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Abstract—We present a theoretical method for calculations of
exciton and bi-exciton energies in type-II colloidal quantum dots.
Our methodology is based on an 8-band k - p Hamiltonian of the
zinc-blend structure, which incorporates the effects of spin-orbit
interaction, strain between the core and the shell and piezoelectric
potentials. Exciton states are found using the configuration inter-
action (CI) method that explicitly includes the effects of Coulomb
interaction, as well as exchange and correlation between many-
electron configurations. We pay particular attention to accurate
modelling of the electrostatic interaction between quasiparticles.
The model includes surface polarization and self-polarization
effects due to the large difference in dielectric constants at the
boundary of the QD.

I. INTRODUCTION

In a standard solar cell, all of the energy of an absorbed
photon in excess of the effective bandgap of the material is
dissipated as heat and essentially wasted. In colloidal QDs
(for example made of CdSe, CdTe), this excess photon energy
can be utilized due to process known as multiple exciton
generation (MEG) or direct carrier multiplication. In this
process the high energy photon creates a high energy exciton
that can decay into a bi-exciton. For this process to occur
the the energy of the exciton (which usually consists of a
high energy electron-hole pair in the ground state) has to be
at least twice as big as the energy of the effective optical
gap E. — Ep, > 2|E., — Ep,|, where eg and hg are the
electron and hole ground states, and e,, is a state higher in
the conduction band. This allows for full utilization of high
energy photons and dramatically increases solar cell efficiency.
The MEG process competes with other radiative and non-
radiative recombination processes, most of all with Auger
cooling [1], [2], [3]. To further increase the solar cell efficiency
it is necessary to optimize the shape and composition of
the QD in order to maximize the ratio of MEG to cooling
processes. Theoretical predictions indicate that MEG has the
potential to enhance the efficiency of a single gap cell from
33% to 42% [2]. Full realization of this potential requires that
the energy threshold for MEG be minimized. An attractive
interaction between excitons reduces the threshold by the
biexciton binding energy, Bxx, but this has been found to
be small (-10 meV) for type I QDs [3]. Previous calculations
of Bxx = Fxx —2Fx in type II CdSe/CdTe QDs have found
a large repulsion between excitons [4], while the experiment
suggest the opposite, i.e., possibilities of larger attraction
between excitons in the bi-exiton. To resolve this ambiguity
and gain deep insight in the excitonic structure of CdSe/CdTe
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QD we investigate the many-electron effects, like correlation
and exchange, on the excitonic structure in such class of QDs.

II. THEORETICAL METHOD

When compare to the single material QD, the core/shell
structures can offer extra degree of freedom in designing a
type-II structure in which the conduction and valence band
states can be spatially separated. This separation is schemat-
ically shown in Fig. 1. In the case of QDs with a CdSe
core and CdTe shell, the valence band states are, after certain
shell thickness, strongly confined into the shell region, while
conduction band states are either confined in the core or spread
over the whole structure. Our approach can be divided into
two parts: first we calculate the single-particle electron and
states, and then we use those informations to build the many-
body Hamiltonian that is used to calculate many-body states
such as excitons and bi-excitons. To find single-particle states
we used the 8-band k - p Hamiltonian that includes effects
of strain and piezoelectric at the core/shell interface. [4],
[5] The Hamiltonian is parameterised by material parameters
taken either from experiment or from ab initio hybrid density
functional calculations using B3LYP and PBEO functionals
[6]. The large difference in dielectric permittivities of QD
and colloid materials induces significant surface charges which
strongly interact with the charges inside QD. [7], [8]. This
effect is fully taken into consideration in our model by spatial
variation of the dielectric constant ¢ = ¢(r) that enters the
expression for the Coulomb integrals Vj;i. [9] The self-
polarization term is calculated using the method developed
by Bolcatto et al. [10] The many-body Hamiltonian contains
only particle-conserving terms, and is given by
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To get excitonic states we write the Hamiltonian, Eq. (1), in a
two particle basis (one electron and one hole) |7, j) = |e;) |k;),
and for bi-excitons we use a four particle basis |7, j, k,[) =

lei) hj) lex) [ha). [5].

III. RESULTS AND DISCUSSION

We apply our method to study CdSe/CdTe QDs with core
radius of 15 A and varying shell thickness. We assume the
dielectric constant of QD, €40 = 5.8, and the colloid, €., =
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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.
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Fig. 1:

1.1. For CI calculations we use the first 12 electron and 12
hole states (always including all shell states).

To evaluate the the effect of the many-electron interaction
in CdSe/CdTe QDs we compare the difference between the
ground state exciton energy and the energy difference between
eo and hg single particle states, E = Ex — Eco,no. We have
estimated very large exciton binding energy, E, = 450 for
CdSe QD. With the addition of CdTe shell, £} decreases to ~
200 meV, for the structure with shell thickness of 15 A. This
suggest crucial importance of the that the Coulomb potential
in accurate determination of energy levels. To investigate
the influence of exchange and correlation on the excitonic
structure, in Fig. 2 we compare the full CI calculations
obtained by diagonalization of the many-electron Hamiltonian
in Eq. 1, with calculation that do not take into account the
configuration interaction (but include exchange effects). To
calculate many-body states that do not include the correlation
effect we use only single particle ground states (1s; /2 electron
and 1s3/5 hole) in construction of the many-body Hamiltonian.
We found that the correlation interaction amounts for between
2 meV to ~10 meV on the exciton energies of various
core/shell structures, with characteristic minimum at the shell
thickens of 7.5 A. However, the correlation effect is much
more pronounced on the energy of bi-excitons, especially in
case of type-II structures. Figure 2 shows a comparison of full
CI calculations with the corresponding Hartree approximation
equivalent (no correlation). The difference ranges from 20
meV for type-I QDs to ~80 meV for type-II structures with
5-7.5 A shell. The effect of correlations on Exx is not just
simply the double of the effect it has on Fx, highlighting
the importance of proper treatment of this many-body effect
when predict the bi-exciton binding energy Bxx for MEG
applications.

IV. SUMMARY AND CONCLUSIONS

We showed that the many-body effects captured by con-
figuration interaction are significant in the calculations of
bi-exciton energies, and thus perturbative methods are not
enough to accurately predict the energies of bi-exciton states.
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Fig. 2: Correlation energy of Ex (solid circles) and Exx (solid squares) as a function
of shell thickness on 15 A core CdSe/CdTe core/shell QD.

Our work provides a very important conceptual message —
with appropriate treatment of relevant dialectic and many —
electron effects like correlation and exchange the multi-band
envelope function Hamiltonians in combination with CI are
fully capable of capturing the all relevant effects determining
excitonic structure of core/shell QD based MEG solar cells.

Acknowledgements: This research is funded by: EPSRC
grant "Enhanced multiple exciton generation in colloidal quan-
tum dots” and the Royal Society grant "High Performance
Computing in Modelling of Innovative Photo-Voltaic Devices.”
We acknowledge help from the N8 Research Partnership and
Science and Technology Facilities Council for providing the
computational resources used to conduct this research. We
would also like to express our gratitude to D. Binks, W. Flavell,
P. O’Brien, and T. Walsh for useful discussions.

REFERENCES

[1] L.-W. Wang, M. Califano, A. Zunger, and A. Franceschetti, “Pseudopo-
tential theory of auger processes in cdse quantum dots,” Phys. Rev. Lett.,
vol. 91, no. 5, p. 056404, Jul 2003.

M. Califano, A. Zunger, and A. Franceschetti, “Direct carrier multipli-
cation due to inverse auger scattering in cdse quantum dots,” Applied
Physics Letters, vol. 84, no. 13, pp. 2409-2411, 2004.

S. Tomié, “Intermediate-band solar cells: Influence of band formation
on dynamical processes in inas/gaas quantum dot arrays,” Phys. Rev. B,
vol. 82, p. 195321, Nov 2010.

S. Tomié, A. G. Sunderland, and I. J. Bush, “Parallel multi-band k center
dot p code for electronic structure of zinc blend semiconductor quantum
dots,” J. Mater. Chem., vol. 16, no. 20, pp. 1963-1972, 2006.

N. Vukmirovi¢ and S. Tomié¢, “Plane wave methodology for single
quantum dot electronic structure calculations,” J. Appl. Phys., vol. 103,
no. 10, p. 103718, 2008.

S. Tomié, B. Montanari, and N. Harrison, “The group iii—v’s semicon-
ductor energy gaps predicted using the b3lyp hybrid functional,” Physica
E: Low-dimensional Systems and Nanostructures, vol. 40, no. 6, pp.
2125 — 2127, 2008.

A. Piryatinski, S. A. Ivanov, S. Tretiak, and V. I. Klimov, “Effect of
quantum and dielectric confinement on the exciton?exciton interaction
energy in type ii core/shell semiconductor nanocrystals,” Nano Letters,
vol. 7, no. 1, pp. 108-115, 2007.

A. Franceschetti, A. Williamson, and A. Zunger, “Addition spectra of
quantum dots: the role of dielectric mismatch,” The Journal of Physical
Chemistry B, vol. 104, no. 15, pp. 3398-3401, 2000.

J. Miloszewski, S. Tomié, and D. Binks, Journal of Physics: Conference
Series, p. (in press), 2014.

P. G. Bolcatto and C. R. Proetto, “Partially confined excitons in semi-
conductor nanocrystals with a finite size dielectric interface,” Journal of
Physics: Condensed Matter, vol. 13, no. 2, p. 319, 2001.

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]
(10]





