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Theoretical method

We consider perfectly crystalline, identical, nearly-spherical zincblende InAs nanocrys-
tals, arranged in oriented and perfectly ordered 2D square arrays, with a minimum inter-
dot separation corresponding to one bond length (0.26 nm for InAs). These seemingly
strongly idealised systems are indeed realistically achievable experimentally, thanks to re-
cent advances in synthetic methods!™ and to the increased ability to engineer the length
of the nanocrystals’ capping groups,*® which have led to the creation of quantum dot su-
perlattices with long-range order on the micrometre scale.?> The electronic states of such
periodic systems are obtained within the tight-binding approach,® by expanding the su-
perlattice wave functions in a basis of single quantum dot conduction band eigenstates
¢, (7) obtained within the atomistic semiempirical pseudopotential framework!? (where
electron surface trap states are modelled according to the procedure detailed in Ref. 11),

and can be expressed in terms of Bloch functions as

w0681 [ET b6 (- )]

where by, are the coefficients of the expansion (we use up to 9 wave functions for each
- conduction and valence - band of the isolated quantum dot), Rn are the superlattice
vectors and 7 is a vector of the superlattice reciprocal space.

The absorption coefficient is calculated within the electric dipole approximation using

Fermi’s Golden Rule, as
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where e is the electron charge, Qs is the number of vectors of the reciprocal space for

which the Schrodinger equation is solved (a 501x501 grid discretisation is used here to
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sample the Brillouin zone), v,,,iscc1; is the volume of the superlattice unit cell, 7, is the re-
fractive index of the material, ¢ is the speed of light in vacuum, € is the vacuum dielectric
constant, AE is the interval width within which energy is conserved,!? w is the angular
frequency of the photon involved in the absorption process, K;, is related to the normali-
sation constant 1/, /KzNs (where N; is the number of quantum dots in the superlattice),
¢ is the potential vector polarisation, u¢ and u; are the Bloch functions of the superlattice

wave function for the final (f) and initial (i) states, and f(E) is Fermi-Dirac’s statistics.

Atomistic modelling of single NCs

In our atomistic approach the NC is built with bulk-like structure, starting from its con-
stituent atoms, from its centre outwards up to the desired radius. This procedure yields
surface atoms with unsaturated bonds. Atoms with only one (saturated) bond are re-
moved, leaving on the surface only atoms with one or two missing bonds. These surface
dangling bonds are passivated by pseudo-hydrogenic, short-range potentials with Gaus-
sian form, positioned along the line connecting the missing bonding atom and the pas-
sivated atom, at a distance 0 < d < Dy (Where Dy is the bulk bond length) from the
centre of the latter.'31% This method is not meant to simulate specific ligands, but repre-
sents rather a generic passivation that aims at removing states in the gap. Electron surface
trap states are modelled according to the procedure detailed in Ref. 11. For each dot size
considered, among the different traps we created (in terms of both spatial position on the
surface and energetic position - i.e., depth - in the gap), we selected those with an energy
separation from the CBM close to the optimum separation (~ 0.9 eV) suggested by Luque
and Marti'® for maximum solar conversion efficiency.

As it is the case with any non-self-consistent (i.e., non-DFT) method, '© the structure
is not relaxed nor the surface is allowed to reconstruct, since with realistic experimen-

tal sizes, this energy minimisation step is prohibitively expensive computationally and
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cannot be performed self-consistently.

3D Charge densities of isolated NCs

0.6 nm 0.8 nm 1.0 nm (215)
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Figure S 1: Calculated 3D charge density (dark red) of CBM, IGS and VBM in isolated
InAs CQDs with R = 0.6, 0.8, and 1.0 nm. The blue and cyan spheres represent In and As
atoms, respectively.

Optical spectra of isolated NCs
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Figure S 2: Absorption spectra of isolated InAs CQDs with R = 0.6, 0.8, and 1.0 nm. The
vertical lines represent the probability for each transition. The colour of the different
contributions to the spectra reflects the different transitions they refer to, according to
the inset. Experimental broadening is reproduced here using Gaussian broadenings of 50
meV (dashed lines) and 100 meV (solid lines).
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Figure S 3: Absorption spectra of isolated InAs CQDs with R = 1.2 and 2.0 nm. The
vertical lines represent the probability for each transition. The colour of the different
contribution to the spectra reflects the different transitions they refer to, according to the
inset. Experimental broadening is reproduced here using Gaussian broadenings of 50
meV (dashed lines) and 100 meV (solid lines).



3D band structure of a film of InAs NCs with R = 0.6 nm
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Figure S 4: Evolution of the CBM miniband position and width in a film of InAs CQDs
with R = 0.6 nm, obtained considering coupling with the following states in neighbouring
NCs: (a) only the CBM, (b) CBM plus higher CB states, (c) all CB states (including the IGS),
(d) all states (including the VB). It is clear that both energy position and width depend
on the coupling with higher CB states (b) but are not influenced by the presence of either
VB states (d) or IGS (c). The energy levels of the isolated dot are shown as horizontal red
lines. The energies are referred to the vacuum level.
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Absorption edge peak energies in isolated NCs and quan-

tum dot films

Table S 1: Band edge peak transition energies Ejc, Ey; and Eg, for the IB—CBM,
VBM—IB, and VBM—CBM transitions, respectively, used for estimating the IBSC lim-
iting efficiencies at 1 sun (AM1.5G) and 100 suns (AM1.5D), according to Bremner, Levy
and Honsberg17 and to Krishna and Krich,!8 for InAs NCs both isolated and in a close-
packed film, reported in Table I, main text. For R < 1.0 nm the IB is the IGS, whereas in
the case of R = 1.2 nm and R = 2.0 nm the CBM is considered as the IB, therefore the "real"
band gap energies are Ey [, whereas the values for E, reported in the last two rows of the
table are relative to the VBM—CBM+1 transition.

Isolated Film
R[nm] | Ejc[eV] EyileV] Ec[eV] | EicleV] Evy([eV] Eg[eV]
IB=IGS
0.6 0.825 2.291 3.108 0.62 2.156 2.385
0.8 1.032 1.341 2.370 0.56 1.021 1.514
1.0 0.800 1.520 2.258 0.98 1.467 2.400
IB=CBM
1.2 0.651 1.725 2.358 0.906 1.545 1.788
2.0 0.480 1.215 1.650 0.480 1.258 1.672
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3D oscillator strength in a film of InAs NCs with R =1.2 nm

Figure S 5: 3D representation of the oscillator strength vs 7 for transitions originating
from M; to M, calculated for films of InAs CQDs with R = 1.2 nm where the interdot
separation is one bond length
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Evolution of the band structure with dot-to-dot separation

in a film of InAs NCs with R =1.2 nm
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Figure S 6: Conduction band structure calculated for films of InAs CQDs with R = 1.2 nm
for different values of the interdot separation, ranging from one bond length (left panel)
to two bond lengths (right panel). The dashed lines mark the position of the CBM (red
lines) and CBM+1 (blue lines) in isolated dots. The inset at the top indicate the interdot
separation. Bottom panels are 2D representation of the band structure.
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