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Fig. 1. Schematic of TPA process in a Rb atom Fig. 2. Quantum dynamics driven by uncorrelated and entangled
by spectrally shaped entangled photons. photons with (a) no holes and (b) holes. Solid line is for entangled
photons and dotted line is for uncorrelated photons.
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AF4BT : One and Multiple Photon Induced Generation and

Stabilization of Multiexcitons in Quantum Dot Superlattices
AO1If BIJU Vasudevan Pillai

This research aims to prepare superlattices of semiconductor nanocrystals and extract light
energy absorbed by the nanocrystals in highly-excited superlattices. The nanocrystals
involved are lead halide perovskites and metal chalcogenide quantum dots. Although many
research groups have investigated the relaxation processes in cadmium and lead
chalcogenide quantum dots, loss of absorbed photon energy by non-radiative geminate
recombination in the ionized- or carrier trapped- state continues to be a major challenge in
the advancement of these nanocrystals to devices. Furthermore, the stochastic nature of
the non-radiative carrier recombination in a partially or completely ionized nanocrystal leads
to random telegraphic or blinking photoluminescence (PL). In addition to such energy-
wasting non-radiative relaxations in photo-excited semiconductor nanocrystals, like in
common organic fluorophores, a major portion of the photon energy absorbed by individual
nanocrystals is lost by radiative recombination within a few nanoseconds after optical
excitation, which is also by geminate recombination. This research focuses on the
suppression of ultrafast non-radiative Auger recombination and radiative recombination by
assembling individual nanocrystals into superlattices wherein the migration of charge
carriers by hoping among nanocrystals causes delayed PL - an important parameter for
light emitting devices, which when combined with electron and hole scavenging moieties
forms a novel platform for both scavenging of charges and designing of energy efficient
nanocrystal antennae for optical devices.! Typical examples of delayed carrier relaxation
and trapping of delayed charges in nanocrystal superlattices are presented below.

A. Preparation of formamidinium lead bromide (FAPbBr3) perovskite nanocrystals
and superlattices

Precursors of FAPbBrs; are formamidinium bromide and lead (II) bromide. These two
precursors were dissolved in N,N-dimethylformamide and added to a ligand mixture that is
octylammonium bromide and oleic acid dissolved in octadecene at 80 °C. The addition of
acetone to the above reaction mixture resulted in the precipitation of FAPbBr; perovskite
nanocrystals, which were separated and collected by ultracentrifugation. The residue was
dried in air, and the dry powders were re-dispersed in toluene and used in PL measurements.
The transmission electron microscope images reveal that the above synthesis provides
mostly spheroid nanocrystals with an average diameter of 5 nm. Superlattices were
prepared by the ligand-assisted and gradual assemblage of these nanocrystals in a dilute
(2 mg/mL) solution. The solution and superlattice of PNC are yellow in color with an intense
green PL (Figure 1A and B) upon exposure to a hand-held UV lamp (365 nm). The
absorption and fluorescence spectra of the nanocrystals in a solution and a superlattice are
shown in Figure 1C. In the solution, the nanocrystals absorb light broadly in the UV-visible
region with the sharp absorption band ca 537 nm. The fluorescence is intense (quantum
yield = 0.72) and sharp with a narrow (24 nm) full-width at half maximum. When compared
with the nanocrystal solution, the PL band of the superlattice is red-shifted by 10 nm (Figure
1C). The red-shift is attributed to inter-crystal interactions in the close-packed superlattice
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Figure 1. (A,B) Photographs of FAPbBr; nanocrystals (A) in the solution (in toluene) state and (B) in
the superlattice state. (C) Absorption (i,ii) and PL (ii1,iv) spectra of (ii,iv) a solution (0.1 mg/mL in
toluene) of the nanocrystals and (i,i11) a self-assembled superlattice of the nanocrystals. (D) PL decay
profiles of FAPbBr; nanocrystals assembled into a superlattice: (a) without any doping, and (b-f) with
different doping densities of fullerene (b: 0.5, c: 1, d:1.5, e:2 and f:2.5 uM fullerene in 0.1 mg/mL
FAPDbBr; nanocrystals solution employed for superlattice preparation). Decrease of PL lifetime was
negligibly small beyond 2.5 uM fullerene.

and the transfer of energy from smaller to larger crystals. Interestingly, the emission
remained intense and sharp in the superlattices state.

B. Delayed emission and scavenging of photo-generated electrons

To understand the mobility of charge carriers in superlattice of FAPbBr; nanocrystals, time-
resolved PL was recorded and analyzed. When compared with fast radiative relaxation (ca
20 ns) of photoactivated excitons in isolated nanocrystals in the solution phase, samples
precipitated using acetone show larger clusters even in the colloidal form, with an average
PL lifetime exceeding 1 ps. Such an aggregation induced elongation of PL lifetime suggests
mobility of photo-generated charges even in nanocrystal clusters. Interestingly, the PL
lifetime of superlattices of FAPbBr; nanocrystals exceeded 4 us (see the PL decay curve ‘a’
in Figure 1D). Such a delay in the recombination of photo-generated excitons in
superlattices suggests both hopping of charges/excitons among nanocrystals and non-
geminate radiative recombination. Furthermore, the delayed recombination is helpful of
efficient extraction of photo-generated charges from the superlattice, which was
accomplished by doping the superlattice with Buckminster fullerene as the electron
scavenger. As seen in Figure 1D, the PL lifetime of doped superlattice is systematically
decreased with increase in the doping density of fullerene (Figure 1D, traces ‘b to f').

In summary, this research demonstrates delayed recombination of photo-generated
charge carriers, which is accomplished by assembling individual FAPbBr; nanocrystals into
a superlattice. Furthermore, the delayed recombination was helpful for extracting electrons
using an electron acceptor dopant.

1) V. C. Nair, C. Muthu, A. L. Rogach, R. Kohara, V. Biju, Angew. Chem. Int. Ed. 2017,
56, 1214-1218.
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