0
249 atoms 431 atoms

685 atoms 1023 atoms

PBE funcional



  

Cl-defects: Formation energy

Lowest energy: (ClTe)+, (ClTe-VCd)-,  (2ClTe-VCd)0

If Cl concentration is higher than that of native defect, the arrow indicates 
the Fermi level position. 

Cl-doping is an important 
step in the manufacturing 
process of CdTe/CdS 
solar cells.



WHY STUDY THE PEROVSKITE?

MAPI  Perovskite

Methylammonium-Lead-Iodide

T ~ 165 K T ~ 327 K

Orthorhombic Tetragonal Cubic



STUDY of CH3NH3PbI3
Orthorhombic

Band Diagrams with di�erent DFT 
approxima�ons

Menéndez-Proupin et al., Phys. Rev. B 90, 045207 (2014)



STUDY of CH3NH3PbI3

T ~ 165 K T ~ 327 K

Orthorhombic Tetragonal Cubic

How can we ensure that one of the 
high temperature phases is being 
simulated properly? 

Good 0K model !!!



STUDY of CH3NH3PbI3
Tetragonal

Ab ini�o Molecular Dynamic

Thermal e�ect

- NPT and NVT ensembles
- PBE and vdW func�onals
- Rela�vely long simula�on �me (up to 100 ps)
- T = 220 K (Langevin thermostat)
- 1 fs of �me step 

Montero-Alejo. A. L. et al., JPCC 2016, 120, 7976–7986. 



STUDY of CH3NH3PbI3
Tetragonal

Thermal e�ect

Montero-Alejo. A. L. et al., JPCC 2016, 120, 7976–7986. 



STUDY of CH3NH3PbI3
TetragonalFlexible 

semiconductor

Atoms RMSD (Å)

Pb 0.22

I 0.41

Montero-Alejo. A. L. et al., JPCC 2016, 120, 7976–7986. 



STUDY of CH3NH3PbI3
Tetragonal

Thermal e�ect on the Electronic 
proper�es

Montero-Alejo. A. L. et al., JPCC 2016, 120, 7976–7986. 



PEROVSKITE SOLAR CELLS

Transparen
t Electrod

e

V

Hole Transport 
Layer

Perovskit
e

Electron 
Transport 

LayerMetal Elec
trode

Cross-sectional SEM image of 
FTO/PEDOT-PSS/perovskite/fullerene derivatives

Tian, C. et al. ACS Appl. Mater. Interfaces 2016, 8, 31426-31432

MAPbI3 (MAPI)

Tetragonal Cubic

Working conditions of the devices

TiOx/PC61BM/Perovskite/Spiro/Au
PCE 17.9%

Sargent, E. H. et al. Energy 
Environ. Sci. 2015, 8, 2365.

PEDOT:PSS/Perovskite/PC71BM/Ca/Al
PCE 16.3%

Wu, J. et al. J. Mater. Chem. A 
2014, 2, 15897.



COMPUTATIONAL METHODOLOGY

CAPÍTULO 1. INTRODUCCIÓN

para fabricar derivados de fullerenos (FDs por sus siglas en inglés) que mejoren la eficiencia

y estabilidad de las HPSCs. En pos de estudiar el efecto de los grupos sutituyentes de los

FDs sobre la eficiencia de la celda, Echegoyen y colaboradores sintetizaron y estudiaron

los FDs 2,5-(dimetilester) C60 fulleropirrolidina (DMEC60) y sus análogos C70 (DME70)

como ETM en HPSCs(29). En las mismas condiciones de fabricación, alcanzaron mejores

eficiencias que sus análogos PCBM. La figura 1.13 muestra la śıntesis de estos compuestos

v́ıa adiciones 1-3 dipolar a partir de los fullerenos C60 y C70. Observar que la śıntesis del

DMEC70 arroja tres isómeros en las proporciones indicadas, de tal forma que la mezcla de

estos productos fue utilizada en la celda solar. Para referirnos a los isómeros del DMEC70

nos se utilizará las abreviatura Acis para el α-cisDMEC70, Bendo para el derivado β-

cisendoDMEC70 y Bexo para el derivado β-cisexoDMEC70.

Los investigadores postularon que la mayor eficiencia de estos derivados (Tabla 1.1) es

Figura 1.13: Śıntesis de DMEC60 y DME70. La reacción sobre el fullereno C70 produce tres
isómeros, en los porcentajes que muestra la figura
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v́ıa adiciones 1-3 dipolar a partir de los fullerenos C60 y C70. Observar que la śıntesis del
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CAPÍTULO 1. INTRODUCCIÓN

sado investigaciones para encontrar alternativas a estos materiales. Uno de los materiales

propuestos como ETM son los fullerenos y sus derivados, los cuales han logrado estabilizar

celdas y alcanzado eficiencias cercanas al 20%(8).

Fullerenos como ETM

Los fullerenos y sus derivados se han utilizado como ETM en HPSCs gracias a su

capacidad de aceptar electrones y fácil procesamiento a bajas temperaturas. El fullereno

más utilizado como ETM es el Buckminsterfullereno (C60), el cual se comporta como un

alqueno deficiente en electrones, haciéndolo un buen aceptor de electrones. Dado su movili-

dad electrónica favorecida por el apilamiento π-π, las celdas basadas en C60 han alcanzado

eficiencias del 15,7%. Otros derivados como el fullereno C70, el ácido [6,6]-fenil-C61-butirico

metil éster (PCBMC60, por sus siglas en ingles) y su análogo C70 (PCBMC70) han sido

utilizados como ETM, debido a su potencialidad de mejorar la eficiencia y estabilidad;

inicialmente sus eficiencias eran menores dado que el rompimiento de la simetŕıa reduce las

interacciones π, reduciendo la movilidad electrónica en estos compuestos. Los procesamien-

tos para mejorar la calidad de la capa de perovskita y la capa de fullerenos han logrado

alcanzar eficiencias cercanas al 20%, siendo el PCBMC60 el derivado con más ampliamente

utilizado y con mejor eficiencia alcanzada(27)(28)(28). La figura 1.12 muestra la estructura

de estos compuestos.

Desde entonces, diversos grupos de investigación han estudiado distintas modificaciones

Figura 1.12: Estructuras de fullerenos y derivados. (A) C60. (B) C70. (C) PCBMC60. (D)
PCBMC70.
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ćı
o
su
fi
ci
en
te

(d
e
ap

ro
xi
m
ad

am
en
te

35
A
)
p
ar
a
se
p
ar
ar

la
su
p
er
fi
ci
e

d
e
su

ré
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ü Model structures:      Isolated:  HSE/6-31G(d) &    PBC: optB88-vdW , ecutwfn = 50 Ry, ecutrho = 400 Ry, USPP 

ü Electronic properties: optB88-vdW; Hybrid: HSE06 / PBE0(a) + Spin-Orbit Coupling (SOC) 

Computational packages: Gaussian 09, Quantum Espresso, VASP

FDs
MAPI(001-MAI)
MAPI(001-PbI)

MAPI(001-MAI) / FDs
MAPI(001-PbI) / FDs

Density Functional Theory 
(DFT)

- Plane waves basis set
- Pseudopotentials
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Modelling the interaction of fullerene 
derivatives with hybrid perovskite surface

).

Hybrid perovskite solar cells have reached very high efficiency, almost matching the ones of the silicon cells. Different fullerenes have been explored as electron transport.
Layer. We present a theoretical study of the interaction between different fullerene derivatives and methyl ammonium lead iodide perovskite (CH3NH3PbI3). We explore the
structure and the electronic states of the interacting systems at different levels of theory to obtain the band alignment. First results show that GGA methods gives a good
alignment for MAI terminated surface with the fullerenes but PbI doesn’t align. The hybrid functional and spin-orbit effects lower the conduction band of the systems:
HSE/SOC ruins the alignment of MAI surface, while PBE0 align MAI surface level just 0,01 eV above the LUMO fullerene orbitals. Further exploration of the specific
interaction between the fullerene and surface might be needed to explain the influence of the fullerene modification on the performance of the cell.
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⚫ Fullerene derivatives frontier orbitals are located in the fullerene carbon skeleton,
with very low contributions of the modification.

⚫ The alignment is achieved between the MAI terminated slab and all the fullerene
explored. PBE0/SOC correction maintain the same results and gives a good
approximation of MAPI’s optical gap.

⚫ Further exploration of the interface electronic process and specific interaction
between the fullerenes and perovskite are needed to fully understand the effect of the
fullerene modification.

Figure 1 
MAPI crystal structure in 

tetragonal phase (A) and DME 
molecular structure (B)

Hybrid perovskite solar cells (HPSCs) have achieved
efficiencies higher than 24% in ten years of
investigation which profiles it as one the most
promising solar cells of the next generation [1]. This
PIN/NIP junction solar cells uses hybrid perovskite as
light absorber (Intrinsic semiconductor), which is a
compound of general formula ABX3. The most
commonly used compound is methyl ammonium lead
iodide (MAPI), where A is methyl ammonium
(CH3NH3

+), B is lead (Pb+2) and X is iodide (I-).
Diverse types of materials have been used as p-type
and n-type semiconductor; the fullerenes derivates are
used as alternative of n-type titanium dioxide,
reaching efficiencies over 20% and improving the
stability of the cell. Different chemical modification
of fullerenes has been used, however, the influence of
the structure of the modification on the efficiency and
stability of the cell hasn’t been fully explored [2].
Figure 1 presents the structure of MAPI and one of the
ester-fulleropyrrolidine derivative (DME).

In this work we propose a computational modelling of the interaction of these
fullerene derivatives with perovskite surface at DFT-level to understand the
electronic transfer in the I-N interface.
We used Gaussian09 package to explore the conformational and electronic properties
of the fullerene at HSE/6-31G(d) level. We used Quantum ESPRESSO package to
model the systems in periodic boundary conditions. We used slab like models to
explore the surface termination of the (001) plane of MAPI (PbI and MAI
terminated)[3]. The electronic states were determined using GGA-methods (PBEsol
and optB88-vdW) and hybrid functional and spin-orbit coupling (SOC) corrections
were applicated aposteriori (HSE and PBE0).

A

B

Figure 2 
Electronic wave function for fullerene HOMO (A) and LUMO (B) states

III. Results
A B

HOCO HOCO LUCOLUCO
Figure 3 

Frontier crystal orbitals for MAI slab (A) and PbI slab (B) calculated with 
VdW functional.

Figure 4 
Band alignment between the fullerene derivatives and MAPI surfaces. The 
occupied states are shown in continuous line and unoccupied states are in 

discontinuous line.
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