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By increasing the exciton-exciton attractive (so called the bi-exciton, Bxx) interaction in colloidal QD’s, a low 
threshold, relative to QD’s optical gap (Eg), can be achieved which is essential for increasing the efficiency on the 
multi-exciton generation (MEG) solar cells [1]. In conventional QDs, with type I band alignment this threshold depends 
mainly on the ratio between electron and hole effective masses. The core/shell QDs with type II band alignment offers 
extra degree of freedom in mediating the Coulomb interaction between charges in such structures, Fig. 1. Preliminary 
experimental studies on CdSe/CdTe QDs have shown that type II QDs can exhibit giant attractive X-X interaction 
energies, in the order of ~0.1 eV. This is a key development since it has been recognized that X-X attraction reduces the 
threshold for MEG by Bxx. Theoretical predictions indicate that MEG has the potential to enhance the efficiency of the 
single gap material from 33% (the Shockley-Queisser limit) to 42% [2], and a reduction in MEG threshold, via 
attractive Bxx, by as little as 0.1 eV could lead to 50% efficiency. 

To assess faithfully the potential of Bxx on the efficiency, a theoretical methodology was established, based on an 
14-band k·p Hamiltonian, with correct atomistic symmetry, C2v, of the zinc-blend material, which incorporates the 
effects of band mixing between the p-bonding, s-anti-bonding and p-anti-bonding states, spin-orbit interaction, crystal-
field splitting, strain between core/shells and piezoelectric potentials [3]. Excitonic states were found using the full 
Configuration interaction method, that incudes explicitly the effects of Coulomb interaction, exact exchange and 
correlations between many-electron configurations. In setting up the full CI, particular attention was paid to accurate 
modeling of the dielectric constant variation through the structure as well as surface polarization effects on core/shell 
and QD/colloid interfaces. Relevant dipole matrix elements that couple different bands at the Γ point as well as 
dielectric constants of CdSe and CdTe at the transition energies are predicted using ab initio time-dependent density 
functional theory [4].    

By changing the QD’s CdSe/CdTe core size and shell thickness we have concluded that: (i) using the Hartree 
approximation alone, it is not possible to predict the Bxx binding in structures with type II shells; (ii) the bi-exciton 
binding can only be predicted with full CI Hamiltonian; (iii) CI predicts bi exciton binding as big as 70 meV for with 
characteristic minimum occurs for structures with 0.5 nm thick shell, Fig. 2; (iv) by ignoring the dielectric confinement, 
it is not possible to predict bi-exciton attraction for the structures with shell thickness > 0.75 nm [5]; (v) by changing the 
value of the dielectric constant of colloid material from 1 to 2 the variation in the Bxx binding energy is as big as 100 
meV; (vi) for proper estimate of the Bxx inclusion of correlations and surface polarization effects are necessary while 
effect of self-polarization is negligible. Based on Aufbau principle, we provide the quantum mechanical explanation for 
contra-intuitive appearance of the bound bi-excitons with inclusions of shells in terms of stronger reduction in the 
Columbic repulsion among holes in the bi-exctiton then reduction of the e-h attraction, which is consequence of 4 fold 
degeneracy of the h-ground state imposed by symmetry of the structure. 
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Background: Solar power (~1017 W incident onto the earth) can be used to generate electrical 
power directly, or to produce fuels for transport and energy storage. It is not yet competitive with 
fossil fuels and this economic barrier can be addressed by reducing costs, increasing efficiency, or 
both. In a conventional solar cell, the energy of a photon in excess of the band gap is lost as heat; 
for a silicon solar cell under standard sunlight, 47% is typically lost1. MEG is a process in which 
some or all of this excess photon energy is used instead to create additional electron-hole pairs by 
impact ionisation. MEG can increase the limit of solar cell efficiency above 33% (the Shockley-
Queisser limit) to up to 44% in unfocused sunlight and to nearly 60% under 1000! concentration2.  
 Impact ionisation has been observed in bulk semiconductors for decades3 but is too weak 
to significantly affect solar cell efficiency. In 2002 it was suggested that MEG could be significant in 
colloidal QDs4, and confirmed experimentally in 20045. Efficient MEG has now been demonstrated 
in QDs of1 PbSe, PbS, PbTe, CdSe, InAs, Si and InP6. The increase in quantum yield (QY) due to 
MEG can be characterised by a photon energy threshold, h!th, and an efficiency,", relative to the 
band gap, Eg, - see Fig 1.  The efficiency of MEG has been debated with groups reporting 
significantly different efficiencies for ostensibly similar QDs7. A consensus has now emerged that 
the apparent variation is due to photo-charging of the QDs that can be eliminated by stirring or 
flowing the sample during measurements8. This idea is supported by a consistency with theoretical 
calculations9.  A QD-sensitised solar cell10 with an MEG enhanced QY of 114% at 365 nm was 
reported recently. This is not a significant improvement of overall (i.e. spectrally integrated) solar 
cell performance, but is important because it demonstrates that MEG can be significant in a real 
device.  The challenge now is to design QDs to more fully exploit the potential benefit of MEG. 

Significant impact on solar cell efficiency will 
need QDs that have:2  

• Eg in the range 0.4-1.3 eV 
• h!th ~2Eg. 
• " ~100%. 

The first two requirements have been met11 but the 
third has not and it is the principal objective of this 
project. The second objective of this project is to 
reduce the threshold below 2Eg which, as 
explained below, can significantly enhance the 
photovoltaic efficiency increase enabled by MEG.  
 
Academic Impact: Leading work in this field has been undertaken at NREL (USA) and at Los 
Alamos, but also in The Netherlands and Israel (experiment) and France (theory). Our work on 
InP6 have been recognised by NREL as demonstrating the highest efficiency and lowest threshold 
yet achieved for MEG in Type I QDs1. This 
project will demonstrate MEG enhancement 
by wave-function engineering in Type II QD 
structures. In particular, it will enable device 
scientists to exploit MEG to give significant 
enhancement of solar cell performance. Our 
findings will be disseminated by high quality 
journal publications and conference 
presentations but also by the network of 
personal communications and 
collaborations (e.g. with Midgett and Sagar 
at NREL, Allan (Lille) and Ruhman 
(Jerusalem)). Our end-of-project workshop 
will allow us to network further both within 
the MEG community and to others. 
 
Research Hypothesis & Objectives: The efficiency of MEG in colloidal QDs is determined by the 
competition between MEG and other hot electron-cooling processes. These have characteristic 
times of "MEG~ "cool~1 ps12 in the QDs studied to date but for high efficiency "cool>>"MEG

 is required. 
Our first objective will be to use the scope for band gap engineering and wave-function 
manipulation afforded by Type II QDs (see Fig 2) to increase efficiency by increasing "cool/"MEG. 
Secondly, we will use the giant exciton-exciton (X-X) interaction energy, #XX, recently 
demonstrated by us in Type II QDs (see below) to reduce the MEG threshold below Eg, which also 
has the potential to improve photovoltaic performance significantly. 
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Fig 2. Band structure for (a) Type I 
and (b) Type II QD. (VBM = valence 
band maximum and CBM = 
conduction band minimum). In a 
Type I structure, both carriers reside 
in the core while for Type II the 
electron is in the core and the hole in 
the shell (or vice versa). In a quasi-
Type II structure, one carrier is 
confined to either the core or shell & 
the other delocalised over the whole 
QD. The colour maps compare the 
electron (blue) and hole (red) 
wavefunctions in Type I and II QDs 
and were obtained using the ‘kppw’ 
code (see WP4). 

Fig 1. QY vs band gap normalised photon energy, 
h!/Eg, showing MEG efficiency," , and threshold, h!th. 

 
Fig. 1 Schematic of CV and VB band edges and electron 
and hole ground state quantum confining in: (a) QD with 
core only that is also type I, and (b) QD with core and 
shell that are type II alingn. 

 
Fig. 2 Correlation energy of EX (solid circles) and EXX 
(solid squares) as a function of shell thickness in 
CdSe/CdTe core/shell QD. 
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