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Climate Change and Energy Crisis

[1] International Energy Agency 2014 Report; [2] WMO Greenhouse Gas Bulletin 9/11/15
[3]  A Safe Operating Space for Humanity, Nature, 461, 472-475 (2009).

• 74% of man made produced green house gases are generated by energy 
creation (2011). [1]

• “We will soon be living with globally averaged CO2 levels above 400 ppm as 
a permanent reality” [2]

• The danger level for global warming is > 350 ppm [3]

Danger level



• 69% of anthroprogenically produced green house gases are generated by 
energy creation (2010). [1]

• “We will soon be living with globally averaged CO2 levels above 400 ppm as 
a permanent reality” [2]

• The danger level for global warming is > 350 ppm [3]

Why Are We in This Mess?

Burning fossil fuels generated 32 billion
tonnes of CO2 in 2011.

22% of CO2 emissions arise from transportation
Road transport accounts for 72% of this sector.

Aviation makes up 11% of the CO2 emissions from the transportation sector



A Solar Alternative?

If we could capture the solar energy that is incident on the entire 
Earth for 40 minutes, we could meet global energy demands for an 
entire year! 



Renewable Energy

• Despite so much abundant solar energy, we barely take 
advantage of it

• Current solar technology is expensive
and technological advances are slow



Silicon Based Photovoltaics

• Silicon based solar cells are the most abundant 
commercial photovoltaics available cells today

• Most silicon solar cells achieve a 27% power conversion 
efficiency

• Si material is required to be 99.999% pure!
• Purification process requires treatment up to 1800 deg C
• And the furnace is driven by burning fossil fuels
• Si solar cells are net carbon neutral within 3 years of use



Silicon Photovoltaic (PV) cell

• These photons are not absorbed
• Are they useful?

Solar spectrum on Earth
Spectral response of crystalline Si PV



Capture and Transduction is Only Step One
• How do you store the 

generated electrons?
• The most common 

way is to use Li-ion 
batteries



Grand Prismatic Spring, Yellowstone National Park

Algae in stagnant water Muir Woods, California

Lessons from Natural Photosynthesis?



Natural Photosynthesis
• Photosynthetic organisms cover almost the entire planet
• 100 gigatonnes of biomass created by photosynthesis annually
• On average, every second 3 pyramids worth of biomass is created!!
• Store energy as sugar, have photoprotective and repair mechanisms

• Overall 
efficiency of 
~12%



Semi-Conductor Recap

• n-type majority carrier: e-

• p-type majority carrier: h+

• Shifts VB and CB relative to
the Fermi level



p-n Junction



http://www.pveducation.org/

Operation of a p-n junction Solar Cell

http://www.pveducation.org/pvcdrom/the-photovoltaic-effect

• VOC = Open circuit voltage is the difference of 
electrical potential between two terminals of a device 
when disconnected from any circuit.

• ISC = Short circuit current is the highest 
electric current which can exist in a particular 
electrical system under short-circuit conditions.



Shockley–Queisser Limit

Shockley and Queisser, J. Appl. Phys., 32, 510 (1961).

• Several key factors determine the ideal band gap of a p-n semi-
conductor for PV cells and the best overall power conversion 
efficiency (1.34 eV, 33.4%)

• These are all laid out in the “detailed balance” equations 
originally by Shockley and Queisser for single p-n junctions



Shockley–Queisser Limit
• Photons with energies below the bandgap are not 

absorbed
• High energy photons above the bandgap still only create 

one carrier and the energy > Ebangap is lost
• The incident sunlight intensity is weak (on average)
• Recombination of e− and h+ carriers
• Impedance matching: if the internal resistance is high, 

the current will be low and so on…
• There are ways to circumvent some of these problems:

• Up-conversion
• Singlet Fission (e.g. Richard Friend, Cambridge)

• Multiple junction devices
• Multi-exciton formation
• Concentrate the sunlight (e.g. Neil Fox, Martin Cryan, Bristol)



Organic Bulk-Heterojunction Photovoltaics

Electron sinks (acceptor)

Light absorbing polymers (donor)

Bulk heterojunctions have found prominence 
over planar heterojunction in organic semi-
conductors



Bulk Heterojunction Organic PVs

• Donor exciton (bound 
electron-hole pair)
lifetimes are short

• Limits exciton diffusion 
to < 10 nm

• In planar junctions this 
severely limits charge 
separation yield

• Bulk heterojunction films reduce the average distance between donor 
and acceptor moieties, thus circumventing the short exciton diffusion 
lengths. Mechanism for charge separation remains nebulous.



Influence of Spatial Morphology

TEM image of P3HT-PCBM blend 

• The efficiency of BHJ OPV devices has increased by an order of 
magnitude in 2 decades (0.1-9%).

• Morphology influenced by factors such as solvent used in spin casting
• Disconnection between the nanoscale morphology and overall 

efficiency of charge carrier generation/extraction.

MDMO-PPV/PCBM 1:4 (by weight) blended films spin-cast from (a) chlorobenzene , (b) toluene
H. Hoppe et al., Adv. Funct. Mater. 14, 1005 (2004)



Recombination Pathways

G. Lakhwani et al., Annu. Rev. Phys. Chem., 65, 557 (2014).

• To reduce the probability of non-geminate 
recombination or trapping would require 
reducing the thin film thickness

• This in turn reduces the absorption cross-
section of the device and the overall current



24 nm

Exciton Diffusion in Photosystem II

• Exciton travels 24 nm in 
PSII within 2 ns

• 67% of excitons in PSII will 
travel > 24 nm

• 36% of excitons in organic 
photovoltaics will travel 7
nm (an OPV thin film is 
typically 100 nm), limited 
by short average lifetimes



Extending Exciton Lifetime: Singlet Fission

• How do you overcome the short exciton (singlet) 
lifetimes, the main limiting factor for exciton diffusion?

• Singlet fission: where one singlet exciton is converted 
into two triplet excitons, with triplet lifetimes that are 
far longer E.g. tetracene:

Singlet lifetime
< 100 ps

Triplet lifetime
ns - µs

Singlet fission
80 fs – 100 ps

Triplet
Dissociation

10 ps – 500 ps

Y. Wan et al., Nat. Chem., 7, 785 (2015).
A.J. Musser et al., Nat. Phys., 11, 352 (2015).



Near-Infrared Upconversion

M. Wu et al., Nat. Photon., 10, 31 (2016).

How can near-IR photons below the ideal bandgap (i.e. l > 850 nm) 
be utilised?

Using nanocrystals and triplet annihilation, you can convert 1010 nm light 
into 620 nm under moderately low (incoherent) light intensities (1% efficiency…)



Near-Infrared Upconversion

M. Wu et al., Nat. Photon., 10, 31 (2016).

1) Absorption of near-IR by large PbS quantum dots
2) Energy transfer from QDs to rubrene forming triplet excitons
3) High concentration of triplet excitons in rubrene mediates triplet-triplet annihilation
4) Energy transfer from rubrene singlet states to DBP (to avoid singlet fission in rubrene)

(1)

(2)
(3)

(3)

(1)
(4)



Increasing particle diameter
Longer wavelength absorption/emission

Band gap

Tuning Quantum Dot Properties

Valence
Band

Conduction
Band



Quantum Confinement
• Size dependent absorption bands that are proportional to the QD 

radius (r), unlike respective bulk semi-conductor bandgap (Eg)
• Occur when the electron, hole (and resulting exciton) are confined 

by the size of the particle
• Can model as a particle in a sphere.  The derivation (with some 

semi-empirical steps) yields:

• bn,l are Bessel functions, dependent on the n, l quantum numbers
• Take home message: radial dependence to electronic energy gaps
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Lead Halide Perovskites
• Huge surge in research activity involving 

perovskite thin films for light absorbing 
materials in photovoltaics

• 22.1% power conversion efficiencies now 
achieved

• Cheap starting materials (Pb, I2, CH3NH2)
• Very simple solution processing synthesis



Mechanisms of e- and h+ Transport in 
Lead Halide Perovskites

Electron injection

Hole injection

A. Marchioro et al., Nat. Photon., 8, 250 (2014).

Radiative recombination

Back charge transfer
to hole transport
material

Reverse e- transfer

Pathways with charges that can be extracted
Processes that destroy the charge carriers

Non-rad. recomb.



The Problems with Lead Halide Perovskites…
• Contains heavy metal lead
• Degrade quickly with time: hours/days timescale!

• The precise details of why their (initial) high PCE is unclear

Y.J. Hoo et al., J. Mater. Chem. A., 3, 22176 (2015).



J.M. Frost et al., Nano Lett., 14, 2584 (2014) 

Ferroelectric Chaperoning?
• Ferroelectric domains found in MAPbI3 due to alignment of MA+

• Multi-domain ferroelectric can therefore reduce the effective 
Coulombic attraction between nascent electrons and holes

• Dynamically chaperone the charges to electrodes, and reduce the 
overall charge recombination yield

• Rapid cation re-orientation required for adaptive ferroelectric domains

1D potential

2D h+/e-

migration path

p-n junction single ferroelectric
domain

multidomain
ferroelectric



CsPbI3 Perovskite Quantum Dot Solar Cells 

A. Swarnkar et al., Science, 354, 6308, (2016).

• 10.7% power
conversion efficiency

• Stable for months!
• Why?...



“The Artificial Leaf”

S.Y. Reece et al., Science, 334, 645 (2011).

• SFE = solar to 
fuels efficiency

• In 2016 now up to 
10% and can now  
make biofuels

holes electrons



Summary
• Chemical composition and morphology of 

photovoltaic films makes a dramatic difference to 
PCE of solar cells

• Requires careful design and synthesis on the 
nanoscale

• Must consider the spatial, energetic and time 
landscapes that carriers navigate

• Understanding exciton formation and/or charge-
separation mechanism from the earliest time epoch 
is key to developing new photovoltaic materials



Nanoscience Session 5: Task
• Select an emerging materials technology for solar 

power generation and write a short (maximum of 2 
pages) article in the style of “The Economist” 

• You should make a clear case for why the UK 
(industry/government) should invest in this area

• This is a team exercise, and you have two weeks to 
complete it (in time for Nanoscience #6)

• Email completed essays to:
i.d.lindsay@bristol.ac.uk and
tom.oliver@bristol.ac.uk

https://www.economist.com/
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