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Principle of photovoltaic converters
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1)  Electronic transition leading to local charge separation (e–...h+)

2)  Sustained charge separation through various possible mechanisms

3)  Diffusion of charge carriers and collection in metal electrodes

Types of Solar Energy Converter

Solar thermal converter: 
• The radiant energy absorbed is converted 

mainly into internal energy and raised the 
temperature of the cell. 

• It operates as a heat engine and does work.
• It utilizes the full range of solar wavelengths.
• It is thermally insulated from the ambient.

Photovoltaic converter: 
• Convert the incident radiant energy 

mainly into electrochemical potential 
energy. 

• Absorption of photon promotes 
electron to higher energy (excited 
state), which should be separated 
from the ground state by an energy 
gap (e.g. band gap in 
semiconductors). 

• Charges are separated, collected and 
extracted to external circuit  and do 
electrical work. 

• It extracts solar energy only from 
photons with energy sufficient to 
bridge the band gap.

• It is designed to be in good thermal 
contact with the ambient. 

Photochemical converter: 
• The radiant energy absorbed results in a 

permanent increase in chemical 
potential. e.g. photosynthesis.

• The excited electron population drives a 
chemical reaction.
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Free energy waste under polychromatic irradiation
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More work from the solar spectrum with:

– more band gaps: tandems, intermediate bands, spectral splitting.
– more work per photon: “hot carrier” solar cells and impact ionization.
– redistributing photons: spectral up- and down- conversion

Over the Limit...
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At each wavelength λ < λt , the usable 
fraction of the absorbed photon energy is: 

Available fraction of the energy absorbed 
from a polychromatic source

λopt = 1273 nm (0.97 eV)  ⇒  θopt = 0.44



•  Non-reversible conditions at maximum power extraction
    ηp = 0.91
•  Entropy of light (Carnot thermodynamic conversion limitation)
    TR = 5500 K ⇒	 TR,a = 1297 K (without concentrator) ⇒	 ηe = 1- TR,a / Ta = 0.77
    With 1:10 light concentration ⇒	 ηe = 0.80

•  Polychromaticity of solar light
    For monochromatic radiation:
    η = ηp × ηe = 0.91 × 0.77 = 0.71
    For typical AM1.5 solar spectrum:
    λopt = 1273 nm (0.97 eV)  ⇒	 	 θopt = 0.44
   	 η = ηp × ηe × θ = 0.91 × 0.77 × 0.44
   	 η = 0.31
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Power conversion efficiency limits

(single bandgap converter)
Shockley-Queisser limit
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For green plants, the threshold wavelength defined by optical properties of the chlorophyll 
molecular absorber is λt = 700 nm (1.77 eV). In this case, for AM 1.5 radiation, one calculates 
θ = 0.34 and an overall maximum efficiency ηo = 0.24. 

Similarly, dye senstizer molecules and photoactive polymers used in dye-sensitized- and organic 
solar cells have a typical light absorption threshold at 750-800 nm (1.6 eV), and are therefore 
characterized by a thermodynamic conversion efficiency limit of ηo = 0.28.

Efficiency of single absorber solar cells as a function of the 
energy gap for the AM 1.5 irradiance spectrum  
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Beyond the Shockley-Queisser limit

Strategies for extracting more work from the solar spectrum
•
 Multiple junction cells

 Tandem cells, intermediate bands, spectral splitting, ...
•
 Redistribution of photons

 Spectral up- and down-conversion, ...
•
 More work per photon

 Multiple exciton generation (MEG), hot carrier extraction
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Third generation solar cells
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Mechanisms for sustained charge separation

Sustained charge separation requires some built-in driving force

a)  Light-induced spatial gradient of the quasi-Fermi levels of electrons
     and holes
b)  Light absorbing material is connected by paths of different resistance. 
     One has much lower resistance for electrons and the other for holes
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Conventional and emerging tehnologies
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p-n junction: Si, GaAs(1G)
Thin-film CIGS, CdTe (2G)

OPV : polymer, 
small molecule-based (3G)

DSSC : liquid electrolyte, 
solid HTM-based (3G)
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Evolution of Silicon Solar Cell Design

Space silicon cell design developed 
in the early 1960s, which became a 
standard design for over a decade. 

Chemically textured non-reflecting 
“black” cell (so called because of 
their almost zero reflectivity) in the 
early 1980s, and exhibited 
efficiencies of up to 17%.
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Charge transfer states in OPV systems
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Charge transfer states in OPV systems
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B. Wenger, M. Grätzel, J.-E. Moser
J. Am. Chem. Soc. 2005, 127, 12150

RuII(dcbpy)2(NCS)2 / TiO2 anatase <001>
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Sub-20 fs electron injection

Femtosecond Energy Harvesting and Storage – Lausanne, June 13, 2012

http://photochemistry.epfl.ch/reprints/JACS1272.pdf
http://photochemistry.epfl.ch/reprints/JACS1272.pdf
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Ultrafast injection from hot excited states 

Femtosecond Energy Harvesting and Storage – Lausanne, June 13, 2012

×
ki ≈  0

k'i
kth

vʼ=0

E

ki

k'i

10-13 s

10-12 s

kth

(S+/S)

hν

vʼ=5

(S+/S*)

Σ kd
10-9 s

kr
10-12 s

• Wavelength dependence of injection
   rate and yield



13

Electron and hole injection dynamics
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! 143!

~250 ps representing almost 70% of the signal. It can be seen that the injection is the 

slowest in presence of the electrolyte Z1180, being the electrolyte with tBP and 

omitting Li+. The overall trend observed in the system is comparable to the results 

presented by Pijpers et al32, who found time constant for the slow ingrowth of  ~60 ps 

in presence of the complete electrolyte and even less tBP is omitted, but the 

measurements were limited to 250 ps by the length of the delay line.  The dynamics 

found by THz are compared to NIR transient absorption spectroscopy. The dye has 

been excited at 590 nm and the oxidized state was detected at 840 nm. The transients 

are presented in Fig 5.3.  

 

Figure!5.!5!NIR!transient!absortion!of!TiO2!films!sensitized!with!N719!immersed!in!ACN!and!different!

electrolytes!λex=590!nm,!λobs=840!nm.!

The NIR transient show as well a two-exponential behavior with an ultrafast rise time 

and one slower component. In contrast to the THz measurements no evident influence 

of the electrolyte or electrolyte additives on the electron injection dynamics and 

quantum yield is visible. All NIR transients are showing an ingrowth of the signal 

with a time constant of ~50 ps and similar amplitude of about 20 %. This finding is 

contradictory to the finding of Haque et al.38 reporting a 20-fold retardation in the rate 
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Figure!5.!14!NIR!transient!absorbance,!λex=590!nm,!λobs=840!nm.!

   

Comparing the dynamics measured by OPTP spectroscopy and transient absorption 

spectroscopy, it is seen that the slow component of the THz dynamics, for the tBP 

containing sample, is in the same order of magnitude as the hole injection dynamics 

observed by NIR-transient absorption spectroscopy. 

This observation might be rationalized by the fact that the charge of the cation, which 

is only slightly screened by the surrounding neutral HTM and might interact with the 

electron in the conduction band by columbic attraction. This kind of interaction has 

been already observed for dye sensitized ZnO35, where a long lived transition state 

consisting of the electron/cation pair precedes the liberation of the electron. So far the 

formation of an intermediate electron/cation pair has been excluded for TiO2 due to its 

high dielectric constant. However calculations have shown that the accepting states in 

the in the CB of dye sensitized TiO2 are within the first surface layers of the 

semiconductor12. The coulombic interaction energy in-between the electron and the 

cation can be estimated if the relative dielectric constant and the separation distance is 
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Time-resolved terahertz spectroscopy  
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Evidence for CT exciton formation and splitting

Jan C. Brauer, Arianna Marchioro, and Jacques-E. Moser *

Photochemical Dynamics Group
Institute of Chemical Sciences and Engineering
Ecole Polytechnique Fédérale de Lausanne, CH-1015 Lausanne

Dynamics of Charge-Transfer States at Dye-Sensitized TiO2 / HTM Heterojunction

Due to low dielectric constant of organic materials, OPV systems 
generally involve the formation and splitting of CT states

In dye-sensitized solar cells based on nanocrystalline TiO2 , 
delocalisation of ecb– is believed to take place within ~100 fs

Temperature-dependence of the photoconductivity is compatible 
with phonon-limited charge transport

A new paradigm for the mechanism of electron injection and 
primary charge separation in dye-sensitized solar cells

Arrhenius analysis for CT state dissociation yields: 
an exciton binding energy Ex ~ kBT .
Thermal activation energy could also be taken from 
hot dye cations rather than from the bath.

A combination of fs transient absorbance and time-resolved THz 
spectroscopies is used to scrutinize charge carriers dynamics

Ultrafast transient absorption measurements probing the 
oxidized state of the dye indeed indicate fs charge injection
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Time-resolved THz spectroscopy evidences the formation of 
charge-transfer excitons at the irradiated TiO2 / dye interface

Dissociation of CT states and release of free cb electrons are 
controlled by electrolyte reorganization and/or hole injection
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ned to Maxwell-Garnett effective medium model,1 it is expected 
that a change of the medium real dielectric function at 1.0 THz 
from 2.8 (pure CH3CN) to 4.1 (electrolyte) corresponds to an 
increase of the photoconductivity by a factor of ~ 2.
Here, a slow increase of the photoconductivity by a factor of    
~ 4 is observed upon addition of electrolyte as the result of the 
dissociation of charge transfer excitons. 

J. C. Brauer, A. Marchioro, J.-E. Moser, 
Nat. Photonics, submitted (2012).

J. C. Brauer, PhD thesis no. 5444, 
EPF Lausanne, submitted (2012).
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Dynamics of Charge-Transfer States at Dye-Sensitized TiO2 / HTM Heterojunction

Due to low dielectric constant of organic materials, OPV systems 
generally involve the formation and splitting of CT states

In dye-sensitized solar cells based on nanocrystalline TiO2 , 
delocalisation of ecb– is believed to take place within ~100 fs

Temperature-dependence of the photoconductivity is compatible 
with phonon-limited charge transport

A new paradigm for the mechanism of electron injection and 
primary charge separation in dye-sensitized solar cells

Arrhenius analysis for CT state dissociation yields: 
an exciton binding energy Ex ~ kBT .
Thermal activation energy could also be taken from 
hot dye cations rather than from the bath.

A combination of fs transient absorbance and time-resolved THz 
spectroscopies is used to scrutinize charge carriers dynamics

Ultrafast transient absorption measurements probing the 
oxidized state of the dye indeed indicate fs charge injection
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From Drude-Smith theory of intraparticle conductivity, combi-
ned to Maxwell-Garnett effective medium model,1 it is expected 
that a change of the medium real dielectric function at 1.0 THz 
from 2.8 (pure CH3CN) to 4.1 (electrolyte) corresponds to an 
increase of the photoconductivity by a factor of ~ 2.
Here, a slow increase of the photoconductivity by a factor of    
~ 4 is observed upon addition of electrolyte as the result of the 
dissociation of charge transfer excitons. 
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Due to low dielectric constant of organic materials, OPV systems 
generally involve the formation and splitting of CT states

In dye-sensitized solar cells based on nanocrystalline TiO2 , 
delocalisation of ecb– is believed to take place within ~100 fs

Temperature-dependence of the photoconductivity is compatible 
with phonon-limited charge transport

A new paradigm for the mechanism of electron injection and 
primary charge separation in dye-sensitized solar cells

Arrhenius analysis for CT state dissociation yields: 
an exciton binding energy Ex ~ kBT .
Thermal activation energy could also be taken from 
hot dye cations rather than from the bath.

A combination of fs transient absorbance and time-resolved THz 
spectroscopies is used to scrutinize charge carriers dynamics

Ultrafast transient absorption measurements probing the 
oxidized state of the dye indeed indicate fs charge injection
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ned to Maxwell-Garnett effective medium model,1 it is expected 
that a change of the medium real dielectric function at 1.0 THz 
from 2.8 (pure CH3CN) to 4.1 (electrolyte) corresponds to an 
increase of the photoconductivity by a factor of ~ 2.
Here, a slow increase of the photoconductivity by a factor of    
~ 4 is observed upon addition of electrolyte as the result of the 
dissociation of charge transfer excitons. 
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Arrhenius analysis for CT state dissociation yields: 
an exciton binding energy Ex ~ kBT .
Thermal activation energy could also be taken from 
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From Drude-Smith theory of intraparticle conductivity, combi-
ned to Maxwell-Garnett effective medium model,1 it is expected 
that a change of the medium real dielectric function at 1.0 THz 
from 2.8 (pure CH3CN) to 4.1 (electrolyte) corresponds to an 
increase of the photoconductivity by a factor of ~ 2.
Here, a slow increase of the photoconductivity by a factor of    
~ 4 is observed upon addition of electrolyte as the result of the 
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CT exciton splitting upon hole injection in HTM
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Dynamics of Charge-Transfer States at Dye-Sensitized TiO2 / HTM Heterojunction

Due to low dielectric constant of organic materials, OPV systems 
generally involve the formation and splitting of CT states

In dye-sensitized solar cells based on nanocrystalline TiO2 , 
delocalisation of ecb– is believed to take place within ~100 fs

Temperature-dependence of the photoconductivity is compatible 
with phonon-limited charge transport

A new paradigm for the mechanism of electron injection and 
primary charge separation in dye-sensitized solar cells

Arrhenius analysis for CT state dissociation yields: 
an exciton binding energy Ex ~ kBT .
Thermal activation energy could also be taken from 
hot dye cations rather than from the bath.

A combination of fs transient absorbance and time-resolved THz 
spectroscopies is used to scrutinize charge carriers dynamics

Ultrafast transient absorption measurements probing the 
oxidized state of the dye indeed indicate fs charge injection
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Time-resolved THz spectroscopy evidences the formation of 
charge-transfer excitons at the irradiated TiO2 / dye interface

Dissociation of CT states and release of free cb electrons are 
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From Drude-Smith theory of intraparticle conductivity, combi-
ned to Maxwell-Garnett effective medium model,1 it is expected 
that a change of the medium real dielectric function at 1.0 THz 
from 2.8 (pure CH3CN) to 4.1 (electrolyte) corresponds to an 
increase of the photoconductivity by a factor of ~ 2.
Here, a slow increase of the photoconductivity by a factor of    
~ 4 is observed upon addition of electrolyte as the result of the 
dissociation of charge transfer excitons. 
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generally involve the formation and splitting of CT states

In dye-sensitized solar cells based on nanocrystalline TiO2 , 
delocalisation of ecb– is believed to take place within ~100 fs

Temperature-dependence of the photoconductivity is compatible 
with phonon-limited charge transport

A new paradigm for the mechanism of electron injection and 
primary charge separation in dye-sensitized solar cells

Arrhenius analysis for CT state dissociation yields: 
an exciton binding energy Ex ~ kBT .
Thermal activation energy could also be taken from 
hot dye cations rather than from the bath.

A combination of fs transient absorbance and time-resolved THz 
spectroscopies is used to scrutinize charge carriers dynamics
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From Drude-Smith theory of intraparticle conductivity, combi-
ned to Maxwell-Garnett effective medium model,1 it is expected 
that a change of the medium real dielectric function at 1.0 THz 
from 2.8 (pure CH3CN) to 4.1 (electrolyte) corresponds to an 
increase of the photoconductivity by a factor of ~ 2.
Here, a slow increase of the photoconductivity by a factor of    
~ 4 is observed upon addition of electrolyte as the result of the 
dissociation of charge transfer excitons. 

J. C. Brauer, A. Marchioro, J.-E. Moser, 
Nat. Photonics, submitted (2012).

J. C. Brauer, PhD thesis no. 5444, 
EPF Lausanne, submitted (2012).
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Mechanism of e– photoinjection: A new paradigm
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