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Introduction

A surface constitutes a simplified type of interface, which can be defined as a
small number of atomic layers that separate two solids in contact with one
another, whose properties significantly differs from those of the bulk material they
separate. In case of a surface, the solid is in contact either with the surrounding
media or the vacuum.

The development of a solid theoretic background for the description of the
surface electronic structure of materials has been pivotal in modern nanoscience
and nanotechnology. While the study of surfaces and interfaces originated as a
branch of condensed matter research, it rapidly grew first into a fundamental
subject in physical chemistry, for the study of surface reactions and catalysis, and
later in several other disciplines, such as micro- and nano-electronics, micro- and
nano-fluidics, coatings, chemo- and bio-sensing, pressure sensing and, most
importantly for this thesis, nanostructured materials™*.

While surfaces in bulk materials have been extensively explored and can give
useful information about the material itself, they still represent a minor
perturbation which does not affect the bulk properties. This is not true if we
decrease the material size down to the nanoscale: excitons in nanocrystals (NCs)
are confined in a volume whose size is comparable to their Bohr-exciton radius,
thus making the carriers wave functions efficient probes of the surfaces? > ¢ and of
surface-related imperfections.

By definition, surface atoms are missing at least one of their neighbors, which
results in the formation of danglind bonds. Such undercoordinated atoms
contribute to a set of electronic states whose energies lie within the energy gap
of the material, rather than being resonant with either the valence or conduction
band'. These states lie within the family of extrinsic defects, in opposition to
intrinsic ones that describe surface states originating from the interruption of a
perfectly cleaved surface?. Extrinsic states are not limited to unpassivated dangling
bonds: such defects as vacancies and adsorbate (also called surface ligands)
belong to this class’.
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A lot of work has been dedicated to the active role of surface ligands: not only
do they ensure good solubility to the NCs’, but they also provide a passivation of
the uncoordinated surface atoms'"” and, importantly for applicative purposes, they
offer an extremely versatile platform to tune several properties of NCs, such as the
bandgap, the ionization potential, electron affinity, the PL efficiency by
strategically designing and implementing ligands with proper HOMO and LUMO
values'.

However, a thorough choice does not guarantee a complete passivation.
Especially with smaller NCs, the steric hindrance between passivating ligands
could be non-negligible> 8 10, As a results, some uncoordinates atoms become
an active surface defects that can directly affect the NCs properties. If a
photogenerated carrier (either electron or hole) is captured by such surface defect,
it suddenly becomes unavailable for the radiative recombination from the band
edge of the NC, thus lowering its PL efficiency.

The first observations of this phenomenon lead to a great deal of research
over the past decades that was dedicated to minimize the surface defects and
therefore their undesirable effects that limited their applications™, reduces PL'> 13
and hinder transport™. The most renowned and succesfull strategy to overcome
this issue is the passivation of the NC surface with a thin shell of a larger bandgap
semiconductor, thus providing good passivation of the surface traps and therefore
ensuring better optical performances’.

Without a proper passivation, the uncoordinated sites act as efficient traps for
either electrons or holes” > 7; following the capture of a carrier, the highly
delocalized exciton state is converted into a trap state which is localized at the
surface, a process that was described within the semiclassical Marcus electron
transfer theory” ™ 6. Several models have been proposed to explain how the
surface states affect the radiative band-edge PL. Trapped carriers are typically
regarded as forming dark excitons, although the presence of a surface implicates
a lowering of the symmetry of surface states, which gives rise to a non-negligible
surface-induced mixing of forbidden and allowed excitonic states, as inferred from
the decay rates of both dark and bright excitons® 7.

While the first studies on cadmium selenide (CdSe) NCs, regarded as a model
system for semiconductor NCs, used to neglect the existence of any radiative
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contribute from the defects state, recent works have thoroughly investigate the
red-shifted emission with respect to the band-edge PL that can be observed in
unpassivated CdSe NCs’” 6 18 19 This additional emission has been ascribed to
either shallow or deep traps, which are distinguished by different decay rates due
to the fact that carriers in shallow trap can easily delocalize again and contribute
to band-edge emission, while for deep traps the detrapping processes is hardly
accessible even at toom temperature’®. Such defect-related, red-shifted PL has
been widely investigated as well as exploited for white-light emission?® 21,
sensing®? and temperature measurements applications®.

Despite the broad investigation on the defect-related emission, however, at
the beginning of my PhD research little to no work had been dedicated to the
effect of surface traps on the band-edge emission of NCs. As | report in this thesis
for different NCs, tuning the population of the surface defects indeed affects the
intrinsic radiative processes of the NCs.

To this aim, | setup for the first time in our laboratory spectroelectrochemistry
(SEC) measurements and spectroscopic experiments under controlled
atmosphere: the combination of these techniques rapidly became a powerful tool
to study the PL emission of colloidal NCs while changing their environment, and
therefore to assess the defect-mediated effect of the oxidative/reductive
surroundings on their PL efficiency.

Spectroelectrochemistry experiments have been carried out by coupling a

fundamental spectroscopic analysis with an electrochemical cell and a
potentiostat. The electrochemical cell configuration that best suited my purposes
is the three-electrode setup: current flows between a working electrode (WE) and
a counter electrode (CE), whereas the presence of a reference electrode (RE) kept
at a fixed electrochemical (EC) potential allows for measuring the potential
difference between the WE and the RE itself. As a result, it is possible to precisely
monitor the EC potential variation that the WE undergoes when an
electrochemical reaction is taking place. The CE and RE are standard platinum and
silver electrodes, respectively, whereas the WE consists of a transparent, ITO-
covered quartz substrate onto which | deposit the NCs. The electrodes are placed

into a quartz cuvette filled with the electrolyte (a solution of tetrabutylammonium
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perchlorate, TBACIO4, in propylene carbonate). At the beginning of the
experiment, before any perturbation is applied to the system through the
potentiostat, the WE is in electrochemical equilibrium, and its EC potential is
measured with respect to the RE EC potential. When current starts flowing
between WE and CE, a voltmeter monitors the new EC potential values at the WE
with respect to the RE. The use of a transparent cell and WE allows me to optically
excite the NCs layer deposited onto the WE and record their PL intensity with
either a charge-coupled device or a time-resolved PL setup.

According to the change in the EC potential that the NCs are undergoing, their
luminescence displays a consistent variation, which result from the change in the
occupancy of the surface defects states. Such defects as dangling bonds can act
as a trap for either electrons or holes; when a negative potential is applied to the
WE, electrons flow to the electrode and therefore to the NCs, thus raising their
Fermi energy and gradually filling the surface defects with electrons. As a result,
the population of surface defects that can capture a photogenerated electron
decreases, whereas the hole trapping capability of the surface states is enhanced.
The PL intensity is therefore determined by the competition between the
quenching effect caused by an increased hole withdrawal and the brightening
effect prompted by the suppressed electron trapping, and ultimately depends on
whether the electron or hole trapping rate is dominant in a particular type of
nanocrystals.

The opposite description holds for the application of a positive EC potential:
here, electrons are removed from the NCs and their Fermi energy decreases. This
allows me to artificially expose the materials to an excess of electron poor agents
with respect to the atmospheric condition and thereby to monitor the PL response
to a severe oxidative environment. These conditions correspond to the progressive
lowering of the Fermi level in the NCs, which activates electron traps and
concomitantly suppresses hole trapping by depleting surfaces states of excess
electrons. Again, the dominant process between electrons and holes capturing by

surface states determines the change in the PL intensity.
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Once monitored via the SEC experiments, the PL brightening/dimming can be
modelled and related to the band gap structure of the material, which leads to a
thorough understanding of the material's behaviour under reductive or oxidating
environment.

This knowledge allows me to implement their use as active materials in optical
oxygen pressure sensors, also called Pressure Sensitive Paints (PSPs) 24 2>,

PSPs are optical sensing coatings that enable the visualisation of the oxygen
pressure in the proximity of complex or miniaturized surfaces and in structures
with moving parts?6-28, Besides their established use in aerodynamics tests?°3?,
they have been recently employed in a variety of analysis such as ballistic studies,
cavity acoustics**%, adiabatic film cooling effectiveness® 3%, and microchannel
fluidics*-42,

PSPs typically consist in a porous** 4 or polymeric* 46 binder containing a
chromophore, which typically belongs to one of these three classes of organic
dyes: porphyrins*-48, pyrenes*> *0 or ruthenium complexes®" 2. Their working
principle relies on the one-on-one interaction between a photoexcited
chromophore an O, molecule that, in its ground state, is a diradical triplet with
strong electron-acceptor character. This results in rapid energy/charge transfer
from the chromophore to molecular oxygen, resulting in a strong quenching of
the chromophore emission?® 3753,

Recently, great attention has been dedicated to the potential use of inorganic
colloidal NCs as optical sensors, since their combination of color-tunability>* %,
photostability®®, high quantum yields®° and exceptionally large surface-to-
volume ratios?* 8 makes them ideal platforms to sense both specific molecules in
biological environments®'-%> and dry or wet gases®* 66-69,

Here, in the first Chapter of this work | propose a potential all-inorganic
alternative to traditional dyes by employing cesium lead bromide (CsPbBrs)
perovskite NCs. Such materials have lately been the focus of intense research,
mostly thanks to their exceptional optical properties’® 7! as well as their intrinsic
resilience to structural imperfections, also known as defect tolerance’. | present
the results of SEC experiments, which | conducted side-by-side to optical oxygen
sensing measurements; both show the dominant role played by hole traps in
affecting the NCs radiative recombination. Understanding and modeling their
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behavior allow me to realize an all-inorganic alternative to traditional organic
oxygen pressure sensors, based on the increase of their PL intensity under reduced
oxygen pressure.

Traditional PSPs chromophores, however, together with perovskite NCs, rely
on the disappearance of the signal in presence of oxygen, which means it may not
represent the best approach when high oxygen concentrations (for instance, at
atmospheric pressure) need to be detected. In Chapter 2, | demonstrated how to
overcome this issue by realizing a novel-concept, inorganic ‘reverse’ PSP, with
CdSe nanoplatelets (NPLs) as active material, since their PL intensity increases with
the oxygen concentration. NPLs are strongly anisotropic systems which recently
gained a lot of attention’® and exhibit narrow emission spectra, giant oscillator
strength’* 7%, and suppressed Auger recombination’> 76, as well as an exceptionally
large surface/volume ratio which makes them particularly vulnerable to
nonradiative carrier trapping into surface defects. SEC experiments and optical
measurements under controlled atmosphere allow me to unveil and model the
unusual benefit of an oxidative environment on CdSe NPLs, which are mainly
affected by hole trapping.

Although exhibiting the peculiar advantage of an increase signal in presence
of oxygen, the PSPs based on CdSe NPLs share with the perovskite-based sensors
the major drawback of providing a radiometric oxygen detection only, that is, the
measurement solely relies on a change in the PL intensity of the chromophore.
The PL, however, can also change as a result of a temperature variation or UV-
induced degradation. In order to overcome this issue, in Chapter 3 | introduce a
significant improvement by employing dual-emitting, core/shell cadmium
selenide/cadmium sulfide (CdSe/CdS) NCs that consist of a small CdSe core
overcoated with an ultra-thick CdS shell”” 8, Owing to their peculiar internal
structure, these NCs are capable of simultaneously sustaining core and shell
excitons, whose radiative recombination leads to two-colour (red and green)
luminescence under both low-fluence continuous wave (cw) optical excitation”®
and electrical injection”’. Importantly for PSP applications, the shell excitons are
exposed to NC surface species, and their luminescence is highly sensitive to
nonradiative electron transfer to surface defects or molecular acceptors (such as
molecular oxygen) adsorbed onto the NC surface that lead to luminescence

10
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guenching”. In stark contrast, the emission arising from core-localized excitons is
enhanced by exposure to O; as the removal of extra electrons generated by
photocharging would quench nonradiative Auger recombination.”® As a result of
these effects, the two emission channels of the DiB NCs follow opposite trends
with increasing/decreasing O, partial pressure, which allows me to achieve a
‘double-sensor’ ratiometric response, as well as suppressed cross-readout due to
a zero overlap between the luminescence spectra of the two emissive states, a
dynamic range of ratiometric O,-pressure sensing of three orders of magnitude,
and the temperature-independent ratiometric response between 0°C and 70°C.

11
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Chapter 1

Effect of nonradiative defects and
environmental oxygen on exciton
recombination processes in CsPbBr; perovskite
nanocrystals

This work was performed in collaboration with
the Italian Institute of Technology (IIT, Genova).

Overview

Lead halide perovskite nanocrystals (NCs) are emerging as optically active
materials for solution-processed optoelectronic devices. Despite their
technological relevance and intrinsic resilience to structural imperfections, no in-
depth study of the role of selective carrier trapping and environmental conditions
on their exciton dynamics has been reported to date. In this chapter, | conduct
spectro-electrochemical experiments, side-by-side to optical oxygen sensing
measurements on CsPbBrz NCs and show the strong (60%) PL quenching under
reductive potentials by trapping of photogenerated holes, with oxidizing
conditions resulting in minor (5%) brightening due to suppressed hole trapping,
which indicates that electron accepting states play a minor role in nonradiative
exciton decay. This behaviour is rationalized through a semi-quantitative model
that links the occupancy of trap sites with the position of the NC Fermi level
controlled by the EC potential. PL measurements in controlled atmosphere reveal
strong quenching by collisional interactions between the NCs and Oy, in contrast
to the photo-brightening effect observed in perovskite films and single crystals.
This indicates that O, acts as an efficient scavenger of photo-excited electrons
without mediation by structural defects and, together with the asymmetrical SEC
response, suggest that, despite the higher surface-to-volume ratio, electron rich
surface defects are likely less abundant in nanostructured perovskites, leading to
an emission response dominated by direct interaction with the environment.

13
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1.1 Introduction

Lead halide perovskites are attracting growing attention as optically active
materials in numerous photonics technologies®, including high performance solar
cells®’-8, light emitting diodes (LEDs)®" &, lasers’" 8 %° and radiation- and photo-
detectors®" %2, Recently, colloidal synthesis routes have been developed to obtain
perovskite nanocrystals (NCs) in the hybrid organic-inorganic formulation MAPbX3
(MA=CHsNH3)* %, as well as in the all-inorganic cesium lead halide perovskite
form, CsPbXs (X = Cl, Br, or )% %597, which have been demonstrated in a variety
of shapes including nanocubes™, nanoplatelets®® %, nanosheets®® and
nanowires®. Notably, the electronic structure and the deriving optical properties
of perovskite NCs are tuneable both via control of the particle size and shape
(quantum confinement effect)® % % and through halide substitution via post-
synthesis anion-exchange reactions® %°, which allow for achieving full coverage of
the visible spectrum ideally suitable for wide gamut displays with ultra-high color
saturation’® 7", For these reasons, numerous studies have recently been dedicated
to the post-synthesis manipulation and assembly'%-1% of perovskite NCs, as well
as to spectroscopic and device aspects including single photon emission'0>1%,

111

exciton? and bi-exciton" photophysics, optical gain and lasing™'>"11¢, LEDs8. 117-

122 and solar cells™* 24 Doping of perovskite NCs with transition metal cations
such as manganese''?7, cadmium, zinc, tin'® and bismuth’®® has also been
reported, resulting in widely Stokes-shifted emission from localized intragap
dopant states sensitized by the NC host as well as lead-free metal-halide
perovskite NCs which are technologically relevant due to toxicity concerns
generated from lead-based materials'3.

A further beneficial aspect of perovskite materials is the high tolerance of their
transport and photophysical properties to structural disorder, such as point
defects (i.e. vacancies'" 32, ionic rotations'3'38), high ionic mobility'> 3° and
electronic impurities'™?, which coexist with high carrier mobilities and large
diffusion lengths exhibited by both films™! and NCs'™2. This distinctive
characteristics arises from their peculiar hybridized s-p antibonding valence band
structure and strong spin-orbit coupling resulting in localized electronic states
associated to structural defects to be positioned in energy inside the electronic
bands or nearly resonant to their band edges'-'46, rather than forming deep

15
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intragap states that in 11-VI, IlI-V or V-VI NCs are typically responsible for carrier
trapping and nonradiative emission quenching?> '7-1>1 As a result, both hybrid
and all-inorganic perovskite NCs exhibit highly efficient narrowband
photoluminescence (PL)?> 130 152155 without the need for electronic passivation
with wider-gap shells* commonly used to enhance the emission quantum yield
of metal chalcogenides NCs, and are typically less affected by photo-oxidation™4.
Nevertheless, recent studies showed that the PL and transport of both MAPbX3
and CsPbXs perovskite films and single crystals is strongly affected by the
environmental conditions™® %9, |eaving the role of surface defects and direct
interaction with the chemical surroundings an open subject of research.
Specifically, the emission efficiency was consistently observed to increase in
oxygen atmosphere (both dry and humid) with respect to inert environment
(vacuum or inert gasses) due to passivation of photo-induced intragap states by
O>. A similar PL brightening effect has been found also in metal chalcogenide
nanostructures such as CdSe nanoplatelets™ and core/shell CdSe/CdS NCs?°,
whose emission efficiency is enhanced by molecular oxygen that, being a diradical
triplet with strong electron accepting character, depletes defect states on the
particle surfaces from excess electrons responsible for ultrafast nonradiative
trapping of photo-excited holes in vacuum conditions?> 1% 160, 161 Degpite the
fundamental and technological relevance of tracing rational design guidelines for
optimizing the optical properties of perovskite nanostructures beyond what is
already available by exploiting their intrinsic resilience to structural imperfections,
no in-depth study of the role of selective carrier trapping and environmental
conditions on their exciton dynamics has been reported to date.

Here, in order to investigate the nature and the effects of trap states, as well
as the role of the environment in the exciton recombination process in perovskite
NCs, we conduct, for the first time, spectro-electrochemical (SEC) experiments on
CsPbBrs NCs, side-by-side to optical oxygen sensing measurements. We show
that, by externally tuning the position of the Fermi level through the application
of an EC potential (Vec), we alter the occupancy of defect states and thereby
control the NC's emission intensity without degrading the NCs. Specifically, our
data shows that the PL efficiency is strongly quenched upon the application of a
negative (reductive) Vec, which corresponds to raising the Fermi level in the NC,
indicating that, consistently with bulk and thin film perovskites'® 5% 162, the

16
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emission mechanism is mostly affected by trapping of photogenerated holes,
whereas electron trapping plays a negligible role in nonradiative PL quenching.
Accordingly, upon the application of a positive (oxidative) Vec, corresponding to
lowering the Fermi level in the NCs, the PL intensity increases slightly due to
suppressed hole trapping in defect states depleted of excess electrons, despite
the fact that oxidative conditions might concomitantly lead to the activation of
electron acceptor states. The quantitative difference between the PL responses
upon raising or lowering the Fermi level in the NCs, together with the relatively
high PL quantum efficiency at zero EC potential (®p.=30+4%) suggest that the
number of active intragap hole traps per NC in unperturbed conditions (Vec=0V)
is arguably very small, in agreement with the high defect tolerance of perovskite
materials™'139, This behaviour is rationalized through a semi-quantitative model
that links the occupancy of trap sites to the position of the NC Fermi level. The
model shows that trap sites, in the absence of EC potentials, are likely positioned
in energy slightly above the Fermi level (that is, they are devoid of electrons) and
their filling under negative Vec leads to progressive PL quenching due to activated
nonradiative hole trapping. Photoluminescence measurements in controlled
oxygen atmosphere complement and extend the picture emerging from the SEC
experiments and enable us to elucidate the role the NC environment on the
exciton recombination dynamics. Specifically, these measurements reveal a strong
effect of collisional interactions between the NCs and molecular oxygen that acts
as an efficient scavenger of photogenerated electrons directly from the NC
conduction band without mediation by structural defects. The removal of O, from
the NC environment leads to nearly instantaneous and fully reversible ~30%
brightening of the PL efficiency with respect to oxygen atmosphere. This
behaviour indicates that the interaction mechanism between perovskite
nanostructures and molecular oxygen is markedly different from the process
leading to the persistent emission brightening upon O exposure observed in
perovskites films and single crystals'®'%8, which was ascribed to saturation of
photogenerated intragap states by adsorption of O, molecules on the sample
surface. In perovskite NCs, conversely, the PL quenching by O, together with the
weak brightening effect of oxidative EC potentials, suggests that molecular oxygen
extracts photogenerated electrons directly from the NC conduction band, without
the need for mediation by surface sites and further corroborates the picture that

17
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the number of electron-rich surface states acting as hole traps in unperturbed
atmospheric conditions is likely smaller than in film or bulk materials.

1.2 Results and Discussion

1.2.1 Structural and optical properties of CsPbBr: nanocrystals

CsPbBr; NCs with a schematic crystal structure depicted in Figure 1.1a were
synthesized following the procedure of Protesescu et al.>> by Dr Akkerman and Dr
Accornero from the group of Prof. Manna at the Italian institute of Technology
(IIT, Genova). Dr Prato, also from the IIT group, provided us with the transmission
electron microscopy images and X-ray diffraction (XRD) measurements. The TEM
image and respective size histogram reported in Figure 1.1b and 1c show particles
with cubic morphology and average side length, L= 9.6+1.2 nm. The powder XRD
pattern in Figure 1.1d confirms the orthorhombic structure of the NCs, matching
with previous reports'®.

a ————————— 80 €
@ Bromide [ ] 60 g
® cesium 3 40 g
. Lead L - 206Lg
1 0

0O 2 4 6 8 10 12 14
Side Length (nm)

L (110) (020) (220) 1

XRD Intensity o

Figure 1.1. Structural characterization of CsPbBr: perovskites NCs. (a)
Schematic of the crystal structure of CsPbBrs perovskites. The relative sizes are
adjusted proportionally to the ionic radii of each ion (Br: 196 pm'4, Cs*: 167
pm'®, Pb%*: 120 pm'). (b) Transmission electron micrograph of CsPbBrs
perovskite NCs and (c) related size histogram extracted from the analysis of over
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300 particles, showing cubic NCs with average side length of 9+1 nm. (d) X-ray
diffraction pattern of CsPbBr; perovskite NCs at room temperature.
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Figure 1.2. Optical characterization of CsPbBr: perovskites NCs. (a) Optical
absorption (black lines) and photoluminescence (PL, green lines) spectra of the
NCs in toluene solution (top panel, solid lines) and deposited onto a silica
substrate (bottom panel, dashed lines) under 3.1 eV excitation (excitation fluence
100 nJ/cm?). (b) PL time decay curves measured at the PL maximum (2.43 eV) for
the NGCs in toluene (green diamonds) and in solid film (light green circles) and
corresponding double-exponential fitting curve (black solid and black dashed
lines for the solution and the film respectively, the curves are shifted vertically for
clarity). (c) Contour plot of the PL time decay as a function of the emission energy
for the NC film showing no spectral diffusion due to inter-dot energy transfer. The
dashed white line is a guide for the eye to emphasize the invariance of the PL peak
position over time. All measurements are conducted using 3.1 eV excitation with
fluence of 100 nJ/cm?.

The optical absorption and the PL spectra of the CsPbBrs NCs in toluene
solution and dip-casted onto silica are reported in Figure 1.2a, showing identical
spectral properties for the two systems with the characteristic steep absorption
edge of perovskite NCs with first excitonic feature at 2.43 eV and narrow-band
emission peak at 2.4 eV. The PL quantum vyield is ®p.=34+4% in solution and
®p =30£4% in solid film. Consistently, the PL decay curves collected at the
emission maximum (Figure 1.2b) show identical decay dynamics in both solution
and solid film. In agreement with previous reports’® %, the decay dynamics
follows a double-exponential trend with a fast decay (t~13 ns) responsible for

19
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~80% of the signal followed by a longer-lived component with t~69 ns
accounting for the remaining ~20%. Notably, consistently with recent results by
Raino et al.%, the spectrally resolved contour plot of the PL decay of the NC film
in Figure 1.2c shows no shift of the emission profile over time, indicating that
spectral diffusion due to dot-to-dot energy transfer in the film is negligible,
despite the fact that the NCs are not coated with a wide band-gap shell that has
been used to suppress inter-dot energy transfer in close packed films of
chalcogenide NCs> 166,

1.2.2 Spectro-electrochemistry experiments

In order to investigate the effects of carrier trapping in intragap defects on the
photophysics of CsPbBrs NCs, we conducted SEC measurements using the custom
experimental setup illustrated in Figure 1.3a, consisting of an ITO-coated quartz
substrate covered by a film of sintered ZnO particles (~50 nm diameter) and a thin
layer of CsPbBrs NCs as the working electrode and silver and platinum wires as
reference and counter electrodes, respectively. Figure 1.3a also shows a schematic
band structure of the perovskite NCs with the valence band maximum (VBm)
consisting of antibonding orbitals formed by s-orbitals of Pb and p-orbitals of Br
and the conduction band minimum (CBm) originating from a charge transfer
between p-orbitals of Pb and p-orbitals of Br, with the former providing the
dominant character to the resulting orbital'43 67 168 |n unperturbed conditions,
the NC Fermi level (FL) is placed at the center of the energy gap, as expected for
undoped semiconductors. The intragap trap states (TS) responsible for the SEC
behavior are placed in energy slightly above it, according to the semi-quantitative
model of the EC response described later in this section. We first apply a negative
Vec, which corresponds to raising the Fermi energy in the NC film, leading to
progressive passivation (activation) of electron (hole) traps. In these conditions,
the NC emission intensity is thus determined by the competition between the
quenching effect of hole withdrawal and the brightening effect of suppressed
electron trapping.
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Figure 1.3. Schematics of the SEC setup and illustration of the possible
processes under EC potential. (a) Schematics of the SEC setup consisting of an
EC cell with tetra butyl ammonium perchlorate in propylene carbonate (0.1M) as
an electrolyte and a working electrode comprising an ITO-coated glass covered
with a layer of ZnO nanoparticles (NPs) and CsPbBrs; perovskite NCs. The figure
also illustrates the radiative recombination pathway (green arrow) of photo-
excited band-edge excitons and the competitive carrier trapping processes in trap
states (TS). The effect of the EC potential on the PL intensity depends on the
filling/emptying of trap states (right of the band diagram) in response to changes
in the position of the Fermi level (FL; pink line).

In Figure 1.4a we report the complete set of PL spectra of the NCs under
application of a negative Vec potential scanned from 0 V to -2.5 V and then back
to 0V (100 mV potential steps lasting 10 seconds each). To quantify the effect of
the EC potential on the PL intensity, in Figure 1.4b we plot the integrated PL
intensity as a function of Vec normalized to its value at Vec = 0 V. The measurement
is repeated twice so as to assess the reversibility of the PL response and the
absence of significant degradation effects. The weak ~10% PL drop, uncorrelated
to the EC sweep, occurring during the whole measurement (~13 minutes in total)
is ascribed to the dissolution of a minor population of NCs by the propylene
carbonate solution.
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Figure 1.4. CsPbBr: perovskite NCs under a negative EC potential. (a) A
series of PL spectra (0.5 s acquisition time per frame, 10 s steps) for a stepwise
scan of the EC potential to negative values (100 mV steps each lasting 10s). (b)
Spectrally integrated PL intensity as a function of Vec extracted from the spectra in
'b’. Two sequential SEC scans are reported in order to show the repeatability of
the measurement. The initial intensity is normalized to its value at Vec = 0 V. All
measurements are conducted using 3.1 eV excitation with fluence of 100 nJ/cm?.
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Figure 1.5. Spectrally-resolved and time-resolved PL emission of a sample
of CsPbBr: perovskite NCs under negative and positive EC potential. (a)
Normalized PL spectra at Vec=0 (black line) and Vec=-2V (light green line) and
VEC=+1.5V (green line). The spectra are shifted vertically for clarity. (b) PL decay
curves at Vec=0V, -2V and +1.5 V. The color code is the same as in ‘a’. All
measurements are conducted using 3.1 eV excitation with fluence of 100 nJ/cm?.
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Accordingly, ~10% decrease in the optical absorbance is observed for an
equivalent amount of time without the application of an EC potential (as shown in
Figure 1.6).
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Figure 1.6. Absorption spectra of a thin film of CsPbBr; NCs in the
electrolyte solution over time. Optical absorption spectra of a submonolayer
film of CsPbBr; NCs deposited onto an ITO-coated glass covered with a layer of
ZnO nanoparticles (NPs), immersed in the electrolyte solution used for the
spectro-electrochemical experiments (tetrabutylammonium perchlorate, 0.1 M in
propylene carbonate). The first spectrum is measured 5 seconds after the addition
of the electrolyte (black line) and subsequent measurements are performed every
5 minutes (increasingly lighter green lines) up to a total time of 30 minutes, in
order to cover the SEC data collection time span (13 minutes and 30 seconds for
2 cycles under negative EC potential and 10 minutes for 2 cycles under positive EC
potential.) The inset shows the optical absorbance values at 3.1 eV, corresponding
to the excitation energy used for the SEC experiments, extracted from the
absorbance spectra and reported as a function of time.

In the initial stage of each potential ramp (up to Vec = -1.5V) no noticeable
change in PL intensity occurs. This is common in SEC measurements on colloidal
nanostructures using ITO/ZnO substrates™® %171 and is due to the combined
effect of the NC coating by dielectric organic ligands and of the potential drop
across the ZnO layer'2 necessary to suppress PL quenching by energy- or charge-
transfer from the NCs to the ITO"" 73, Accordingly, the current-voltage response
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during the SEC experiments reported in Fig.S2 shows an injection threshold at
~1V. At negative potentials above |Vec|>1.5V, the PL undergoes strong quenching,
reaching 60% drop of the initial emission intensity at Vec=-2V. When returning
back to zero EC potential, for both cycles we observe almost complete recovery of
the respective initial PL intensity, indicating that the potential sweeps cause no
significant chemical degradation of the NCs nor permanent modifications of their
surface structure. This is confirmed by the inspection of the PL spectrum collected
for different Vec-values (Figure 1.5a) that shows identical emission profiles in all EC
conditions. The SEC results indicate that the PL intensity trends are to be ascribed
to reversible EC activation/passivation of traps sites likely associated to under-
coordinated atoms or dangling bonds. Specifically, since raising the NC Fermi level
under negative Vec suppresses electron trapping and concomitantly activates hole
traps, the observed strong drop of the PL intensity suggests that the dominant
nonradiative process in our NCs is trapping of photogenerated holes, whose
quenching effect on the PL efficiency is not counter balanced by the concomitant
suppression of electron trapping.

The minor role of electron trapping over hole trapping is confirmed by the SEC
measurements under positive (oxidizing) EC potentials. These conditions
correspond to the progressive lowering of the Fermi level in the NCs, which
activates electron traps and concomitantly suppresses hole trapping by depleting
surfaces states of excess electrons.
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Figure 1.7. CsPbBr; perovskite NCs under a positive EC potential. Spectrally
integrated PL intensity during a stepwise scan of the EC potential to positive values
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(100mV steps each lasting 10s. Two potential scans are reported to show the
repeatability of the measurement. The initial intensity is normalized to its value at
Vec = 0 V. All measurements are conducted using 3.1 eV excitation with fluence of
100 nJ/cm?.

Figure 1.7 shows the integrated PL intensity of the same NC film as Figure 1.4b,
recorded while changing the potential from Vec = OV to Vec = +1.5V and back to
zero (0.1V steps, 10 s per step). Also in this case, two consecutive cycles are
performed to check the reproducibility of the SEC response. Same as for the
negative potential ramps, for Vec < 1.5V, we observe no significant modification of
the PL intensity except for a very weak (<1%) photo-bleaching. More importantly,
at Vec = +1.5V, the trend reverses and the PL intensity increases sharply, reaching
5% enhancement with respect to its value at Vec = OV. For each cycle, when
sweeping the potential back to 0V, the PL intensity returns to its initial value,
indicating no permanent oxidation of the NC's surfaces. Accordingly, the PL
spectrum shows no shift in energy nor the emergence of additional spectral
features (Fig.2d). Therefore, similarly to the PL dimming observed under negative
EC potentials, the progressive and reversible brightening under positive potential
is ascribed to the EC modulation of the occupancy of surface hole traps, whose
capture rate for photogenerated holes strongly outcompetes electron trapping
which likely requires to overcome a larger activation energy. The same argument
explains the trend for negative potentials, where filling empty defect states
(inactive hole traps) with electrons markedly quenches the PL despite the fact that
electron withdrawal is concomitantly reduced. Time-resolved PL traces collected
for Vec=0V, -2V and +1.5V (Figure 1.5b) show that the modulation of the emission
intensity is due modifications of the early-time PL intensity, with essentially no
effect on the decay dynamics. This indicates that nonradiative hole trapping is an
ultrafast process occurring prior to radiative decay, which renders a portion of NCs
in the ensemble non-emissive, while the residual PL is due to the radiative decay
of the sub-population of ‘bright’ NCs with no active hole traps. We note that the
quantitative difference between the quenching and the brightening effect under
negative versus positive EC potentials suggests that, in the absence of an EC
potential, the number of active hole traps per NC is arguably small, in agreement
with the defect tolerance of perovskite materials and the relatively high PL
quantum yield of our NCs (®p . =30%). Accordingly, their passivation upon lowering
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the Fermi level in the NCs leads to markedly weaker enhancement of the emission
efficiency with respect to the strong PL quenching experience upon their
activation under reductive EC potential. In both negative and positive EC
potentials scans, we notice that the PL response under increasing |Vec| is
measurably asymmetric with respect to the trend when the potential is swept back
to OV. This effect was also observed in ZnSe and CdSe colloidal nanostructures®
69 and is ascribed to very long lifetime of trapped carriers (up to tens of
seconds)'”* with respect to the rapid capture of band edge charges in active traps
resulting in the hysteresis of the PL intensity over time.

Finally, to rationalize the SEC data, we propose a model that links the emission
intensity (l»;) to the occupancy of intra-gap hole traps that can be activated
(passivated) by raising (lowering) the Fermi level through the application of an EC
potential. The scheme of the decay channels determining the emission intensity is
depicted in Figure 1.3a for both Vec<0V and Vec>0V, where trap states (TS) are
positioned slightly above the Fermi level in unperturbed conditions (Vec=0V). The
application of negative potentials gradually fills TS with electrons, activating their
hole trapping capability.
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Figure 1.8. Simulation of the optical response under negative and positive
EC potential. Simulated PL intensity vs Vec for negative (circles) and positive
(triangles) EC potentials. The simulation is run for Vec>1 to account for the
potential step due to the ZnO interlayer.
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On the other hand, lowering the FL at positive Vec is nearly inconsequential to
the PL intensity, a part for the suppression of residual hole trapping. Given the
negligible effect on the emission intensity observed in the SEC experiments, in the
model, we neglect electron trapping in order to keep the number of parameters
reasonably low. To account for the effect of the EC potential on the occupancy of
hole traps, we assume an average number of traps per NC, prs, and calculate the
fraction of 'bright’ NCs (FsricHte|pL) as the probability of having no active hole traps
assuming a Poisson distribution across the ensemble: Fggigur = e #(VEO, Here, the

term u(Vge) =st-m is the trap density multiplied by the trap
S

e kg

occupation probability expressed by a Fermi-Dirac distribution where Ers is the
energy of the trap state and (Er-yVec) is the Fermi energy tuned by Vec. The
constant y is an attenuation factor between the applied Vec and the resulting shift
of the Fermi level.

To illustrate the model, we calculate the EC response of our CsPbBrs NCs for a
set of parameters reported in

Table 7 and considering the injection potential step introduced by the ZnO
interlayer that prevents electrons to reach the NCs for Vec<~1V. The results of the
simulations under both negative and positive Vec are reported in Figure 1.8. In
both cases, our semi-quantitative model reproduces the main experimental
trends. Specifically, for Vec<0V, the progressive filling of trap states with electrons
reduces the fraction of bright NCs in the ensemble, leading to 60% drop of the PL
intensity.

On the other hand, the PL intensity is only slightly enhanced by the application
of a positive EC potential, in agreement with the experimental data in Figure 1.7,
corroborating the original scenario that in unperturbed conditions the availability

of active hole traps is very small.
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prs 1

E, -4.5 eV
(Ece=-5.6eV; Evg=-3.4eV)

Er -443 eV

Y 0.13

Table 1. Parameters used to reproduce the spectro-electrochemical
trends. We highlight that the trends in Figure 1.8 could be obtained also with
other sets of y, prsand Er-values, Therefore, the parameters in

Table 1 have to be considered indicative and not univocal and serve the
purpose of showing that the observed experimental response can be reproduced
with the proposed model.

1.2.3 Oxygen sensing experiments

After having clarified the role of intragap defects in trapping photo-excited
carriers in CsPbBr3 perovskite NCs through SEC experiments, we now focus on the
effect of the NC environment on the exciton recombination process. With this aim,
we monitor the evolution of the PL intensity of a NC film deposited onto a glass
substrate as a function of the O, pressure. In these experiments, the sample is kept
in pure O, at P=1bar pressure for 90 seconds, after which the pressure is lowered
by one order of magnitude at a time down to P=10"3bar. For each step, the PL is
monitored under constant excitation at 3.1 eV for 90 seconds. The ramp is then
repeated while the chamber is progressively refilled with O, until 1 bar pressure is
reestablished. The integrated PL intensity of the NC film during the pressure scan
and corresponding ®p -values are reported in Figure 1.9a, showing a step-wise PL
enhancement with decreasing O, pressure reaching ~30% brightening at P=10-3
bar with respect to atmospheric conditions, with ®p_ reaching ~40%. No
modification of the spectral profile is observed at any pressure level (Figure 1.9b),
which indicates that no permanent alteration of the NCs surfaces and/or stripping
of the passivating ligands occurs during the pressure ramp. Accordingly, upon
refilling the sample chamber with pure O, ®p. gradually recovers its initial value
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at P=1 bar, indicating that the response is fully reversible and that the NCs are
stable under continuous excitation for the whole duration of the measurement.
The reproducibility of the PL response is further confirmed by data in Figure 1.10a,
where we report five consecutive 90-seconds long ON/OFF pressure cycles
between P=1 bar and P=103 bar (total duration of the measurement 15 minutes).
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Figure 1.9. CsPbBrz perovskite NCs PL under reduced oxygen pressure. (a)
Normalized spectrally integrated PL intensity and corresponding PL quantum
yield, @p, of a CsPbBr3 perovskite NCs film on silica during a stepwise pressure
scan starting from P=1bar and lowering the pressure one order of magnitude per
step, down to P=1073bar. The PL is monitored for 30 seconds at each pressure after
which the chamber is refilled with pure O; following a reverse stepwise pressure
ramp to P=1 bar. (b) Normalized PL intensity at each pressure level of Fig.8a as
indicated by the symbols. The spectra are shifted vertically for clarity. All
measurements are conducted using 3.1 eV excitation with fluence of 100 nJ/cm?.

The same measurement is performed also using humid air (20.5 g/kg, Figure
1.10a) showing the same PL response than pure O, thus confirming that the effect
is due to direct interaction with O, with negligible role of water vapors. The long-
term stability of the NCs in Oz and 1073 bar vacuum is finally assessed by data in
Figure 1.10b, showing constant ®p. for one hour of continuous laser illumination
at 3.1 eV. These results also corroborate our interpretation that the minor PL
dimming observed in Figure 1.4b is a consequence of the electrolytic environment
necessary for performing the SEC experiments. Notably, the PL response in both
Figure 1.9a and Figure 1.10a follows almost instantaneously the step-like pressure
change, which suggests that the increase of ®p with decreasing O, pressure is due
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to suppression of collisional physical interactions between the NC and oxygen
molecules that, owing to their strong electron affinity, extract photogenerated
electrons directly from the NC conduction band.
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Figure 1.10. Sensing and stability trends of CsPbBrs; perovskite NCs. (a)
Normalized spectrally integrated PL intensity and corresponding PL quantum yield
of CsPbBr3 NCs on silica during Oz/vacuum cycles between P=1bar (highlighted
with grey shades) and P=107bar. (b) ®p. during continuous excitation at 3.1 eV in
1073 bar vacuum (green triangles) and in 1 bar of pure Oz. All measurements are
conducted using 3.1 eV excitation with fluence of 100 nJ/cm?.

A similar effect was observed in various metal chalcogenide NCs?> 68 150. 175 A
schematic depiction of the interaction mechanism is drawn in Figure 1.11. In order
to gain deeper insight into the time dynamics of the NC-O; interaction, in Figure
1.12a, we report the PL decay curves collected at each pressure step together with
respective fit with double exponential functions. In agreement with the data in
Figure 1.5b, for each curve, we find a fast decay component accounting for over
80% of the total signal followed by a slower decay responsible for the remaining
20%. Upon lowering the O, pressure, the fast portion of the PL decay dynamics
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becomes progressively slower due to the suppression of nonradiative electron
capture by O, molecules, while the long component remains largely unmodified.
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Figure 1.11. Schematic of the O,-NCs interaction. Schematic depiction of the
interaction between O, and the NCs, showing direct extraction of photo-excited
electrons from the conduction band (grey arrow) leading to quenching of the PL
(green arrow), while surface defects (TS) place close to the Fermi level (FL) in the
absence of external potentials are essentially unaffected by oxygen. The excitation
light is indicated with a blue arrow.
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Figure 1.12. Time-resolved analysis of a sample of CsPbBr; NCs under
different pressure conditions. (a) Normalized PL decay curves (dotted lines)
corresponding to the pressure levels indicated by symbols in Figure 1.9a and
respective double-exponential fitting curves (black lines). (b) decay rate of the fast
component of the double-exponential dynamics of the NCs as a function of the

O: pressure. All measurements are conducted using 3.1 eV excitation with fluence
of 100 nJ/cm?.
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Most relevant to distinguish between so-called ‘static’ and ‘dynamic’ quenching
mechanisms'’®, the early-time PL amplitude remains constant at any investigated
pressure, which suggests that PL quenching by O; is a dynamic process that
competes with radiative exciton decay on a comparable timescale, rather than a
static ultrafast mechanism, which would lower the early-time PL intensity leaving
the decay dynamics largely unaltered. In order to semi-quantitatively describe the
observed trend, in Figure 1.12b we report the decay rate of the fast emission that
accounts for the majority of the signal (krast=1/Trast) at the various stages of the
pressure ramp of Figure 1.9a. The krast-values, obtained with no restrain of the
fitting parameters, show a monotonic increase of the decay rate with increasing
pressure with values scaling according to the observed difference of ®p_ between
the various pressure conditions (i.e. krast(P=1 bar)=0.99 ns™'is ~30% larger than
the decay rate at P= 103 bar (krast(P=10" bar)=0.074 ns™).

Finally, we point out that O, molecules might also adsorb onto the NC surfaces by
bonding with unpaired surface electrons, leading to enhanced ®p by suppressing
their hole trapping capability, similarly to the application of a positive EC potential.
This mechanism likely underpins the response to oxygen exposure of perovskite
films and single crystals in refs.>¢% and determines the so-called 'reverse
sensing’ response of bi-dimensional CdSe colloidal nanoplatelets'®, whose ®p is
enhanced by adsorption of O, which passivates nonradiative hole traps that
quench the PL in vacuum conditions. Therefore, similarly to the SEC trends, the
overall PL brightening versus darkening response measured in oxygen sensitivity
experiments provides direct insights into the competition between the two
opposite effects of direct electron capture by collisional physical interactions
between the NCs and O, molecules and their adsorption leading to passivation of
unpaired surface electrons. For the perovskite NCs investigated here, the PL
dimming in O, atmosphere indicates that direct extraction of photo-excited
conduction band electrons by collisional interaction with gaseous or physically-
adsorbed oxygen molecules is not counterbalanced by the passivation effect of
hole traps by chemical adsorption of O, molecules, which is in good agreement
with the weak (5%) PL brightening observed under positive EC potential (Figure
1.7) and thus independently suggests that the availability of active hole traps per
NC in unperturbed conditions is likely small. We highlight that the stronger impact
of hole traps on the radiative decay experienced by excitons in perovskite NCs
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with respect to bulk or film perovskites, which strongly benefit from adsorption of
oxidizing agents like molecular oxygen and water with respect to NCs, could result
from both a larger density of defects on of the surfaces of the latter, as well as
from the long electron-hole diffusion length'’7-7° that enables photo-excited
carriers to sample a large portion of the material surface and consequently be
non-radiatively trapped in surface defects without their density being dramatically
higher than in nanometric sized crystals.

1.3 Conclusions

In summary, we performed spectro-electrochemistry experiments and PL
measurements in controlled oxygen atmosphere on CsPbBrs perovskite NCs to
unveil the role of selective carrier trapping in structural defects, likely associated
to surface states and dangling bonds, and the NC environment on the exciton
recombination process. Results show that the main nonradiative channel in these
NCs is capture of photo-generated holes in localized states that can be reversibly
activated (passivated) upon raising (lowering) the Fermi level through the
application of reductive (oxidizing) electrochemical potentials. As a result of the
activation of hole traps, the PL is strongly quenched whereas their suppression
leads to minor brightening, which strongly suggests that their density in
unperturbed conditions is likely small. This feature has important consequences
on the response of the NC's emission upon their exposure to oxygen gas that
leads to strong quenching of the PL quantum efficiency due to the dominant effect
of direct extraction of photo-excited electrons from the NC conduction band over
the ‘curing’ behavior of surface hole traps responsible for the strong PL
brightening registered for perovskite films and bulk crystals. This further suggests
that, despite the much larger surface to volume ratio of nanocrystals with respect
to bulk or film materials, electron rich surface defects are likely less abundant in
the firsts, leading to an emission response dominated by direct interaction with
the environment. Our results, therefore, suggest that the interaction between
perovskite NCs and atmospheric agents could be detrimental to their optical
properties and thus demands specific and, possibly, more effective passivation
strategies for their optimization and stabilization.
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Chapter 2

Reverse oxygen sensing with colloidal
nanoplatelets towards highly emissive
photoresponsive varnishes

This work was performed in collaboration with
the Italian Institute of Technology (lIT, Genova).

Overview

Colloidal nanoplatelets combine the advantages of size-tunable electronic
properties with giant oscillator strength and ultra-narrow emission spectra that
make them ideal candidates for solution processed light sources and low-
threshold lasers. A further application with great potential impact on life sciences,
environmental monitoring, defense and aerospace engineering are solution
processed analytical tools, such as luminescent sensing varnishes capable of
detecting chemical agents through their reversible emission response. NPLs offer
the ideal combination of high emission yield and vast reactive surfaces that are
difficult to achieve using lower dimensional nanostructures. In this chapter, |
combine spectroelectrochemical experiments and spectroscopic studies in a
controlled atmosphere to demonstrate the ‘reversed oxygen sensing' capability of
CdSe NPLs, that is, the exposure to oxygen increases their luminescence efficiency,
in contrast to conventional sensors that rely on photo-darkening to detect
electron withdrawing agents. Spectroelectrochemical experiments allow me to
directly relate the sensing response to the occupancy of surface states. Magneto-
optical measurements demonstrate that, under vacuum, heterostructured NPLs
stabilize in their negatively charged trion state. The high starting emission
efficiency provides a possible mean to enhance the oxygen sensitivity by partially
de-passivating the particle surfaces, thereby enhancing the density of unsaturated
sites with a minimal cost in term of luminescence losses.
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Introduction

2.1 Introduction

Colloidal semiconductor nanostructures are solution-processable functional
materials with great applicative potential in a variety of technologies, ranging from
light-emitting diodes', photovoltaic cells'®', and lasers®® 8 to luminescent
markers®', plasmonics'3, single photon sources', nano-magnetic devices'®® and
luminescent solar concentrators'®. The particular interest in this class of
chemically synthesized systems arises from their tunable emission spectrum and
high emission efficiency'®’, as well as an easily manipulated surface chemistry and
compatibility with solution-based fabrication processes. Among various types of
semiconductor materials, CdSe and CdS have received particular attention over
the years, which has lead to the realization of a variety of zero-dimensional
structures including spherical core/shell nanocrystals'® axial dot-in-rods'8 1%
and tetrapods'®’, dot-in-plates'® and dot in bulk nanocrystals’” 78, as well as one-
dimensional nanorods'’, nanoribbons'? and rod-in-rod structures’®.

More recently, growing attention is being dedicated to bi-dimensional
nanostructures such as colloidal nanoplatelets (NPLs)”3. These strongly anisotropic
systems, typically 1-2 nanometers thick and tens of nm in lateral dimensions,
exhibit one dimensional confinement of the carrier wave-functions resulting in
absorption profiles typical of quantum wells” 74, narrow emission spectra and
giant oscillator strength’ 7>, Furthermore, NPLs possess exceptionally large
exciton™ 182 195 and biexciton binding'® %> energy and suppressed Auger
recombination” 76, Despite these remarkable optical properties, the NPLs
emission efficiency, like that of zero- and one-dimensional systems, is typically
limited by nonradiative carrier trapping into surface defects that becomes
particularly detrimental due to their exceptionally large surface/volume ratio.
Similarly to spherical or elongated CdSe structures, CdSe NPLs surfaces can be
passivated with inorganic layers of CdS that feature small lattice mismatch (~4%)
and lead to higher emission yields due to efficient suppression of surface
trapping'®®. Recently, NPLs with highly controlled thickness, shape and surface
composition have been obtained, such as core/shell’™” %8 and core/crown?
CdSe/CdS NPLs, where a CdSe nanosheet is respectively vertically sandwiched or
laterally surrounded by a CdS shell. The growth of a shell with larger band-gap
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(CdS bulk Eg=2.4 eV) over a CdSe NPL (bulk E;=1.75 €V) leads to the formation of
a quasi type Il junction?® 297 where the electron delocalizes in the Coulomb
potential of the hole that remains instead confined to the CdSe core by the high
valence band potential barrier, resulting in red shifted emission and longer
radiative lifetimes™®.

Despite the tremendous advancements in NPL synthesis’ %7, spectroscopy?%% 293
and theoretical modeling”® %, a thorough comprehension of charge trapping and
charging is still lacking in the literature and so are reliable guidelines for
optimizing their optical performances and environmental stability through
suitable surface passivation strategies. Furthermore, understanding the
mechanism of surface trapping would allow us to fully exploit the reversible
dimming of the photoluminescence efficiency observed for individual NPLs under
vacuum?® to realize novel ‘reverse luminescence sensors’ that become brighter in
the presence of oxygen?%, in contrast to conventional sensors that rely on photo-
darkening to detect electron withdrawing agents'> 205207 These active analytical
tools are of great interest for a wide range of applications, spanning from life
sciences?” to pollution monitoring and aerospace engineering?® that would
strongly benefit from efficient luminescent sensing varnishes to probe variations
of the oxygen level in the atmosphere. The practical realization of this device
concept is however limited by the lack of dyes that exhibit the necessary balance
between high luminescence efficiency, to provide detectable emission in ambient
conditions, and good reactivity to ensure sufficient sensitivity to chemical agents.
Reversible photo-brightening in wet gasses has been observed in spherical
nanocrystals with un-passivated surfaces®® that, however, result in low emission
quantum yield (~0.4%) and limited detection range (~25%)2'°. Importantly, these
systems showed reversible luminescence response to the presence/absence of
water molecules but no sensitivity to dry oxygen. Colloidal QWs, with their
extremely large surface-to-volume ratio and ultrafast radiative lifetimes, offer the
ideal combination of high emission yield, vast reactive surfaces and, as we show
below, strong sensitivity to Oy, that make them highly suitable candidates for this
technology.

Here we combine spectroelectrochemical (SEC) experiments and spectroscopic
measurements in a controlled atmosphere to demonstrate the ability of NPLs to

38



Introduction

probe oxidative species through brightening of their photoluminescence and to
thoroughly investigate the roles of trapping and charging on their photophysics.
In order to evaluate the effects of heterostructuring in the trapping behavior, we
performed side-by-side experiments on both core-only CdSe and core/shell
CdSe/CdS NPLs. Oy/vacuum cycles demonstrate the reproducibility of the sensing
response for both classes of NPLs. Importantly, time-resolved PL experiments in a
controlled atmosphere, corroborated by circularly-polarized magneto PL
measurements at 2.5 K indicate that, similarly to spherical core/shell nanocrystals,
hetero-NPLs stabilize in their negatively charged state under vacuum. Application
of an electrochemical potential allows us to recreate the effect of oxidative or
reducing environments on the NPL's PL in a highly controlled fashion and thereby
to relate the observed sensing behaviors to changes in the occupancy of surface
traps. Remarkably, by lowering the Fermi energy under positive potentials, we
observe brightening of the PL of core-only NPLs and strong dimming of their
emission when the Fermi level is raised at negative potentials, which confirms the
dominant role of hole trapping over electron trapping in the quenching
mechanism. In contrast, core/shell NPLs undergo luminescence quenching in both
oxidative and reducing conditions. This behavior is ascribed to dynamic
competition between electron and hole trapping resulting from the combined
effect of reduced sensitivity of core-localized holes to surface defects and to
recovered competitiveness of electron trapping over radiative recombination that,
in quasi-type Il heterojunctions, is slow due to reduced electron-hole overlap29.
In order to rationalize the SEC observations in terms of competition between the
involved recombination channels, we develop a dynamic model that links the
occupancy of hole and electron traps to the emission efficiency for both core-only
and core/shell NPLs. Importantly, using core-only CdSe NPLs, we achieve a
dynamic sensing range of 90% between atmospheric and 0.5 mbar vacuum
condition with a remarkable initial emission quantum yield of ~35%, which
demonstrates the suitability of this class of nanostructures for the realization of
efficient and sensible luminescent oxygen sensing varnishes.
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2.2 Results and Discussion

2.2.1 Synthesis and optical properties of colloidal nanoplatelets

The CdSe NPLs used in the present study have been synthesized using the
synthetic route introduced in ref.’®?, which was based on the procedure described
in ref’3, by Dr Christodoulou from Prof. Moreels’ group at the Italian Institute of
Technology (lIT, Genova). Because of the high surface-to-volume ratio,
considerable attention was paid to the purification processes, which was executed
without non-solvents such as ethanol or methanol, in order to avoid a reduction
of the PL quantum efficiency. The CdSe NPLs are about 2 nm thick, equivalent to
~5 monolayers of CdSe, with average lateral dimensions of 8.8 nm x 36.5 nm
(standard deviations of 0.94 nm and 2.3 nm, resp.) as shown in the transmission
electron microscope images in Figure 2.1a, performed after the synthesis by Dr
Christodoulou and Prof. Moreels at the IIT in Genova. To obtain CdSe/CdS
core/shell hetero-NPLs, the cores were over coated on each side with three
monolayers of CdS following the layer-by-layer procedure developed by Ithurria
and Talapin in ref.’®’. The total thickness of core/shell systems is about 4 nm and
lateral dimensions are 13.1 nm x 40.7 nm (standard deviation of 1.3 nm x 1.9 nm)
(Figure 2.1b). The typical band structure of a CdSe core over coated with a CdS
shell is depicted in Figure 2.1c, showing the ~450-650 meV offset between the
valence band energies that leads to strong localization of the hole wave function
in the core region. In contrast, the smaller 100-300 meV conduction band offset
between CdSe and CdS (the exact values are still disputed)?', results in the partial
delocalization of the electron wave function. Figure 2.1d reports the optical
absorption (dashed lines) and photoluminescence spectra (PL, solid lines) of CdSe
NPLs and respective core/shell heterostructures under continuous wave excitation
at 3.1 eV. The absorption spectrum of core-only NPLs shows the characteristic
narrow peaks associated with optical transitions of heavy- and light-holes at 2.43
eV and 2.57 eV, respectively, and to transition from the spin-orbit split-off sub-
band to the conduction band at 2.93 eV. The PL spectrum is peaked at 2.41 eV and
is Stokes shifted by ~20 meV from the heavy hole absorption feature. Core/shell
CdSe/CdS NPLs show broader and red-shifted absorption and emission spectra,
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as expected from reduced quantum confinement resulting from partial
delocalization of the electron wave function over the shell region’® 1%
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Figure 2.1. Structure and optical properties of CdSe and CdSe/CdS NPLs.
Transmission electron micrographs of (a) core-only CdSe and (b) core-shell
CdSe/CdS NPLs (shell thickness H=0.95 nm corresponding to about 3 CdS
monolayers). Scale bars correspond to 25 nm. (c) A band alignment diagram of
bulk CdSe and CdS. (d) Optical absorption (dashed lines) and normalized
photoluminescence (solid lines, shaded in color) spectra of a hexane solution of
CdSe (green lines) and CdSe/CdS (red lines) NPLs (excitation at 405 nm). (e) PL
decay of core-only (green line) and core-shell (red line) NPLs recorded with a
streak camera using 3.1 eV excitation.

The PL decay curves are shown in Figure 2.1e. In agreement with previous
observations, NPLs ensemble as well as individual particles?®® exhibit sub-
nanosecond PL lifetimes™ and non-exponential decay dynamics at room
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temperature. Similar to spherical core/shell nanocrystals?'’ and axial CdSe/CdS
heterostructures'®, reduced overlap between electron and hole wave function
leads to an extended radiative PL lifetime for hetero-NPLs that, despite that,
exhibit higher PL quantum yield (®p.) with respect to core-only NPLs (®p.~60% vs.
®p.~35% in solid film) thanks to reduced charge trapping in surface defects’.

2.2.2 Oxygen sensing experiments

To investigate the effect of oxidative environments on the luminescence
properties of NPLs and to demonstrate their reversed oxygen sensing capability,
we monitored the evolution of the PL upon lowering the O, pressure in the sample
chamber from atmospheric pressure to 10 bar (Figure 2.3a). Interestingly, both
systems undergo significant PL quenching with decreasing pressure, thus
confirming the surface passivating role of oxygen, whose removal progressively
activates surface quenching sites. The nature of the defects responsible for
quenching is provided by the comparison between core-only and core/shell
materials, the first showing a much stronger dimming (~90%) than the latter
(~55% with respect to the initial value in Oy). In both core/shell and core-only
NPLs, the electron wave function is expected to explore the surfaces essentially
equally, given the ca. 1 nm thickness of the CdS shell (3ML of CdS, Figure 2.1b).
Therefore, electron trapping alone cannot be held accountable for the observed
different sensitivity to surface chemistry. The strong difference between the two
samples lies instead in the accessibility of surface traps for core-localized holes,
that is drastically reduced in CdSe/CdS NPLs. The observed stronger quenching
for core-only materials therefore points to a key role of hole trapping in the
quenching mechanism and outlines the ability of oxygen to saturate excess
electrons on the NPL's surfaces. This picture is further confirmed by oxygen
sensing measurements on core/shell CQWSs with thinner shell (h=0.32 nm,
corresponding to approximately 1 monolayer of CdS) that shows intermediate
behavior (~65% PL quenching) between core-only and core/shell CQWs with
h=0.95 nm (Figure 2.2a-c). Importantly, no shift of the PL spectrum of both core-
only and core/shell CQWs is observed during the pressure ramp (Figure 2.2a-c),
which indicates that the observed trends are due to activation/passivation of
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surface traps and not to oxidation/reduction of the CQW surfaces, as instead
observed for spherical nanocrystals exposed to humid air”>.
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Figure 2.2. Structural and optical properties of CdSe/1CdS CQWs and
oxygen sensing ramp. (a) Transmission electron micrographs of core/shell
CdSe/1CdS CQWs, consisting of 2 nm thick CdSe core over-coated with 1
monolayer of CdS on each side (h=0.32 nm). (b) Optical absorption (dashed line)
and photoluminescence (solid line) spectra of an hexane solution of core/shell
CQWs under 3.1 eV excitation. (c) Integrated PL intensity of CdSe/1CdS CQWs
during 'ON/OFF' Oy/vacuum cycles, starting from atmospheric pressure (1 bar)
down to 10 bar. The pressure is shown as a black solid line. The PL intensity shows
a ~65% dimming with respect to the initial values in O and fully recovers after
each cycle. Three cycles are reported to highlight the repeatability of the observed
trend.

Interestingly, we notice that the PL drop occurs in two distinct time ranges,
one instantaneous with the O, pressure change, leading to ~60% and ~15%
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dimming for core-only and core/shell NPLs respectively, followed by a slow
gradual decrease in efficiency at constant pressure (~10* bar) which accounts for
the residual PL loss (semi-filled symbols in Figure 2.3a). To better understand this
effect, we monitored the PL of both NPLs during stepwise pressure ramps.
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Figure 2.3. CdSe and CdSe/CdS NPLs PL Intensity under increasing oxygen
pressure. (a) Integrated PL intensity of core-only (green circles) and core-shell (red
circles) CdSe/CdS NPLs as a function of the chamber pressure (logarithmic scale).
(b) Normalized PL spectra of (a) core-only (b) and core-shell NPLs (shell thickness
h=0.95 nm) at 1 bar (black solid line) and 10-4 bar (green and red line,
respectively). No significant shift of the PL spectra is observed, which indicates that
the observed trends are essentially due to activation/passivation of surface traps
and not to oxidation/reduction of the NPLs surface. All spectra are measured at
room temperature under 3.1 eV excitation.(c).

44



Results and Discussion

The data reported in Figure 2.4a show similar phenomenology for core-only
and core/shell NPLs (although more pronounced for core-only systems for the
reasons explained above): at low vacuum levels (P~50-5 mbar), the PL intensity
correlates instantaneously with the chamber pressure, with an initial rapid drop
concomitant to evacuation, followed by a plateau at constant pressure. On the
other hand, at higher vacuum levels (P<0.5 mbar), the dimming is more
pronounced and proceeds in time even after the chamber pressure has reached
full saturation. These observations point to the coexistence of two quenching
regimes that reciprocally dominate the sensing behavior in different vacuum
conditions. The first is responsible for the step-wise response to the chamber
pressure and is ascribed to the rapid extraction of O, molecules weakly bound to
the NPL film that passivate surface sites. The second leads instead to the slow
progressive dimming in high vacuum conditions and is most likely due to the
gradual desorption of adsorbates that require a larger driving force to detach from
the NPLs surfaces.
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Figure 2.4. CdSe and CdSe/CdS NPLs PL Intensity under changing oxygen
pressure. (a) Integrated PL intensity of CdSe (green) and CdSe/CdS (red) NPLs
during a stepwise pressure scan. The pressure (black line, logarithmic scale) is
reduced rapidly and then maintained constant for about 200 s while the PL
transient is simultaneously monitored. (b) Integrated PL intensity of CdSe (green)
and CdSe/CdS (red) NPLs during ‘ON/OFF" O/vacuum cycles starting from
atmospheric pressure (1 bar) down to 10 bar. The pressure during the scan is
shown as a black line. All measurements are performed at room temperature using
3.1 eV excitation.

This interpretation is supported by the ON/OFF pressure cycles reported in
Figure 2.4b that also demonstrate the reproducibility of the sensing response. In
these experiments, the sample chamber was rapidly evacuated from atmospheric
pressure (1 bar in O,) to ~10 bar, while simultaneously monitoring the PL over
time. Once the PL intensity had reached a plateau, the sample chamber was
instantaneously filled with O3, so as to reestablish the initial pressure. Also in this
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case, the PL was monitored until saturation before starting the successive cycle.
Once again, we observe the rapid quenching for both core only and core/shell
NPLs in the initial few seconds of each cycle, concurrently of the removal of about
99.99% of O, from the sample chamber.

Successively, the PL quenching proceeds slower while the pressure remains
unchanged. Interestingly, pumping Oz back in the chamber results in a symmetric
trend: initially, the PL brightens rapidly, due to largely increased availability of
gaseous molecules and proceeds slowly at atmospheric pressure as residual
reactive defects are gradually saturated. The same behavior is observed for several
consecutive cycles confirming the reproducibility of the sensing response and
ensuring that the capping ligands are preserved. Detailed characterization of the
sensing response including extended scans of over ten consecutive cycles, batch-
to-batch reproducibility and stability tests are reported in Figure 2.5a-c, Figure 2.6
and Figure 2.7a-d, highlighting the reproducibility of the luminescence sensing
response.
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Figure 2.5. Effect of illumination on the sensing response of CdSe CQWs. (a)
Photoluminescence spectra and (b) integrated PL intensity of CdSe CQWs during
ON/OFF Oy/vacuum cycles. The sample is kept in darkness except during the
measurements of the emission spectrum when it is briefly illuminated
(accumulation time 1 second). The PL is recorded in key conditions: in oxygen, just
after evacuation, after 200 second at 10 bar, immediately after refilling with O,
and after 200 s at 1 bar O, pressure. The scan is repeated twice to check the
reproducibility of the response. The results show a similar behaviour to that
observed under continuous illuminations, as shown in Figure 2.4 in the main text.
This indicates that illumination does not significantly affect the quenching
dynamics. (c) Normalized PL spectra shown in ‘a’. No shift of the PL is observed in
the different pressure conditions. The same colour scheme applies throughout the
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Figure 2.6. CdSe NPLs under on/off oxygen pressure cycling. Extended O;
sensing cycling using CdSe NPLs. Integrated PL intensity of CdSe NPLs during
‘'ON/OFF" Oy/vacuum cycles starting from atmospheric pressure (1 bar) down to
10 bar. The pressure during the scan is shown as a black line. All measurements
are performed at room temperature using 3.1 eV excitation. The data show full

repeatability of the sensing response and complete recovery of the initial PL
intensity for over ten consecutive Oz/vacuum ramps.
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Figure 2.7. Reproducibility of the O. sensing response for different
batches of CdSe and CdSe/CdS core/shell NPLs. Integrated PL intensity of CdSe
NPLs during ‘ON/OFF’ Oz/vacuum cycles, starting from 1 bar down to 10 bar. The
pressure during the scan is shown as a black line. Data in (a) refer to a new film
cast from the same batch studied in the main text that was synthesized about one
year ago. The CdSe NPLs shown in (b) are from a new batch now synthesized solely
to check the batch-to-batch reproducibility of the sensing response. Integrated PL
intensity of CdSe/CdS NPLs (h=0.95 nm) during 'ON/OFF" Oy/vacuum cycles
starting from atmospheric pressure (1 bar) down to 10 bar. Data in (c) refer to a
new film cast from the same batch studied in the main text that was synthesized
about one year ago. The CdSe NPLs shown in (d) are from a new batch synthesized
now solely to check the batch-to-batch reproducibility of the sensing response.
The results show the reproducibility of the sensing behavior of different batches,
which is also well maintained over shelf time up to one year after the synthesis. All
measurements are performed at room temperature using 3.1 eV excitation.
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Figure 2.8. Sensing response of CdSe NPLs to carbon monoxide and
carbon dioxide. (a) Integrated PL intensity of CdSe NPLs during 'ON/OFF’
gas/vacuum cycles. The scan starts from 1 bar in O, from where the chamber is
evacuated to 10 bar. After about 400 seconds, the chamber is filled with a CO/Ar
mixture (500 ppm of CO in argon) (1 bar). After about 100 seconds the chamber is
evacuated again to 10 bar. The scan is repeated twice to check the reproducibility
of the response, after which the chamber is filled with O, (1 bar). The data show
the dimming of the PL upon lowering the chamber pressure. Interestingly, the
presence of CO leads to partial recovery of the PL intensity indicating weak
sensitivity of the NPLs to the gas. The PL intensity is almost fully recovered once
the chamber is refilled with O,. (b) Same experiment as in ‘a’ but using CO; gas.
The pressure during the scan in both panels is shown as a black line. All
measurements are performed at room temperature under 3.1 eV excitation.
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Figure 2.9. Effect of humidity on the sensing response of CdSe NPLs to
oxygen. Integrated PL intensity of CdSe NPLs during 'ON/OFF" air/vacuum cycles
starting from atmospheric pressure (1 bar) down to 10“ bar. The absolute
humidity is 20.5 g/kg, corresponding to common ambient conditions in which
sensing varnishes could be employed (i.e. about 85% humidity at room
temperature). The pressure during the scan is shown as a black line. The
measurement was performed at room temperature using 3.1 eV excitation. The
data show repeatability of the sensing response with a weak effect of humidity on
the recovery of the initial PL intensity.

It is worth noting that refilling the sample chamber with nitrogen leads to no
recovery of the PL intensity, which further confirms the essential role of oxygen,
and not of the pressure itself, in passivating trapping sites.

To test the sensitivity of NPLs to other gaseous species, we performed ON/OFF
pressure cycles using both carbon dioxide and carbon monoxide/argon mixture
(Figure 2.8).

NPLs show reversible photo-brightening also in the presence of CO and CO;
although to a lesser degree with respect to oxygen, which might further extend
their potential use in environmental gas sensors. Importantly, the sensing
response is reproducible also in the presence of humidity (Figure 2.9), thus making
these systems particularly suitable for gas flow sensing in ambient conditions.
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2.2.3 Time-resolved spectroscopy of colloidal nanoplatelets

In order to gain deeper insight into the quenching mechanism in different
pressure conditions, we measured the PL decay dynamics of both samples in key
steps of an ON/OFF pressure cycle as indicated by numbers in Figure 2.4b, namely:
Step 1, the initial condition of atmospheric pressure; Step 2, the stage at which the
chamber pressure is decreasing to ~10 bar; Step 3, the end of the asymptotic PL
dimming and Step 4, the maximum of the PL signal after recovery. The PL decay
curves of core-only and core/shell NPLs are reported in Figure 2.10a and Figure
2.10b, respectively.

In any O, pressure condition, both systems show double exponential decay
curves with a fast initial portion followed by a slower decay (respective lifetimes
Trast and Tsiow) that accounts for ~70% of the total luminescence of CdSe NPLs
and for over 90% of the CdSe/CdS NPLs emission. This suggests that both
ensembles consist mainly of two sub-populations of NPLs, one decaying primarily
radiatively and the other one being dominated by non-radiative exciton relaxation.
Specifically, we ascribe the long-lived component to radiative recombination of
the sub-population of NPLs with suppressed surface trapping, that is larger in the
CdSe/CdS NPL sample thanks to the passivation effect of the wide band gap shell,
as also confirmed by the higher PL quantum yield with respect to the core-only
material (60% vs 35%). On the other hand, the fast decay portion is assigned to
trap-assisted recombination of the fraction of NPLs whose surface defects are not
fully passivated by either the organic ligands or by O, and thus provide an
additional efficient nonradiative recombination channel.
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Figure 2.10. CdSe and CdSe/CdS NPLS time-resolved PL intensity under
different pressure conditions. PL decay curves of (a) core only and (b) core/shell
NPLs measured at the respective steps of the O,/vacuum cycles in ‘c’ (highlighted
with sequential numbers). Decay rate of the slow component of the bi-exponential
dynamics (triangles) and initial PL intensity, lp.(t=0ps) (triangles) for both (c) core
only and (d) core/shell NPLs. The same trends are observed for the fast decay
contribution. All measurements are performed at room temperature using 3.1 eV
excitation.

In Figure 2.10c,d we report the decay rate of the long-lived emission that
accounts for the majority of the signal (kscow="1/Tscow) at the various stages of the
pressure ramp of Figure 2.4b, together with the zero-delay PL intensity values
(19 indicating the initial excited state population for both material systems.
Although the quantitative description of the luminescence response is beyond the
scope of this work, monitoring the evolution of these two parameters in the
absence/presence of a specific analyte is instructive to distinguish between so-
called ‘static’ and ‘dynamic’ quenching mechanisms'’®. Specifically, a quenching
process is typically considered as ‘static’ when it occurs on a timescale significantly
faster than radiative recombination and thus lowers Ip'=° without modifying the
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decay kinetics. In contrast, a dynamic quenching process takes place concurrently
to emission, resulting in accelerated decay rate, while Ip*=? remains largely
constant'’®.

With this in mind, we first examine the behavior of core-only CdSe NPLs. Upon
evacuating the sample chamber from atmospheric pressure to 10 bar (Step 2),
we observe about a 30% reduction of 1p*=? while ksiow is essentially unaffected
(Figure 2.10). In direct opposition, at Step 3, the decay rate almost doubles its
value while 1p*=? remains unchanged. The same trend is observed for the fast
radiative rate, keast. This behavior supports the picture of two coexisting quenching
processes: a static quenching mechanism that dominates at higher pressures and
extracts photogenerated carriers on a time scale faster than radiative decay'’® and
a slow dynamic quenching regime where gas desorption activates less efficient
surface traps and thereby modifies the PL kinetics without affecting the initial
excited-state population. Finally, upon pumping O, back in the sample chamber,
the initial decay profile is reestablished (point 4). Single particle PL sensing
measurements performed for a set of 30 NPLs confirm the distribution of the
sensing response throughout the ensemble (Figure 2.11a-d). Specifically, about
20% of the investigated NPLs show strong quenching (290% of the initial PL
intensity), 17% undergo weak dimming of their emission efficiency (<40%), while
the remaining 60% show intermediate sensitivity. Importantly, the sensing
response is independent on the initial PL intensity, as highlighted in the correlation
plot of the PL quenching vs. initial PL intensity reported in Figure 2.11e.

Analysis of the time-resolved PL measurements reveals a fundamentally
different behavior for heterostructured NPLs with respect to core-only materials
(Figure 2.10b-d). Upon proceeding from Step 1 to 2 to 3 in the pressure ramp, the
decay rate gradually grows, accompanied by an increase of 1p'=9), which implies
that more photons are initially emitted at reduced pressure.

Concomitantly, however, the PL quantum yield drops (Figure 2.4b) indicating
that the effect cannot be due to suppressed ultrafast trapping. These
spectroscopic signatures are instead consistent with the recombination of charged
excitons (trions), bound states composed of two carriers Coulombically coupled
to the same carrier of the opposing sign.
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Figure 2.11. Single particle investigation of the sensing response of CdSe
NPLs. Photographs of representative individual NPLs at (a) 1 bar oxygen pressure,
(b) 60 seconds and (c) 300 seconds after evacuation at 10 bar, showing the
progressive dimming of the emission intensity upon lowering the chamber
pressure and prolonged exposure to vacuum. Individual particles are highlighted
with circles. (d) PL quenching as defined as the ratio between the initial PL intensity
and the intensity after 300 seconds at 10* bar for 30 individual NPLs. The
histogram highlights three subpopulations showing strong, intermediate and
weak quenching upon lowering the O, pressure. Importantly, the sensing response
is independent on the initial PL intensity, as shown in the correlation plot of the
PL quenching vs. initial PL intensity in (e).

In OD quantum dots this typically results in doubled radiative decay rate and
larger initial PL intensity with respect to neutral excitons®'> 2'3, Negative trion
emission under vacuum has been recently observed in single particle experiments
of so-called giant core/shell CdSe/CdS nanocrystals, which show blinking-free
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trion emission with ~100% quantum yield at room temperature?'* and circularly
polarized PL under magnetic fields at 4K, as a result of unbalanced spin population
of the Zeeman-split trion sublevels'. In our case, efficient trion emission in
vacuum could partially compensate for the activation of surface traps and thus
contribute to the reduced PL sensitivity to the chemical environment of hetero-
NPLs with respect to core-only materials.

2.2.4 Magneto-optical properties of colloidal nanoplatelets

In order to unambiguously ascribe the behavior of core/shell NPLs to trion
emission and to investigate whether under vacuum our systems charge with an
excess electron like thick-shell hetero-nanocrystals, we performed circular-
polarization-resolved PL experiments at cryogenic temperatures under high
magnetic fields (Figure 2.12). In these experiments, the sample is mounted in the
variable temperature insert of a split-coil cryo-magnet with direct optical access
and the circularly polarized PL is selected using a quarter-wave plate coupled to a
linear polarizer. The degree of circular polarization (P() is defined as: Pc= [0* - 0
I/[o*+ o], where o* and ¢ are the intensities of the right-handed (clockwise) and
left-handed (counter-clockwise) circular polarized emission spectra. The sign of P.
is directly determined by the sign of the excess charge: a negative P corresponds
to NPLs charged with an excess electron, while a positive value is observed for the
decay of positive trions. The polarized emission spectra of CdSe/CdS NPLs at 2.5K
are shown in Figure 2.12 together with P. as a function of the magnetic field.
Similarly to giant core/shell nanocrystals, core/shell NPLs exhibit negative P.
which, together with the PL dynamics in Figure 2.10b, indicate that under vacuum
they are in a negatively charged state. On the other hand, the same measurements
performed on core-only CdSe NPLs show no detectable circular polarization,
which indicates that the ensemble is in neutral state, as reported in Figure 2.13.
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Figure 2.12. Magneto optics of negatively charged core/shell NPLs. Circular
polarization-resolved PL spectra of CdSe/CdS NPLs at magnetic field of B=5 T and
T=2.5K measured using 3.1 eV excitation. The clockwise (0*) and counter-
clockwise (o) emissions are reported in dashed and solid lines, respectively. Inset:
Magnetic field dependence of circular polarization degree (P.) and scheme of the
spin structure and optical transitions for negative trions in external magnetic fields.
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Figure 2.13. Circular polarization-resolved PL spectra of CdSe CQWs.
Circular polarization-resolved PL spectra of CdSe CQWs at magnetic field of B=5
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T and T=2.5K measured using 3.1 eV excitation. The clockwise (c*) and counter-
clockwise (07) emission spectra are essentially identical and are reported in black
and red lines, respectively.

2.2.5 Spectro-electrochemistry experiments

To further confirm our original assessment of the central role of hole trapping
in the photophysics of NPLs and to relate the observed quenching trends to the
population of surface defects, we conducted SEC measurements. SEC has been
recently used by several groups for studying the mechanisms of luminescence
blinking®'? 21> 216 charging®'’, and nanocrystal doping®® 2'® as well as to
demonstrate the ratiometric sensing capability of multi-color emitting
heterostructures’™. To date, no SEC study of bi-dimensional colloidal quantum
structures is available in the literature.

ZnO
sio, NPs
CQWws

oo

ITO

Figure 2.14. Spectro-electrochemistry measurements on NPLs. Schematics
of the SEC setup: The electrochemical cell with 0.1 M TBACIO4 in propylene
carbonate as an electrolyte and a working electrode comprising an ITO-coated
glass covered with a layer of ZnO nanoparticles (NPs) and NPLs on the top of the
structure. A diagram illustrating the model used to describe the effect of the
electrochemical potential on the PL intensity via filling/emptying of trap bands at
the surface of the NPLs in response to changes in the position of the Fermi level
(FL; blue line). The defect band at the NPL surface is shown on the right of the NPL.
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The custom experimental setup used for these experiments is depicted in
Figure 2.14. We start by recreating the effects of the removal of oxygen studied in
the pressure-controlled experiments, by applying a negative electrochemical
potential. In this condition, corresponding to raising the Fermi energy in the NPLs,
surface defects are gradually filled with electrons, which activates their hole
trapping capability. Simultaneously, intragap electron traps are progressively
passivated. The PL intensity is thus determined by the competition between the
guenching effect of hole withdrawal and the brightening effect of suppressed
electron trapping.
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Figure 2.15. Comparison between measurements and modeling of the PL
intensity of CdSe and CdSe/CdS NPLs under negative and positive EC
potential. (a) Integrated PL intensity of CdSe NPLs (green circles) and core-shell
(red circles) CdSe/CdS NPLs during a stepwise scan of the electrochemical
potential to negative values (Vec < 0). (b) Stepwise voltage scan for a positive
electrochemical potential (from Vec=0V to +0.7 V). Two potential cycles are
reported to show the repeatability of the process. (c) Filling the defect band with
electrons (enhancing FL) under negative potential suppresses electron trapping
but activates hole trapping leading to PL quenching of both core-only and
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core/shell NPLs. (d) Depleting electrons from the defect band under positive
potential enhances electron trapping but suppresses hole trapping resulting in
enhanced PL from CdSe NPLs, whose dominant nonradiative channel is hole
capture (capture rate kur). In contrast, core/shell CdSe/CdS NPLs undergo
dimming of the PL efficiency due to activated electron trapping (ker).

In Figure 2.15a we monitor the evolution of the PL of both core-only and
core/shell NPLs in a cyclic stepwise scan from Vec = OV to Vec = -1.5V and back to
0 V. In agreement with the pressure ramps in Figure 2.4, upon increasing the
negative potential, we observe strong PL quenching for core-only NPLs (~60%
reduction), while the core/shell analogues are only weakly affected (20%).
Interestingly, these reductions correspond to the PL drops observed during the
initial step (Step 1 to Step 2) of the pressure ramp in Figure 2.4b, indicating that
the electrochemical potential affects primarily the surface sites that respond
instantaneously to the variation of the chamber pressure.

Next, we analyze the effect of a positive EC potential, which corresponds to
lowering the Fermi energy in the NPLs (Figure 2.15b). This allows us to artificially
expose our materials to an excess of electron poor agents with respect to the
atmospheric condition and thereby to monitor the PL response to an even more
severe oxidative environment. The data show a remarkable anti-correlation
between the PL response of core-only and core/shell NPLs, with the first
undergoing a progressive brightening of the PL intensity (~20% increase) while
the latter are concomitantly quenched by a comparable degree. Once again, the
increase of PL quantum yield of core-only NPLs under oxidative electrochemical
potential can be explained in terms of suppressed hole trapping that dominates
over the simultaneous activation of electron traps. The opposite effect describes
instead the trend of core/shell NPLs, for which activated electron trapping is the
dominant effect, similar to recent observations for CdSe/CdS dot-in-bulk
nanocrystals’®. Taken together, these observations confirm our original
assessment that nonradiative recombination in core-only NPLs is dominated by
trapping of holes that is suppressed in oxidative environments while core/shell
systems are mostly affected by electron traps. In both polarities, when returning
back to zero potential, we observe reversible evolution of the two PL signals to
their original intensity, indicating that potential sweeps do not cause any
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permanent chemical degradation of the NPLs. Similar to that observed in the
pressure scans, the normalized PL spectra (reported in Figure 2.16a,b for negative
EC potential scan and Figure 2.16c-d for positive EC potentials) show no
measurable shift under neither positive or negative EC potential, which confirms
that the PL intensity trends are due to changes in the occupancy of surface sites
and not to oxidation/reduction of the NPLs.
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Figure 2.16. Comparison of PL spectra of CdSe and CdSe/CdS NPLs under
different EC potentials. Normalized PL spectra at (a) 0 V, -0.75 V and -1.5 V for
CdSe NPLs and (b) 0 V and -1.5 V for CdSe/CdS NPLs. Normalized PL spectra at (c)
0V and +0.7 V for CdSe NPLs and (d) 0 V and +0.7 V for CdSe/CdS. No shift of the
PL spectra is observed during the SEC scan, indicating that the PL intensity trends
are due to activation/passivation of surface traps and not to permanent
oxidation/reduction of the NPLs surfaces.
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2.2.6 Kinetic model of surface trapping in colloidal nanoplatelets

To rationalize the SEC data, we propose a kinetic model that links the PL
efficiency to the occupancy of surface traps that can be activated/deactivated by
raising or lowering the electrochemical potential. The scheme of the photophysical
processes occurring in the sample during the SEC measurements is depicted in
Figure 2.14. Upon photoexcitation, electron-hole pairs can recombine radiatively
with rate kg, or non-radiatively in surface defects. To account for the electron and
hole traps, we introduce an electron trapping channel for electrons with rate ker,
and a hole trapping channel with rate kur. We further assume that electron- and
hole-trap sites are continuously distributed in energy across the NPL ensemble
forming a “trap band” and only unoccupied sites can trap electrons while only
occupied sites can trap holes. At zero EC potential, we consider the Fermi level to
be at the center of the energy gap of the CdSe core, which defines the initial
occupancy of trap bands (Figure 2.14). The application of a negative (positive) EC
potential raises (lowers) the Fermi energy determining a variation of the trap
occupancy. On the basis of these assumptions, we formulate a set of four rate
equations for the population of photoexcited charges (conduction band electrons,
n, valence band holes, p) and trapped carriers (nr and pr, for trapped electrons and
holes respectively), and compute the evolution of the PL under oxidative or
reductive potentials for a set of experimental parameters that are typical of
samples studied in the present work (see the next section for details and model
parameters). The results of the simulation under negative and positive
electrochemical potentials are reported in Figure 2.15c and Figure 2.15d,
respectively. This simple model reproduces the main experimental trends with
core-only CdSe NPLs undergoing a progressive brightening at increasing positive
potential as a result of suppressed hole trapping, whose rate strongly
outcompetes electron trapping (kur>>ker) in agreement with the time-resolved
data in Figure 2.10a. The same argument explains the trend for negative potentials,
where filling empty hole traps with electrons dramatically quenches the PL despite
the fact that electron withdrawal is concomitantly reduced. Core/shell NPLs exhibit
slower PL decay with respect to core-only systems (kraa~4x 1085 vs krag~3x10%"
for core/shell and core-only, respectively). This results in electron trapping
becoming competitive with radiative decay. Simultaneously, the core-shell motif
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suppresses hole trapping and thereby leads to overall increased resilience of the
emission yield to the electrochemical environment.

2.2.7 Rate equations

Here, we report the rate equations that describe the model depicted in Figure
2.14 and Figure 2.15.

We denote the populations of electrons in the conduction band as n, holes in
the valence band as p, and trapped electron (holes) at defect sites as nr(pr). The
excitation rate is kept constant to an arbitrary value. To express the variation of
trap population with the EC potential, Vic, we introduce a proportionality constant
k ([1/V]) which allows us to express the relative trap occupancies in the units of
voltage. We thus describe the number of empty electron traps as N - fg+Vec,
where No = No/k is the effective width of the defect band and N is the number of
traps per individual NS. fip = no/k is the initial occupancy of the defect band at Vic
= 0V, and ng is the number of occupied traps per individual NS in the absence of
photoexcitation. The positive sign of Vec accounts for the fact that negative EC
potentials raise the Fermi level thereby reducing the number of empty electron
traps. Similarly, we describe the number of active hole traps as fig-Vec.

For both systems, we consider exclusively the long-lived portion of the NPL
ensemble as it is responsible for the majority of the luminescence signal. The
detrapping rate kpr has been chosen slow enough so as to not interfere with the
charge extraction processes yet non-zero so as to describe a closed system. This
is in agreement with recent observations that detrapping in spherical nanocrystals
can take up to several minutes?'. For core-only NPLs, the hole trapping rate has
been chosen to be much larger than the radiative rate, in agreement with the
ultrafast ‘static’ quenching observed in the time resolved PL measurements.
Electron trapping rate is instead negligible. The rates for the core/shell NPLs reflect
the balance between the radiative recombination channel and the competitive
nonradiative relaxation pathways that indeed lead to symmetric quenching effect
under positive and negative electrochemical potentials.
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Once the steady state populations are obtained, we calculate the dependences
the emission intensity on Vec from kyaq-n -p and show them in Figure 2.15¢-d as a
function of the EC potential and compute the PL intensity as lp.=n*p*k;q4.

Within this assumption, we can write the following rate equations for n, p, nt
and pras a function of the EV potential:

dn/dt= kex- krag:p- n- ker-n - (No — fig + Vec + p7) - kor- n-pr; (1)

dp/dt = Kex~ Krad"p -1 - kur- p- (Ao - Vec + n1) - kor- nr-p; )
dni/dt = ker-n- (No - fio + Vic + p1)- kor- nr-p; 3)
dpr/dt = kur-p- (Ao - Vec + ny) - kor- n-pr; 4)

where the occupancies of the electron and hole states are related by the condition
of charge neutrality: n + nr=p + pr. The numerical solution of the system of the
rate equations is performed in the steady state regime (time derivatives equal to
zero) using the values for the rates inferred from the measurements (see

Table 2 below) or, when not directly accessible, chosen accordingly to the
observed phenomenology in order to qualitatively reproduce the main
experimental trends.

CdSe NPLs CdSe/CdS NPLs

kraa 3ns™ 0.4 ns™

ker 0.2 nsT 0.5 ns™

knr 30 ns™’ 0.3 ns™

kor 0.2 ns” 0.2 ns™

No 0.15V 0.01vV

Ao 0.05V 005V

k 10 v 10 V7!
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Table 2. Rates values and parameters used in the numerical solution of
the system of rate equations.

2.2.8 Demonstration of NPL-based ‘reverse sensing’ varnishes

The whole body of experimental results presented above indicates that
colloidal NPLs are suitable materials for application in oxygen-sensitive coatings
able to detect the presence of O, through reversible brightening of their PL. To
provide a final proof of their potential, in Figure 2.17a,b we report the photographs
of a CdSe NPLs film under UV illumination in O, and in vacuum, once again
highlighting the remarkable difference between the emission intensity in the two

conditions.

a b
5x104bar

Figure 2.17. Photograps of a sample of NPLs for reverse oxygen sensing
luminescent varnishes. Photographs and 3D surface intensity plots of a film of
CdSe NPLs at (a) 1 bar O, pressure and (b) 5x10* bar vacuum under 3.1 eV
excitation, showing the about one order of magnitude stronger luminescence in
atmospheric conditions with respect to vacuum.
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We stress that such sensing range is achieved using an efficient emitter with
over 30% PL quantum yield in film form and for pressure variations around
atmospheric values. This makes these novel two-dimensional colloidal structures
particularly suitable for application as luminescent air sensing varnishes for
applications including air flow studies in aerodynamic research (wind tunnel
model) that currently rely on smoke, viscous fluids or evaporating suspensions for
revealing transitions from laminar to turbulent flow as well as flow separation on
airplane or car body parts. Furthermore, their high starting emission efficiency
provides a possible means to further enhance the environmental sensitivity by
partially de-passivating the surfaces of the NPLs and thereby to enhance the
density of available surface sites with a minimal cost in term of luminescence
losses.

2.3 Conclusions

In conclusion, we investigated the processes of charging and trapping in
colloidal nanoplatelets by means of spectroelectrochemical methods and time
resolved spectroscopy in a controlled atmosphere. The data demonstrates the
brightening effect of oxygen on the emission of NPLs whose efficiency is mainly
determined by hole trapping in surface defects. Spectroelectrochemical
experiments reproduce well the observed environmental effects and further
confirm the improved optical stability of heterostructured NPLs. The O, sensing
process is reversible and could be used to realize novel reversed’ analytical
sensors capable of generating an enhanced light signal when exposed to harsh
environments, with potential impact in aerospace planning, environmental
sensing and smart building.
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Single-particle ratiometric pressure sensitive
paints based on ‘double-sensor’ colloidal
nanocrystals

This work was performed in collaboration with
the Los Alamos National Laboratory (LANL, Los Alamos, New Mexico, USA).

Overview

Ratiometric pressure sensitive paints (r-PSPs) are all-optical probes for
monitoring oxygen flows in the vicinity of complex or miniaturized surfaces. They
typically consist of a porous binder embedding mixtures of a reference and a
sensor chromophore exhibiting oxygen-insensitive and oxygen-responsive
luminescence, respectively. In this chapter, | realize the first example of an r-PSP
based on a single two-colour emitter that removes limitations of r-PSPs based on
chromophore mixtures such as different temperature dependencies of the two
chromophores, cross-readout between the reference and sensor signals and
phase segregation. In this paradigm-changing approach, | utilize a novel ‘double-
sensor’ r-PSP that features two spectrally-separated emission bands with opposite
responses to the O, pressure, which boosts the sensitivity with respect to
traditional reference-sensor pairs. Specifically, | use two-colour-emitting
CdSe/CdS core/shell nanocrystals, exhibiting red and green emission bands from
their core and shell states whose intensities are respectively enhanced and
quenched in response to the oxygen partial pressure. This leads to strong and
reversible ratiometric response at the single particle level and over 100%
enhancement in the pressure sensitivity. These proof-of-concept r-PSPs further
exhibit suppressed cross-readout thanks to zero spectral overlap between the core
and shell luminescence and temperature independent ratiometric response
between 0°C and 70°C.
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3.1 Introduction

Pressure sensitive paints (PSPs) are effective, non-intrusive tools capable of
mapping gas flows near complex surfaces and reporting on the concentration of
oxygen in gas mixtures through remote optical detection. The foremost use of
PSPs is in aerospace engineering, with applications ranging from aerodynamic
tests of aircraft prototypes?® 22° to fundamental studies in acoustics*?, shock-wave
propagation and transonic buffeting effects®” (see Figure 3.1a,b). PSPs are also
widely used in the design of complex fluidic and microfluidic systems??!, including
supersonic micronozzles???, microfluidic oscillators?®', microchannels'®, and in
studies of pressure, heat-transfer and shear stress in micromechanical devices???
(Figure 3.1a,b). Furthermore, PSPs are employed in environmental monitoring??,
marine research?®, the food packaging industry??6, medicine??” and biology?%,
and are particularly effective to detect a few order of magnitude of pressure
variations, unlike conventional oxygen optical sensors that are able to probe
minimal quantities of analyte in gas mixtures and are completely quenched in
atmospheric conditions. Traditional PSPs consist of an oxygen sensitive organic
chromophore dispersed in a porous organic* or inorganic** 22® matrix (commonly
referred to as a ‘binder’). When exposed to O, the luminescence of the
chromophore is quenched proportionally to the oxygen partial pressure, thus
allowing for real-time pressure monitoring?3°. The all-optical working mechanism
of PSPs makes these devices substantially simpler than conventional
piezoresistive?®' or MEMS-based transducers?*? that require the integration of the
sensors and the wiring on the investigated surfaces, which hinders their
application in the case of moving or miniaturized parts?®?. In addition, traditional
non-optical sensors yield point-like pressure measurements, whilst PSPs allow one
to map the gas flow with high spatial resolution on extended or complex surfaces
with a single optical scan?® 43, This largely simplifies the data processing, which is
particularly challenging in the case of turbulent or supersonic gas flows?33,

State-of-the-art organic PSP chromophores, such as metal porphyrins®,
pyrenes®, and Ru(ll) or Pt(ll) complexes?**, have good oxygen sensitivity but suffer
from limited thermal®> and photochemical®® stability. The interaction with O,
which generates singlet oxygen radicals, accelerates photodegradation under UV
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illumination?® 233, leading to luminescence drops ranging from 1%/hour (refs.25 28)
up to 15%/hour (refs39. In addition, the temperature-dependence of the
luminescence efficiency, typical of organic chromophores, introduces bias errors
to the pressure data collected on different model parts and, therefore, requires
continuous monitoring of the surface temperature and specific calibration
protocols?” 28 43 237 Mixtures of O-sensitive and temperature-sensitive
chromophores, operating as pressure and temperature references for the other
emitter, have been proposed to address this problem?23® 23°. These PSPs require,
however, effective encapsulation of the temperature sensor in oxygen-
impermeable polymers to avoid cross-sensitivity issues.4% 240

Colloidal semiconductor nanocrystals (NCs) have been recently proposed as
potential alternative sensing materials for PSPs. NCs combine high emission
efficiency®’-> and size-tunable electronic properties® '8 with enhanced stability
and exceptionally large surface-to-volume ratios®* . Similarly to organic
chromophores, O, sensing with NCs relies on quenching of the luminescence
intensity under O, flow, mostly due to ultrafast extraction of surface and
photogenerated electrons by oxygen'™d. From the physical perspective, the
extraction of electrons from the NCs by exposing them to O, replicates the effect
of lowering the Fermi level by applying a positive (oxidative) potential in
electrochemical measurements. In direct analogy, the removal of oxygen from the
NC surroundings resembles the effect of raising the Fermi level under negative
(reducing) electrochemical potentials’” %% 22 An advantageous feature of NCs
from the standpoint of potential PSP applications is that the coupling of
photogenerated carriers with phonons in these systems is much weaker than in
organic chromophores?, which results in a smaller variation of the emission
quantum yield in the temperature range typically explored in PSP studies
(10-40 °C)?7:43.237.239 Examples of O,-responsive NCs include CdSe'”>, CdTe?%, and
CdSe/ZnS core/shell systems®. These structures have been utilized for humidity
detection and dry gas sensing, as well as biological sensing applications®'. As
distinct from organic chromophores, the use of NCs as PSPs emitters potentially
eliminates the need for the binder, as NCs can be deposited directly onto tested
surfaces (Figure 3.1a). This is particularly advantageous for high frequency
sensing?’, since the rate-determining process in the sensing response is typically
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the permeation of a gas into the binder?, which protracts the response time from
a few microseconds with porous matrices?’ to tens of seconds for traditional
polymeric binders®2.

A common experimental difficulty of radiometric luminescence mapping using
organic chromophores or conventional NC-based PSPs is that they require
accurate quantitative measurements of the emission intensity across extended or
complex surfaces under oxygen flow and UV irradiation. For this reason, wind
tunnel aerodynamic tests are typically performed by comparing the results of
‘wind-on’ and 'wind-off' measurements in order to account for the experimental
geometry, model misplacements?® 149 233 non-uniform distribution of the
chromophore in the binder and an uneven thickness of the binder layer across the
model surface?3? 237.242,

Pressure 02 partial pressure 02 partial pressure

1 11 11 b &4+ 4 & 44
EXC

-

Piezoresistive or Traditi | PSP Ratiometric NCs-based
MEMS-based coatings ragiional:roks PSPs
L ]
b I L I I
Aerodynamic tests Microfluidic studies

Figure 3.1. Working principles of single- and double-sensor ratiometric
PSPs. a) lllustration of different technologies for pressure detection: (left)
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traditional MEMS-based transducers, (center) traditional organic chromophore-
based PSPs, and (right) DiB NC-based ratiometric PSPs. b) All of the pressure
sensors from Figure 3.1a can be used in (left) aerodynamic tests on model surfaces,
whereas (right) microfluidic systems can be investigated only by means of PSPs.

Some of these issues have been addressed through the use of so-called
ratiometric PSPs (r-PSP) that exploit the different sensitivity to O, of two (or more)
chromophores to detect and quantify local pressure variations. A conventional r-
PSP consists of an O:-insensitive chromophore (the ‘reference’) acting as an
internal reference standard for the luminescence intensity of an O;-responsive
emitter (the 'sensor’), as depicted in Figure 3.2a.
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Figure 3.2. Comparison between conventional and double sensor ratiometric
PSPs. (a) Representative plots of the ratiometric response of a conventional r-PSP
featuring an inert (pressure-insensitive) reference (R, blue line) and an O; sensitive
emitter (S, blue line). The ratiometric response (circles) is determined by the
sensitivity of the sensor. b) Ratiometric response of a double-sensor r-PSPs
consisting of two O sensing emitters (S1 and S;) with opposite luminescence
responses. In this case, the ratiometric response (circles) can be expressed as S+1/S
or Sy/S+; in either case, it is strongly amplified with respect to the sensitivity of the
individual sensor species.

Examples of reported two-component r-PSPs include mixtures of organic dyes?3
and dye-polymer conjugates3* as well as organic/inorganic hybrid systems such
as binary blends of dyes and NCs??% 233, NC-polymer nanocomposites®?® 243 and
dye-functionalized NCs?*. Although these systems virtually remove the need for
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the wind-off/wind-on calibration, their use is still associated with several
experimental difficulties arising from i) the different temperature dependence of
the two chromophores?3? 245, i) cross-read out errors due to the spectral overlap
between the emission bands of the reference and the sensor?* and iii) spatial
inaccuracy due to inhomogeneous distribution of the emitters on the model
surfaces or in the binder?*, whose effects are aggravated by intermolecular
interactions leading to exciton migration processes®* 14,

Here we demonstrate that all of these limitations can be alleviated using r-PSPs
based on a single dual-colour emitter that features intrinsic ratiometric response
at the single particle level, suppressed cross-readout due to a zero overlap
between the luminescence spectra of the two emissive states, a dynamic range of
ratiometric O,-pressure sensing of three orders of magnitude, and the
temperature-independent ratiometric response between 0°C and 70°C. To date,
the only example of a single emitter showing ratiometric oxygen response is
represented by fluorescent/phosphorescent macromolecules™? 247 proposed for
tumor hypoxia diagnostics. An important advantage of our new approach is that
it is based not on an inert (pressure-insensitive) reference, but instead combines
two pressure-sensitive states in a single emitter and that these states exhibit
opposite luminescence responses to changes in the oxygen pressure. In these
‘double-sensor’ systems, one emission channel is quenched, whilst the other is
concomitantly enhanced by the presence of O,, similarly to the so-called ‘reverse
sensing’ behaviour recently found in CdSe colloidal nanoplatelets®*. Figure 3.2a,b
schematically compare the Iluminescence-vs.-pressure dependence of a
conventional reference-sensor pair (R and S, respectively) and that of a double-
sensor r-PSP (respectively Si1 and S). Importantly, whilst the response of a
conventional r-PSP featuring an inert reference is given solely by the sensor that
determines the maximum ratiometric O;-sensitivity of the blend (S/R in Figure
3.2a), replacing the inert reference with a 'reverse’ O sensor exhibiting enhanced
luminescence when exposed to O; (S; in Figure 3.2b), leads to strongly amplified
ratiometric sensitivity. We note that in the presence of two sensing species, the
ratiometric response can be conveniently chosen (S1/Sz vs. S»/S1) in order to better
suit the experimental conditions, whilst ensuring in both cases enhanced
sensitivity with respect to the conventional reference/sensor system.
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Our ‘double-sensor’, single-emitter r-PSP uses CdSe/CdS dot-in-bulk (DiB) NCs
that consist of a small CdSe core overcoated with an ultra-thick CdS shell””: 78,
Owing to their peculiar internal structure, DiB NCs are capable of simultaneously
sustaining core and shell excitons, whose radiative recombination leads to two-
colour (red and green) luminescence under both low-fluence continuous wave
(cw) optical excitation”® and electrical injection’”. Two essential structural features
of these NCs are an abrupt core/shell confinement potential and an engineered
polytypic interphase of zincblende CdS separating the zincblende CdSe core from
the thick wurtzite CdS shell. This peculiar structure of the core-shell interface slows
down relaxation of shell-localized holes into core states, which leads to the
development of efficient shell emission observed simultaneously with emission
from the core?*8. Importantly for r-PSP applications, the shell excitons are exposed
to NC surface species, and their luminescence is highly sensitive to nonradiative
electron transfer to surface defects or molecular acceptors (in our case oxygen)
adsorbed onto the NC surface that lead to luminescence quenching’. In stark
contrast, the emission arising from core-localized excitons is enhanced by
exposure to Oy as the removal of extra electrons generated by photocharging
would quench nonradiative Auger recombination.”® As a result of these effects,
the two emission channels of the DiB NCs follow opposite trends with
increasing/decreasing O partial pressure, which allows us to realize the double-
sensor ratiometric response regime using a single emitter.

3.2 Results and Discussion

3.2.1 Optical properties and temperature sensitivity of DIB-NCs
The CdSe/CdS DiB NCs used in this study have been synthesized following the

procedure reported in ref.”® by Dr Bae from Prof. Klimov's group at the Chemistry

Department of the Los Alamos National Laboratory (LANL, Los Alamos, New
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Mexico, USA). Representative TEM images (also provided by Dr Bae and Professor

Klimov) of the NCs and a statistical analysis of their dimension are reported in

Figure 3.3a,b.

Figure 3.3. TEM and statistical analysis of a sample of DiB NCs. (a) Transmission
electron microscopy (TEM) image of an ensemble of CdSe/CdS Dot-in-Bulk (DiB)
NCs. The inset is a TEM image of a single NC (scale bar is 5 nm). (b) Statistical
analysis of the size of 300 DiB NCs from the TEM images using the short axis. The
average size is 22+2 nm (red lines).

A representative optical absorption and photoluminescence (PL) spectra of the
DiB-NCs with core radius R=1.5 nm and shell thickness H=8.5 nm under cw
excitation at 400 nm are reported in Figure 3.4a.
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Figure 3.4. Optical properties and temperature sensitivity of DiB NCs. a)
Optical absorption (dashed line) and normalized photoluminescence spectrum of
a hexane solution of CdSe/CdS DiB NCs with the 1.5-nm core radius and the 8.5-
nm shell thickness. Core and shell emission bands are highlighted by red and
green shading, respectively. Inset: An approximate band diagram of CdSe/CdS DiB
NCs, featuring an interfacial zincblende CdS layer that separates a zincblende CdSe
core from a wurtzite CdS shell. b) Temperature dependence of the ratio between
the core and the shell integrated PL intensities (Ic/ls, red/green symbols) and the
first derivative of the (I¢/Is)-vs.-T dependence. All measurements were performed
using the 15 pJ/cm? excitation fluence and the excitation wavelength of 400 nm.

The absorption spectrum shows a steep edge at ~500 nm due to absorption by
the thick CdS shell whose volume is ~300 times larger than that of the CdS core.
The PL spectrum consists of two well-separated emission peaks located at 632 nm
and 512 nm. The 632-nm band is due to recombination of core excitons
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characterized by the decay rate Rco=5.5x10° s (Figure 3.5a). The 512-nm peak
arises from radiative decay of shell excitons which has the rate Rsw=5 x10° s (as
in Figure 3.5b).
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Figure 3.5. Time resolved photoluminescence of DiB NCs. Photoluminescence
decay of (a) core and (b) shell emission of DiB NCs in hexane solution under 3.1
eV pulsed excitation.

As was established previously”, electrostatic repulsion between the core- and
shell-localized holes leads to a dynamic Coulomb blockade of the core states; as
a result, the intensity of the shell PL exhibits complex dependence on excitation
fluence (Figure 3.6). On the other hand, the core PL shows a more common pump-
intensity dependence; it first grows linearly with pump power, and then saturates
at high NC occupancies. The details of pump-power dependence of core- and
shell PL bands, however, are inconsequential from the standpoint of ratiometric
sensing, as pressure measurements usually utilize low-intensity excitation when
both emission bands scale linearly with excitation fluence as illustrated in Figure
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3.6 (highlighted in grey) for the pump-intensity change by more than two orders
of magnitude.
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Figure 3.6. Excitation fluence dependence of DiB NCs dual emission
intensity. Integrated PL intensity of core (red dots) and shell (green dots)
emissions as a function of increasing 3.1 eV pulsed excitation fluence, plotted on
a log-log scale. The grey shading highlights the excitation fluence range in which
both the core and the shell emissions show linear trends.

Micro-scale pressure studies are affected by the exact type of PL pump-intensity-
dependence to an even lesser degree, as they are typically performed at fixed
excitation powers using focused light with a spot area comparable to the sample
size. Most importantly for ratiometric sensing, both the core and the shell emission
intensities (I¢, Is) show nearly identical trends across a wide range of temperatures
(0-70°C), which covers a typical range of temperature variation for many PSPs
applications (10-50 °C, refs.*> 239, This results in the remarkable temperature
stability of the ratiometric response of DiB NCs, which in Figure 3.4b is evaluated
in terms of the variation of the Ic/Is ratio as a function of temperature. The same
figure also reports the first derivative of the luminescence ratio, d(Ic/Is)/dT, which
emphasizes the absence of variations or drops in the ratiometric response over
the whole range of investigated temperatures. We can quantify the temperature
sensitivity  (ST) of the DiB NCs through the expression ST
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== [Ic(T2)/Is(T2) = 1c(T1)/1s(T1)] / (T2-T4), where Ics(T1) and Ics(T2) are the intensities
of the core and shell emission measured at the two extremes of the temperature
range®8. By considering the temperature range, T1=0°C and T.=70°C, we obtain
the remarkably low value of ST of only 0.01%/°C; this is significantly lower than
for the state-of-the-art two-components r-PSPs, which exhibit ST of
0.05 - 1.5%°C.?28¢ We note, however, that the temperature trend of Ic/Is is not
monotonic, as commonly observed in traditional r-PSPs?33, but shows a slight
increase from 0°C to 20°C, followed by a weak drop with increasing temperature.
In order to account for this trend, we have derived the maximum temperature
sensitivity, STm, by considering the difference between the maximum and the
minimum /c/ls -values divided by the temperature difference across the entire
range of studied T. From this analysis, we obtain STu=0.05%/°C, which is still
comparable to top-performing r-PSPs.

3.2.2 Ratiometric oxygen sensing using DiB NCs

We proceed with demonstrating the ratiometric O, sensing ability of DiB NCs by
monitoring the evolution of their PL spectrum during stepwise pressure ramps
from P=1to 107 bar. In these experiments, a sub-monolayer film of DiB-NCs with
core radius R=1.5 nm and shell thickness H=8.5 nm is dip-casted onto a glass
substrate, which allows for homogenous coverage of the surface as shown in
Figure 3.7a,b.

The luminescence of the sample is excited by 400 nm light and continuously
collected with a CCD camera, while the sample chamber, originally filled with O,
is progressively evacuated through rapid pressure steps. For each step, the
pressure is lowered by a factor of ten and maintained constant for 90 seconds.
After the final step at 10-3 bar, the chamber was refilled step-wise with O, following
the same procedure. Since the O, concentration is proportional to the total
pressure, these measurements directly yield ratiometric estimations of the
pressure on the sample surface similarly to what is typically achieved with PSPs.
As evident from the PL spectra in Figure 1.9a, the core and shell PL intensities
demonstrate the opposite trend in response to changes in the chamber pressure.
Specifically, the core PL undergoes progressive dimming upon evacuation, while
the shell emission increases and becomes dominant at P=10- bar. Importantly,
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refilling the sample chamber with nitrogen does not lead to recovery of the PL

intensity, which confirms the essential role of oxygen in the sensing response.

Figure 3.7. Photographs of the DiB NCs sample. (a) Photograph of the film
of 1.5/8.5 CdSe/CdS DiB NCs used in our O-sensing experiments under UV lamp
illumination and (b) its image acquired with an optical microscope using a 20x
objective with 0.40 NA under 3.1 eV excitation. The coverage of the substrate is
75%.

The observed difference between the O, response of the core and the shell PL can
be rationalized by considering the electron withdrawing nature of molecular
oxygen, which, in the ground state, is a diradical triplet with strong electron
acceptor character. As a result, O; is capable of efficiently extracting electrons from
both the quantized states'® of the NCs and electron-rich surface defects that
thereby become capable of trapping photogenerated electrons from the NC
conduction band?4. Similarly to the effect of raising the NC Fermi level obtained
by either applying a negative electrochemical potential or direct electric bias in
light-emitting diodes’” 7%, the removal of oxygen progressively suppresses
electron trapping, leading to the observed strong enhancement of the green
luminescence due to increased radiative recombination efficiency of shell excitons.
On the other hand, as observed previously'" 2™ and confirmed by our time-
resolved PL measurements in controlled atmosphere (see a detailed discussion
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later in this work), the dimming of the core PL is associated with nonradiative
Auger recombination of negatively charged core excitons (negative trions), which
are formed due to accumulation of excess electrons in the NCs in the absence of
electron withdrawing O, molecules. A similar effect has recently been observed
with other CdSe/CdS heterostructures including thick-shell NCs'®" 214 and colloidal
nanoplatelets®*.
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Figure 3.8. Ratiometric oxygen sensing experiments with DiB NCs. (a) A
series of PL spectra (1 s acquisition time per frame, 90 s steps) during a stepwise
pressure scan. The pressure is reduced rapidly and kept constant for 90 s, starting
from atmospheric pressure (P=1 bar) to 107", 10> and 107 bar, after which the
sample chamber is stepwise refilled up to the initial pressure level of P=1 bar. (b)
Integrated PL intensity of the core (I¢, red line) and the shell (Is, green line) PL
extracted from the stepwise pressure scan in ‘a’. Both trends are normalized to the
initial PL intensity values at P=1 bar.

In order to quantify the ratiometric luminescence response of DiB NCs, in Figure
3.8b we report the integrated core and shell PL intensity extracted from Figure
3.8a, both normalized to their initial value at P=1 bar. Each step-like variation of
the O pressure leads to a concomitant modulation of both emission bands.
Specifically, lowering the pressure from 1 bar to 1073 bar results in ~60% dimming
of Ic and over 300% increase of Is. Upon ramping the O, pressure back up to 1 bar,
both the core and the shell emission bands fully recover their original intensities.

84

Integrated Shell PL (/)



Results and Discussion §3.2

LILRALI | T LR ALLI | T LAY | T LELELARRL |
203100 [ g~~~ TTTTTTTTT AT T T & 1
> | =87 19]
"‘--.E;J ".‘e
O
O ® "“."0 _____ @
| —
= LT =2.2
o 1 0 :'_'Q‘____ ____________ 0~ ]
g e 1/=025
£ 0]
HETTT BRI R TTTT] B R AR T 1T B R W W TTTT |
103 102 10 10°

Pressure (bar)

Figure 3.9. Ratiometric oxygen sensing analysis of DiB NCs. The Ic and Is
values (red and green dots, respectively) and the I¢/Is ratio (red/green dots) as a
function of increasing pressure (logarithmic scale). All trends are normalized to
their respective value at atmospheric pressure (1% and [% respectively).

The opposite sign of the luminescence response of the core and the shell is
emphasized in Figure 3.9, where we report /c and /s collected at the end of each

85



Single-particle ratiometric pressure sensitive paints based on 'double-
sensor’ colloidal nanocrystals

pressure step (highlighted with dots in Figure 3.8b) as a function of the O;
pressure.
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Figure 3.10. Color-analysis of a sample of DiB NCs under different pressure
levels. (a) Overall emission colour of a DiB-NC film extracted from the PL spectra
in ‘a’ and projected onto the CIE (Commission Internationale de I'Eclairage)
chromaticity diagram. (b) Photographs of a DiB NCs sample at oxygen pressure of
1 bar and 10° bar (top left and top right, respectively) under UV illumination
collected using UV-filtered camera (illumination spot 1 cm x 1 c¢cm). The signals
detected selectively by the red and green channels are reported in the right panels
for direct confirmation of suppressed cross-readout.

In order to provide a solid method to compare the performances of our PSPs to
other materials, we carried out a Stern-Volmer analysis on a step-like
measurements as reported in Figure 3.11. The Stern-Volmer analysis is the most
well-known model used to evaluate and compare PSPs materials and optical
oxygen sensors, by reporting the ratio lzef/| as a function of the oxygen partial
pressure (P/Pger, mostly used for PSPs applications) or oxygen concentration (mol,
frequently used for generic oxygen sensing). When the analyte concentration is
low enough to follow Henry's Law, the Stern-Volmer model results in a linear fit
from which the linear coefficient, ksv, can be extracted and used for comparisons
of different materials. When deviations from linearity are present, due to
inhomogeneity of the system, or when multiple orders of magnitude are probed,
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the two-site Stern-Volmer model is used. Figure 3.11 reports a two-site Stern-
Volmer plot with the total ratiometric response of DiB NCs as a function of the
oxygen partial pressure (pO>), across three orders of magnitude of pressure (P=10"
3 -1 bar) as in Figure 3.9. The analysis is based on the following equation:

[ fi f2

= - + -
° 1+ kév,1 *Po, 1+ kév,z " Po,

Interestingly, this model holds for both the total ratiometric response and for
the individual core and shell behaviors, as illustrated in the inset of Figure 3.11.
This approach yields the following Stern-Volmer coefficients: ksy, 1@ = 1.26 bar
(=31.25 M) and ksy,R° = 299 bar' (=7415 M™"), which are in good agreement
with literature reports3# 36 38, 244, 249-251
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Figure 3.11. Stern-Volmer analysis of the ratiometric O;-response of DiB
NCs. Stern-Volmer plot of the total ratiometric response, reported as (Ic/15)°/(Ic/ls)
as a function of the O partial pressure po,, for a pressure range from P=10"3 bar
to P=1 bar. The experimental data have been adequately fitted with the Stern-
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Volmer equation applying the two-site model. The Stern-Volmer constants of the
two sites are ksy7=1.26 bar and ksy,2=299 bar™". The insets show the Stern-Volmer
plot of the core and shell PL emissions, which highlight the “reverse” response of
the core emission (upper panel, red dots). Both trends have been fitted with the
same equation with ksy,1°¢=0.277 bar" and ksy,2°°*=84.55 bar" and ksy,7*"!=0.463
bar' and ksy2*"®=174.11 bar™'. The conversion between [bar'] and [M'] has been
performed using the ideal gas law and T=298 K. The measurement is performed
at room temperature using 3.1 eV excitation.

Thanks to the peculiar feature of the opposite response from the core and shell
domains, the ratiometric response considerably exceeds the sensing response of
the individual emitting states, with the enhancement reaching 100% with respect
to Is and over 600% with respect to Ic across the whole investigated pressure
range. Interestingly, the strong response to the O, pressure leads to significant
change of the total emission colour, as displayed in Figure 3.10a, which shows the
projection of the emission colour coordinates extracted from the PL spectra of
Figure 3.8a onto the CIE (Commission Internationale de ['Eclairage) chromaticity
diagram. The colour change is easily appreciated by examining the photographs
of the DiB-NCs film taken at P=1bar and P=10" bar under UV illumination (Figure
3.10b). At atmospheric pressure, the film appears red, due to the dominant
contribution of the core emission at 632 nm (see PL spectra in Figure 3.8a). Upon
lowering the O, pressure to 103 bar, the total emission colour turns whitish, as a
result of the contribution from strong green emission by the CdS shell.
Importantly, since the core and shell emissions are fully spectrally separated a),
their respective signals are collected selectively by the red and green detection
channels with no cross readout. This is highlighted in the right panels of Figure
3.10b, showing a strong red signal and essentially no green emission at P=1 bar.
Under vacuum, the green signal increases significantly, whilst the red channel
shows a concomitant dimming, in agreement with the quenching of the core PL
observed upon evacuation of the sample chamber (Figure 3.8a-Figure 3.10a).
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Figure 3.12. Reproducibility and dynamics of the sensing response. (a)
Integrated PL intensity of core (red lines) and shell (green lines) during O/vacuum
cycles, starting from atmospheric pressure (Pi=1 bar) down to different final
pressures, Ps=10" bar, 10% bar and 1073 bar, as indicated by arrows. The pressure
steps are shown on the top of the panel for each Pi-Ps step. . All measurements are
carried out at room temperature using 400 nm excitation; 1s acquisition time; each
pressure step lasts 90 s.

In order to assess the stability of our r-PSP and the reproducibility of the sensing
response, in Figure 3.12 we report the integrated intensity of the core and shell
emission during many O/vacuum cycles, in which the PL is continuously
monitored while the sample chamber is rapidly evacuated from atmospheric
pressure to 107", 102 and 1073 bar. Each pressure is maintained for 90 seconds after
which the initial O, pressure is rapidly restored. For any final vacuum level, the
luminescence response of both the core and the shell correlates rapidly with the
pressure change, which is particularly relevant for high frequency sensing
measurements. This is a direct consequence of both the ultrafast nature of the
electron trapping process and the fact that our r-PSPs can be processed by
depositing the DiB NCs directly onto the substrate, without the need for a
polymeric binder that typically leads to long response times due to slow
permeation of molecular oxygen®2. The initial emission intensity is fully recovered
after each cycle, thus confirming the reproducibility of the sensing response and
ensuring that the capping ligands are intact.
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Figure 3.13. Sensing response dynamics at different pressure levels. (a)
Evolution of the shell PL extracted from ‘a’ as a function of time for the three O;
pressure ranges, normalized at their maximum value. (b) Normalized shell and
core PL spectra at P=1 bar (solid black lines) and P=10" bar (dashed green and
red lines).

We notice that, upon evacuating the sample chamber from 1 bar to 10" bar, the
PL intensity of both the core and the shell correlates rapidly with the O, pressure
change, leading to an approximately two-fold increase of the shell emission and
~20% dimming of the core PL, followed by a plateau at a constant pressure. On
the other hand, at P=102-103 bar, the PL brightening/dimming is more
pronounced (Figure 3.8a,b and Figure 3.12) and proceeds in time even after the
chamber pressure has stabilized. This effect is highlighted in Figure 3.13a, where
we display the shell PL traces of Figure 3.12 normalized to their intensity maximum
for clarity. These observations point to the coexistence of two interaction regimes
between the NCs and O; that respectively dominate the sensing behaviour under
high- and low-pressure conditions. The first is responsible for the stepwise PL
response concurrent to the removal of ~99.9% of O, from the sample chamber
and is ascribed to suppressed electron trapping by collisional interaction between
the NC film and molecular oxygen. Accordingly, pumping O, back into the
chamber results in essentially instantaneous dimming of the shell PL due to largely
increased availability of gaseous O, molecules in direct contact with the NCs. The
second regime leads instead to the slow progressive brightening at lower
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pressure, which is most likely owing to the gradual desorption of adsorbed O;
molecules that require a larger driving force to detach from the NCs surfaces.
Notably, no shift of the core and shell PL peak is observed (Figure 3.13b), which
confirms that the sensing response is not due to permanent oxidation/reduction
of the NCs surfaces®®. In order to further assess the suitability of our r-PSPs for
extended time applications, we tested their stability over prolonged exposition to
continuous illumination and O/vacuum cycles. Detailed measurements of the
sensing response including extended scans of over ten consecutive Oz/vacuum
cycles between 1 bar and 2 bar O; pressure with different time intervals, and the
stability test under UV illumination for over 2 hours are reported in Figure 3.15.

All measurements show full repeatability and stability over time, with no losses
of either the PL intensity and the sensing capability over several hours of
continuous sensing. From the point of view of prospective applications, it is also
important to understand whether the interaction between the NCs and molecular
O, is a photo-assisted process, as this might affect the accuracy of pressure
measurements. To evaluate the effect of exact excitation conditions on the
measured radiometric response, we have performed ON/OFF pressure sensing
measurements using the same experimental procedure as the one described
above while monitoring the NC emission under either continuous or pulsed (10
second pulses) 400 nm excitation. For direct comparison between the two
excitation conditions, in Figure 3.14a,b we report the intensity traces for the core
and the shell respectively, with five cycles collected using pulsed excitation and
five cycles monitored under continuous illumination. No differences in the sensing
response are observed, which indicates that the NC-O; interaction occurs
identically under “dark” and “light” conditions.
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Figure 3.14. Stability tests under continuous and intermittent 1 UV
illumination. Integrated PL intensity of (a) core (I, red line) and (b) shell (Is, green
line) during On/Off pressure cycles from atmospheric oxygen pressure (Pi=1 bar)
down to P=102 bar collected under continuous (darker lines) or intermittent
(lighter lines) illumination. All measurements are carried out at room temperature
using 400 nm excitation; 1s acquisition time; each pressure step lasts 90 s.
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Figure 3.15. Ratiometric sensing response over extended cycling. (a)
Spectrally integrated core (red line) and shell (green line) PL intensities during
multiple consecutive cycles between atmospheric pressure (P=1 bar) and reduced
pressure (P=10"3bar). The ratiometric sensing performance of a sample of DiB NCs
is investigated for 2 hours with 90 s ‘On/Off" intervals under continuous UV
illumination. No intensity quenching is observed due to continuous exposition to
UV light; the sensing capability is completely recovered after each cycle and shows
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full repeatability over many consecutive pressure changes. (b) Spectrally
integrated core (red line) and shell (green line) PL intensities during many
consecutive cycles between atmospheric pressure (P=1 bar) and reduced pressure
(P=1073 bar). The ratiometric sensing performance of a sample of DiB NCs is
investigated using 5 minutes for each step (atmospheric pressure or reduced
pressure), resulting in 2 hours of consecutive sensing with no losses of either the
core or the shell signals, and thus, no loss of sensing capability. (c) Spectrally
integrated core (red line) and shell (green line) PL intensity during many
consecutive cycles between atmospheric pressure (P=1 bar) and reduced pressure
(P=1073 bar). The ratiometric sensing performance of a sample of DiB NCs is
investigated using 15 minutes for each step (atmospheric pressure or reduced
pressure), resulting in 6 hours of consecutive sensing with no intensity quenching
in either the core or the shell emission. All measurements are performed at room
temperature using 3.1 eV excitation.

A perfect overlap between the PL trends is also found for the core emission excited
at 532 nm (2.33 eV) as shown in Figure 3.16.

1bar
| 10%bar | | I | [ | [ |
a T T T T T T T T T T T T T T T T

=3
-
o
T
i)
o
(@]
)
£

0 200 400 600 800

Time (s)
b,\ 1.2 T T T T T

= 1.1 Core
T 10k
g 0.8 5- \
o 07TE
L 06 i

0 200 400 600 800

Time (s)

Figure 3.16. Effects of core-only excitation on core O:-sensing response.
(a) Integrated PL intensity of CdSe core emission of 1.5/8.5 CdSe/CdS DiB NCs
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during On/Off pressure cycles between P=1 bar and P=10"3 bar, with 2.33 eV
continuous wave excitation. The black line on top of the graph indicates the
corresponding pressure values. (b) Overlap of two consecutive PL measurements
consisting of On/Off pressure cycles between P=1 bar and P=10"3bar, one
recorded under continuous excitation (black line) and the other alternating 10
seconds of 2.33 eV illumination and 10 s of dark, while the pressure cycling
continued independently (red line). The ‘Light On/Off' cycles perfectly overlap with
the ‘'Light On’ cycles. All measurements are carried out at room temperature using
continuous wave 2.33 eV excitation; 1 s acquisition time, 90 s pressure steps.

3.2.3 Effect of tuning the core and shell relative sizes

We then proceeded to investigate in greater detail the dot-in-bulk paradigm
role in the double sensing mechanism by synthetizing and analysing different
core/shell CdSe/CdS heterostructures, featuring a slight modification of the
respective core and shell sizes, in order to show how a fine-tuning of the
heterostructure is pivotal in reaching a distinct sensing capability. Specifically, we
synthetized and studied two samples of DiB NCs, whose total diameter is the same
of our reference DiB heterostructures, (20 nm), but with different core/shell sizes,
namely: T nm CdSe core radius and 9 nm CdS shell size, and 3 nm CdSe core radius
with 7 nm CdS shell size. A sample of thin-shell CdSe/CdS NCs with 1.5 nm core
radius and 3 nm shell size is also used in order to compare the heterostructuring
with only a few CdS monolayers to the presence of a thick CdS shell, which is
peculiar to the DiB motif. Moreover, we push the DiB paradigm to both its
extremes, that is, we compare the behavior of DiB samples to that of their isolated
components, ‘core-only’ CdSe NCs (1.5 nm radius) and ‘shell-only’ CdS NCs (10
nm radius), in order to investigate the behaviour of both isolated semiconductors.
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Figure 3.17. Optical properties of 1CdSe/9CdS NCs. (a) Normalized
photoluminescence (PL) spectrum of a CdSe/CdS NCs sample with 1-nm core
radius and 9-nm shell thickness at atmospheric oxygen pressure (P=1 bar),
showing core and shell emission bands (highlighted by red and green shading,
respectively). (b) An approximate band diagram of 1CdSe/9CdS DiB NCs, featuring
the ZB-CdS interlayer (~3.5nm) between the ZB CdSe Core and the WZ CdS shell.
The measurement is performed at room temperature using 3.1 eV excitation.

We start our analysis with the 1CdSe/9CdS NCs, whose PL is reported in Figure
3.17a. Both shell and core excitons are emitting under low excitation fluence
(5p)/cm?, 400 nm excitation wavelenght), as expected by the presence of a sharp
interface that enables simultaneous emission from both states as discussed above
(see band diagram in Figure 3.17b). The 1CdSe/9CdS DiB NCs exhibit more intense
shell PL than the systems with the 1.5 nm CdSe core samples, which can be
ascribed to the larger volume of the CdS shell, as well as a blue/shifted core PL.
We proceed by testing their oxygen sensitivity by monitoring their PL intensity
during many Oj/vacuum cycles in which the sample chamber is kept at
atmospheric pressure (P=1bar) for 90 s and then rapidly evacuated to 10-3bar for
90 s, and filled again to 1bar for five consecutive cycles. Figure 3.18 shows the
integrated intensity of the core and shell emission bands while undergoing the

pressure cycling.
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Figure 3.18. Ratiometric O:-sensing response of 1CdSe/9CdS NCs.
Integrated PL intensities of core (red line) and shell (green line) emissions during
O,/vacuum cycles, starting from atmospheric pressure (P=1 bar, no shade) down
to 1073 bar (highlighted with a grey shade); 1 s acquisition time, 90 s pressure steps.
The measurement is performed at room temperature using 3.1 eV excitation.

Despite the more intense shell PL intensity under the same excitation fluence,
the O, response of 1CdSe/9CdS NCs is however slightly weaker than in the
1,5CdSe/8,5CdS sample (~200% vs ~300% increase of the shell PL intensity, from
P=1bar to P=10-3bar), most likely due to the fact that shell electrons are less
exposed to the NC surfaces due to the thicker shell. On the other hand, the
photobrightening responses observed for the core emission are comparable (~-
60%, as observed in ref?%), indicating a similar tendency to form negative trions in
vacuum conditions, which will be discussed in §3.2.5.

We perform the same analysis on the 3CdSe/7CdS NCs, starting from their PL
spectrum under atmospheric pressure. Figure 3.19a clearly displays the effect of a
larger core to the detriment of the CdS shell, with the expected red-shifted core
luminescence and a very weak shell PL (magnified in the inset of Figure 3.19a), as
expected due to its smaller volume (Figure 3.19b).

97

§32




Single-particle ratiometric pressure sensitive paints based on ‘double-
Chapter 3 9 ’p . P P
sensor’ colloidal nanocrystals

b

"] cds cds cdse cds cds
] w2z ZB ZB ZB \'rd

08

o
(2]
T

PL Intensity
o
o~

o
i
T

0.0 E

500 550 600 650 700
Wavelenght (nm)

Figure 3.19. Optical properties and ratiometric O;-sensing response of
3CdSe/7CdS NCs. (a) Normalized PL spectrum of a CdSe/CdS NCs sample with a
3-nm core radius and a 7-nm shell thickness at atmospheric oxygen pressure (P =
1bar), showing a core and a shell emission bands (highlighted by red and green
shading, respectively). The inset is a magnified view of the shell emission. (b) An
approximate band diagram of 3CdSe/7CdS DiB NCs, featuring the ZB-CdS
interlayer (~3.5nm) between the ZB CdSe Core and the WZ CdS shell. The
measurement is performed at room temperature under 3.1 eV excitation.

The effect on the sensing response is reported in Figure 3.20, which shows the
same measurement described for the 1CdSe/9CdS sample. The shell PL intensity
is enhanced by only 100%, and the core emission decreased by ~35%. This smaller
effect of pressure on the core emission is in agreement with the inverse volume
scaling of the Auger recombination rate, whose effect on the trion emission
quantum yield in vacuum conditions becomes less detrimental compared to DiB
NCs with a smaller core size, thereby making the oxygen-driven recovery process
less significant to the enhancement of the PL under atmospheric pressure.
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Figure 3.20. Ratiometric O:-sensing response of 3CdSe/7CdS NCs.
Integrated PL intensities of the core (red line) and the shell (green line) during
Oz/vacuum cycles, starting from atmospheric pressure (P = 1 bar) down to 103 bar
(highlighted with grey shades); 1 s acquisition time, 90 s pressure steps. The
measurement is performed at room temperature under 3.1 eV excitation.

Figure 3.18 and Figure 3.20 highlight the reproducibility of the measurement
under many O/vacuum cycles, which suggests that the sensing response is due
to the filling/emptying of surface traps and not to permanent oxidation of the NC
surfaces or damage to the capping ligands. This is also confirmed by the PL spectra
of both 1CdSe/9CdS and 3CdSe/7CdS NCs under reduced pressure, as shown in
Figure 3.21a,b.
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Figure 3.21. Optical properties under reduced atmosphere of 1CdSe/9CdS
and 3CdSe/7CdS NCs. Normalized PL spectrum of a CdSe/CdS NCs sample with
(a) a 1-nm core radius and a 9-nm shell thickness and (b) a 3-nm core radius and
a 7-nm shell thickness under reduced oxygen pressure (P = 10-3bar), showing core
and shell emission bands (highlighted by red and green shading, respectively).
Both measurements were performed at room temperature, under 3.1 eV

excitation.

In order to demonstrate that the DiB concept is crucial to the double-sensing
mechanism, we perform the same set of measurements shown for the 1CdSe/9CdS
and 3CdSe/7CdS samples also for core/shell NCs with a 3 nm only thick CdS shell
and a 1.5nm radius CdSe core. Their PL spectrum only shows emission from core
states (Figure 3.22a). However, as reported both for the step-like measurement in
Figure 3.22b and for the O,/vacuum cycling in Figure 3.22¢, the core response is
markedly stronger than that observed for thicker shell NCs due to more efficient
nonradiative Auger decay of trion states at low pressure in thinner shell NCs. Note
that all these NCs have unalloyed (i.e., "sharp") core/shell interfaces.
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Figure 3.22. Optical properties and O;-sensing response of 1.5CdSe/3CdS
NGCs. (a) Normalized PL spectrum of a CdSe/CdS NCs sample with 1.5-nm core
radius and 3-nm shell thickness (in zincblende structure) at oxygen pressure P=1
bar. Inset: approximate band diagram of 1.5CdSe/3CdS NCs. (b) Integrated core
PL intensity, I¢, as a function of increasing pressure normalized to its value at P=10"
3 bar (logarithmic scale). (c) Integrated core PL intensity during Oz/vacuum cycles,
starting from atmospheric pressure (P=1 bar) down to 10~ bar (highlighted with a
grey shading). 1 s acquisition time, 90 s pressure steps. All measurements are
performed at room temperature under 3.1 eV excitation.

In order to provide a more direct comparison between the three samples
following the DiB paradigm, in Figure 3.23a we report the results of a
measurements performed in the same conditions for the 1CdSe/9CdS,
1,5CdSe/8,5CdS and 3CdSe/7CdS NCs. For the three NCs, we monitored the PL
intensity of the core and the shell in a step-like measurement, starting from
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P=1bar and lowering the oxygen pressure one order of magnitude at a time, down
to 1073 bar. Figure 3.23a displays the data for the three samples normalized at their
respective values at the lower pressure (P=10-bar). The same scale is used in order
to highlight the difference between the samples. The core luminescence show a
120% increase in both 1,5/8,5 and 1/9 samples, and a limited increase (50%) in
3/7 NCs. The most extended shell variation is reported for 1,5/8,5 NCs (-75%),
whereas its tuning is reduced in 1/9 and 3/7 samples for the reasons explained
above (-63% and -45%, respectively). The different extent of the core and shell
variations consequently affects the overall sensing capability, which is limited for
the heterostructures with a smaller (1/9, +500%) and larger (+180%) core size. A
practical way to visualize the same results is by plotting them onto a CIE diagram.
Figure 3.23b highlights both the different extents of the sensing response in the
three samples and the difference in the resulting overall color coming from a fine
tuning of the core size (and core exciton energy and emission wavelength, ranging
from 597nm, to 628nm, to 658 nm from 1/9, 1,5/8,5 and 3/7 CdSe/CdS NCs,
respectively) with respect to the bulk-like character of the shell (maximum
emission at ca 510nm for all the three samples). Furthermore, the sensing response
of all three samples can be rationalized in term of a Stern-Volmer model. The two-
site Stern-Volmer analysis described in §3.2.2 successfully fits the overall sensing
response (Ic/ls) for all the three samples. The corresponding Stern-Volmer
coefficient (ksv,7 and ksy2) we obtain finely mirror the sensing capabilities of the
NCs set: ksv 7 values are 0.3 bar™, 1.26 bar' and 0.25 bar™! while ksy>values are 280
bar’, 299 bar' and 250 bar' for 1CdSe/9CdS, 1.5CdSe/8.5CdS and 3CdSe/7CdS
NCs, respectively.
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Figure 3.23 Comparison of O sensing response of different core/shell
sized DiB NCs. (a) Integrated PL intensities of the core (I, red dots) and the shell
(Is, green dots), together with their ratio (Ic/ls) as a function of increasing pressure
(logarithmic scale) from P=10-bar to P=1 bar, for the three DiB samples, namely:
1,5CdSe/8,5CdS NCs (left), 1CdSe/9CdS NCs (center), and 3CdSe/7CdS NCs (right).
All trends are normalized to their respective value at P=10" bar (1% and 1%,
respectively). (b) overall emission color of a NC film for the three DiB samples
extracted from the respective PL spectra, projected onto the CIE chromaticity
diagram. For each sample, the color at P=1 bar and P=1073bar is reported. ()
Stern-Volmer plot of the total ratiometric Oj-response of 1CdSe/9CdS,
1.5CdSe/8.5CdS and 3CdSe/7CdS NCs, reported as (Ic/1s)°/(Ic/ls) as a function of
the Oy partial pressure poy, for a pressure range from P=10-3bar to P=1 bar. The
experimental data have been adequately fitted with the Stern-Volmer equation
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applying the two-site model. The Stern-Volmer constants of the two sites are: ksv,1
= 0.3 bar", 1.26 bar " and 0.25 bar " and ksv> = 280 bar™, 299 bar and 250 bar™’
for 1CdSe/9CdS, 1.5CdSe/8.5CdS and 3CdSe/7CdS NCs, respectively. All
measurements were performed at room temperature using 3.1 eV excitation.

Finally, we perform the same measurements also for core-only and shell-only
samples (Figure 3.24a,b), in order to explore their behavior separately. We start by
monitoring the PL efficiency of the 1.5-nm core-only CdSe NCs sample while
keeping it for 90 s under atmospheric pressure (P=1bar) and 90 s at reduced
pressure (P=10"3bar), as reported in Figure 3.24c. They start by showing low
intensity PL due to their poor QY of <5%, caused by highly efficient non-radiative
surface-related recombination typical of unshelled NCs. The oxygen sensitivity is
therefore very weak since the high surface/volume ratio leads to a negligible sub-
population of charged NCs, which are responsible for the PL quenching under
reduced pressure conditions. This is in agreement with the fluorescence data in
vacuum at low temperature reported by Nirmal M. et al®*?, showing the
characteristic dark state decay from neutral excitons, and with the fluorescence
line narrowing (FLN) data reported in (3%).

On the other hand, giant shell-only CdS NCs have higher PL quantum yield
and provide good sensitivity to O, pressure. While going from P=1bar to P=10"
3bar, their PL intensity shows a 50% increase. The underpinning mechanism is
essentially the same as the one described for the shell excitons in 1.5/8.5 DiB NCs:
under reduced pressure conditions, the electron scavenging effect of O, molecules
is minimized, leading to a higher PL quantum yield.
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Figure 3.24. Optical properties and O:-sensing response of core-only
1.5CdSe and shell-only 10CdS NCs. (a) Normalized PL spectrum of a CdSe NCs
sample with 1.5-nm radius at oxygen pressure (P=1 bar). (b) Normalized PL
spectrum of a CdS-NC sample with a 10-nm NC radius at oxygen pressure P = 1
bar. (c) Integrated PL intensity during O/vacuum cycles, starting from atmospheric
pressure (P=1 bar) down to 103 bar (highlighted with a grey shading). 1 s
acquisition time, 90 s pressure steps. (d) Spectrally integrated PL intensity, Is,
during O,/vacuum cycles, starting from atmospheric pressure (P = 1 bar) down to
107 bar (highlighted with a grey shading); 1 s acquisition time, 90 s pressure steps.
All measurements are performed at room temperature using 3.1 eV excitation.
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3.2.4 Single particle ratiometric oxygen sensing using DiB NCs

As we show below, an important feature of DiB NCs is that they behave as
ratiometric pressure sensors even at the single-NC level, which makes them
capable of reporting O, pressure variations with nanoscale spatial resolution. This
represents a unique advantage over PSPs based on chromophores blends and
simplifies the paint processing by removing issues associated with the
inhomogeneous distribution of the emitters on the model surfaces or in the
binder, the factors that typically reduce the spatial accuracy in sub-micron-scale
pressure studies®*®.

The ratiometric sensing ability of individual DiB NCs is demonstrated in Figure
3.25, where we show confocal imaging and micro-PL data of isolated NCs (drop
casted from a diluted hexane solution onto a quartz substrate with a nominal NC
density of ~0.1/um?) as a function of the O, pressure. Upon raising the pressure
from 103 bar to 1 bar, all NCs show a progressive transition in their emission
colour from green, to orange, and then red, which is in perfect agreement with the
results of ensemble measurements (Figure 3.10b).

Figure 3.25. Single particle ratiometric oxygen sensing of DiB NCs. A large-
area spectrally resolved image of a collection of individual DiB NCs as a function
of the O, pressure under 400 nm excitation (excitation fluence 7uJ/cm?), showing
a progressive change of the emission colour from green to red upon increasing
the chamber pressure. The scale bar corresponds to 5um.

Figure 3.26a reports the histogram of the //Is ratio for 40 individual DiB NCs as a
function of the chamber pressure, showing remarkable homogeneity of the
ratiometric response across the NC population. This indicates that individual DiB
NCs can indeed be used as highly accurate nanoscale ratiometric pressure (or O,)
sensors. Importantly, the ratiometric sensing response Ic/Is is independent of the
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total emission intensity, as highlighted in the correlation plot of Ic/ls vs. (Ic+/s) in
Figure 3.26b.
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Figure 3.26. Analysis of the single-particle ratiometric response of DiB NCs.
(a) Histogram of the single-particle ratiometric response expressed as Ic/Is for 40
individual NCs at the monitored oxygen pressures. (b) Correlation plot of the
ratiometric sensing response Ic/Is vs. the total PL intensity (/c+/s) at increasing O»
pressure, indicating that the sensing response is independent of the total emission
intensity. The same colour code applies to all panels and resembles the total
emission colour of the NCs: 1073 bar, dark green; 10 bar, light green; 107 bar,
orange; 1 bar, red. The mean values averaged across the whole NC population are
indicated with black solid lines; the respective standard deviations are shown by
grey shading.

3.2.5 Photophysical mechanisms of the double sensing response

In order to gain a deeper insight into the photophysical mechanisms underpinning
the ratiometric sensing response of DiB-NCs, we have measured the decay
dynamics of both the shell and the core luminescence in a controlled atmosphere
(Figure 3.27a,b). We start our analysis with the reversed pressure response of the
core luminescence, which is key for the realization of the ‘double sensing’ regime.
Examining the core time-resolved PL traces in Figure 3.27a we note a ~20%
increase of the zero-delay PL intensity with decreasing pressure from 1 bar to 10
3 bar, which is accompanied by the acceleration of the decay dynamics. These are
the typical spectroscopic signatures of the recombination of charged excitons
(trions) consisting of a photoexcited electron-hole pair and a pre-existing carrier
(in the case of CdSe/CdS NCs it is predominantly an electron?'?2132%3) produced
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by photoionization™ 24 In atmospheric conditions (Figure 3.28a), molecular
oxygen continuously removes excess electrons thereby hindering the formation
of negative trions. As a result, spectroscopic behaviour of DiB NCs are dominated
by neutral excitons. If these excitons are core-localized they are virtually
unaffected by surface species due to the protective effect of the ultra-thick CdS
shell. Upon evacuation, the oxygen-driven “discharging” process is gradually
suppressed, resulting in the formation of negative trions. These species are
characterized by an increased emission rate (it is ideally twice that of a neutral
exciton), which can explain the increase in the early time PL amplitude observed
upon reducing the amount of oxygen in the sample chamber.
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Figure 3.27. Photophysical mechanism of the dual sensing response. PL
decay curves of (a) core and (b) shell emission measured at P=1 bar (red and green
lines, respectively) and P=10"3 bar (black lines). The inset in ‘a’ reports the decay
curve of the core PL using a linear scale to highlight the increase in the intensity
at zero delay time as well as the accelerated decay exhibited at low O, pressure.
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In addition, we observe the reduction of the PL lifetime, which is due to a
combined effect of the enhanced radiative decay and the activation of
nonradiative Auger recombination. In DiB NCs with a sharp core/shell interface,
the Auger process is not as strongly suppressed as in graded or interfacially
alloyed thick-shell CdSe/CdS NCs that could exhibit nearly unity trion PL quantum
yields?>* 255, As a result, the dominant decay channel for the core PL in the absence
of O, is nonradiative Auger recombination of negatively charged excitons (Figure
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Figure 3.28. Schematics of the DiB NC-O; interaction leading to the observed
optical responses. In the presence of O, neutral core excitons recombine
radiatively (b), whilst the shell-exciton decay is affected by nonradiative electron
processes (c) involving either direct electron extraction by O, molecules or
trapping at surface defects depleted of electrons due to interactions with O,. In
the absence of O, enhanced availability of excess electrons makes nonradiative
Auger decay the dominant recombination pathway for negatively charged core
excitons (f), while shell excitons decay radiatively (e) thanks to impeded electron
capture by O, and suppressed Auger recombination; the latter is diminished due
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to a large volume of the shell. The regimes dominated by nonradiative
recombination are highlighted by grey shading.

The formation of negative trions in NC samples under vacuum is confirmed by
circular polarization-resolved PL measurements in high magnetic fields reported
in Figure 3.29a-c.
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Figure 3.29. Circular polarization resolved photoluminesce of DiB NCs at
low temperature and high magnetic fields. (a) Energy levels scheme of the
radiative recombination of core negatively charged excitons in 1.5/8.5 CdSe/CdS
DiB NCs. The initial state is featured by two coupled electrons in the 1Se
conduction band state (antiparallel arrows) and one hole in the 1S3/, valence band
state (bold arrow), and hence by M=+3/2. On the contrary, one single resident
electron in the conduction band forms the final state, which is characterized by
M=+1/2. The selection rule AM=+1 and the total angular momentum
conservation law imply that the allowed recombination mechanisms are -3/2—--
1/2 and the +3/2—+1/2 and involve the emission of counter-clockwise (o”) and
clockwise (o) polarized photons, respectively. (b) Circularly polarized core (red
curves) and shell (green curves) emission at B=5 T and T=3 K. The higher o
polarized PL intensity is due to stabilization of the M=-3/2 spin sublevel in
presence of external magnetic fields. (c) Normalized PL intensities as a function of
the angle between the fast axis of the quarter wave plate and the polarization axis
of the linear polarizer used to investigate the emitted photon handedness. The
normalization constant is the sum of the maximum and minimum PL intensity, i.e.
the sum of o*- and o -polarized PL, I*+I~.

This data shows that, similarly to giant core/shell CdSe/CdS nanocrystals and
core/shell CdSe/CdSe nanoplatelets, magneto-PL from DiB NCs exhibits circular
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polarization typical of negatively charged excitons?™* 26, We note that O,/vacuum
scans using core-selective excitation at 532 nm (2.33 eV) reported in Figure 3.16
show similar dimming of the core PL as that observed using 400 nm (3.1 eV)
excitation, thereby unambiguously confirming that the sensitivity of core emission
to Oz is due only to nonradiative Auger recombination of core trions and not the
depletion of the NC conduction band due to progressively more efficient shell
emission observed for decreasing O, pressure.

Next, we investigate the effect of O, on the shell-PL dynamics. Since the thickness
of the CdS shell (8.5 nm) is greater than the exciton Bohr radius in CdS (5.6 nm),
the shell excitons are bulk-like and hence are virtually unaffected by Auger
recombination. The rate of Auger decay scales inversely with the particle volume
and, therefore, is expected to be over 300 times lower than in the 1.5 nm CdSe
core®’. As a result, even in the case of access electrons, as indicated by circular
polarization-resolved magneto-PL measurements in Figure 3.29, the nonradiative
decay of shell excitons is primarily not due to Auger recombination, but still
surface trapping (Figure 3.28c). Accordingly, upon lowering the chamber pressure,
which is equivalent to raising the Fermi levels, leads to passivation of electron
surface traps which is manifested in the strong increase of the zero delay PL
intensity, accompanied by the extension of the PL lifetime (Figure 3.27b,Figure
3.28d). The resulting effect of these changes is the >300% enhancement of the
emission intensity observed in cw measurements (Figure 3.8b). This confirms that
the shell-PL dynamics is dominated by activation/suppression of electron capture
either directly by O, or electron-deficient surface traps. This further points to the
co-existence of two trapping processes occurring on two different timescales: (i)
ultrafast electron capture with the characteristic time unresolvable in our
measurements with ~6 ps resolution (streak-camera detection), thereby
modulating the zero-delay PL intensity without affecting its temporal dynamics,
and (i) a slower electron trapping channel competing with radiative
recombination of shell excitons, whose progressive suppression at decreasing
pressure leads to slower PL dynamics®* 176,
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3.2.6 Ratiometric sensing response with different gases and pressure

Further evidence of the dominant effect of oxygen on the PL intensity of core and
shell excitons is provided by On/Off pressure cycling with other gases, as reported
in Figure 3.30 and Figure 3.31.
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Figure 3.30. Ratiometric sensing response of DiB NCs to carbon dioxide.
(@) Spectrally integrated PL intensity of DiB NCs during 'On/Off' gas/vacuum
cycles. The scan starts with 90 s at P=1 bar in O (blue shaded areas), after which
the chamber is evacuated to 1073 bar. After 90 s, the chamber is filled with CO5,
purity grade 4.5 (> 99.995 Vol. %), up to P=1 bar (grey shaded areas). After 90
seconds, the chamber is evacuated again and later refilled with CO, for seven
consecutive cycles in order to assess the reproducibility of the response. After the
seventh cycle in COy, the chamber is filled with O, (P=1 bar) in order to measure
the response to oxygen in the same measurement as for CO,. The measurement
is performed at room temperature under 3.1 eV excitation. Both the shell (green
line) and the core (red line) responses are normalized to their respective value at
1073 bar pressure (1% and 1% respectively). (b) The Ic (red symbols), Is (green
symbols) and Ic/ls (black symbols) values for extracted from ‘a’ for O/vacuum
response (circles) and CO,/vacuum response (squares).

Specifically, the PL intensity of both the core and the shell was recorded while
filling the sample chamber with CO; (Figure 3.30a,b) and humid air (Figure 3.31).
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Figure 3.31. Ratiometric sensing response of DiB NCs to humid air and
oxygen. Spectrally integrated PL intensity of DiB NCs during ‘On/Off" O,/vacuum
cycles (first three cycles) and humid-air/vacuum cycles (second three cycles)
starting from O2 (P=1 bar, highlighted with grey shading) down to P=103 bar.
After the first three cycles, the chamber is evacuated and refilled with humid air
for three consecutive cycles, while continuously monitoring the PL. The absolute
humidity is 20.5 g/kg, corresponding to common ambient conditions in which
sensing varnishes could be employed (i.e. about 85% humidity at room
temperature). The measurement is performed at room temperature under 3.1 eV
excitation.

The ratiometric double sensing response is also observed upon exposure of the
NCs to CO;, although with a weaker sensitivity than in the case of oxygen due to
a weaker reactivity of COy;. This observation suggests that DiB-NCs can also be
applied as environmental gas sensors. Furthermore, data indicate (Figure 3.31)
that the sensing response to wet air is similar to that observed for dry O, which
suggests that humidity has a negligible effect on the PSP behavior. This extends
the potential use of DiB-NCs as gas flow sensors in ambient conditions, without
distortions due to variations in humidity.

Finally, a simple adjustment of our setup allowed us to monitor the sensing
behavior of DiB NCs in overpressure conditions, that is, while increasing the
oxygen pressure in the sample chamber from P=1bar to P=2bar (Figure 3.32a).
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Q

Int. PL Intensity

Figure 3.32. Ratiometric sensing response of DiB NCs at oxygen pressure
between 1bar and 2 bar. (a) Spectrally integrated PL intensity of the 1.5/8.5 DiB
NCs during cycles from atmospheric pressure up to 2 bar (highlighted with grey
shading). (b) Photograph of a DiB NCs sample at P=2bar collected using the green
(left panel) and red (right panel) channel of the CCD. (c) Photograph of a DiB NCs
sample at P=Tbar collected using the green (left panel) and red (right panel)
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channel of the CCD. (d,e) 3D surface intensity plot of the shell
emissionextrapolated from the photographs collected using the green channel of
the CCD showed in 'b" and ‘c’ respectively. (f,g) 3D surface intensity plot of the
shell emission extrapolated from the photographs collected using the red channel
of the CCD showed in ‘b’ and ‘c’ respectively. The data show that the increase of
the pressure from 1 bar to 2 bar produces a ~15% dimming of the shell emission
and a ~5% enhancement of the core emission, resulting in a ratiometric sensitivity
of ~20%. The measurement is performed at room temperature using 400 nm
excitation.

The results show a consistent ratiometric sensing capability that follows the trend
observed in the measurements in vacuum and confirm that DiB-NCs can be used
also in high pressure conditions. Together with the measurement, we provide a
photographs of the system under atmospheric and increased pressure in order to
highlight once again how the color change can be monitored with a simple RGB
camera (Figure 3.32b-g).

3.2.7 Comparison between O: sensing and spectroelectrochemistry

Beside the applicative impact for pressure sensing, the whole body of
photoluminescence and magneto-optical data as a function of pressure has a
fundamental implication on the effect of vacuum in raising the Fermi energy of
NCs, in nearly perfect analogy to what observed upon the application of a negative
potential in spectro-electrochemical experiments’.
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Figure 3.33. Spectro-electrochemical modulation and Oxygen sensing
response of DiB NCs. (a) Integrated PL intensity of the core (I¢, red line) and the
shell (Is, green line) PL extracted from the stepwise pressure scan (1 s acquisition
time per frame, 90 s steps). The pressure is reduced rapidly and kept constant for
90 s, starting from atmospheric pressure (P=1 bar) to 10", 10~ and 1073 bar, after
which the sample chamber is stepwise refilled up to the initial pressure level of
P=1 bar. in ‘a’. Both trends are normalized to the initial PL intensity values at P=1
bar. (b) The core (red circles; left axis) and the shell PL intensity (green circles; right
axis) as a function of applied negative EC potential of a submonolayer film of DiB
NCs (Ro= 1.5 nm, H = 8.5 nm) deposited onto a ZnO-nanoparticle-covered layer
of indium tin oxide (ITO); all intensities are normalized to their values at Vec = 0 V.
The respective ratiometric response I¢/ls are reported in (c) and (d) respectively.
The grey shaded area emphasizes the regime of direct electron injection in the
NC's conduction band stets that is achieved in both experiments.

Specifically, as obtained while lowering the oxygen pressure (Figure 3.33a) and as
shown in Figure 3.33b, the application of a negative potential to DiB-NCs leads to
the gradual increase of the shell emission and to the concomitant dimming of the
core PL. At V=-1V, the core PL dynamics shows the typical features of trion decay,
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indicating direct injection of electrons in the NC conduction band states,
according to the initial position of the Fermi level near the centre of the core
energy gap (core band gap energy ~1.9 eV) as expected for undoped NCs (Figure
3.33¢,d). This further confirms that the potential drop outside the NCs in the
spectro-electrochemical measurements is essentially negligible leading to a one-
to-one correlation between the applied potential and the position of the Fermi
level (Figure 3.34a). The effect of vacuum on the NC's emission intensity and
dynamics (Figure 3.8b and Figure 3.27a,b) shows a striking similarity with the
electrochemically-induced modulation (Figure 3.34b,c) and highlights that the
progressive removal of oxygen from the NC surroundings effectively leads to the
gradual rise of the Fermi energy that eventually matches the position of the
conduction band energy at P=10"3 bar, resulting in direct injection of electrons in
the NC quantized states and the consequent formation of negative core trions
(Figure 3.29).
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Figure 3.34. Spectroelectrochemical and oxygen time-resolved sensing
response of DiB NCs. (a) The Ic and Is values (red and green symbols, respectively)
and the I¢/Is ratio (white symbols) as a function of increasing pressure (circles,
bottom axis) and of a decreasing negative potential (triangles, top axis, from Vec=-
1V to Vec=0V). All trends are normalized to their respective value at P=10"3 bar
and Vec=-1V (1% and 1% respectively). (b) Core decay under atmospheric pressure
(P=1 bar, black line) and under P=10-bar (red shaded area). (c) Core decay under
Vec=0V (black line) and Vec=-1V (red shaded area).
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A similar behaviour has been observed for CdSe/CdS nanoplatelets?*. Notably, the
magneto optical data for DiB-NCs shown in Figure 3.29, further highlight that such
effect is not limited to core states but affects also the shell excitons, leading to the
formation of negative shell trions. The effect of the Fermi energy modulation on
the dual color emission of DiB NCs has been modelled in ref.”® as a function of the
occupancy of surface states, leading to the observed behaviour of both the core
and the shell PL. We notice that the regime of hole injection could, in principle, be
obtained by applying positive electrochemical potentials or, analogously, expose
the NCs to high oxygen pressure. However, since the valence band energy of the
CdS shell is ~1.5 eV below the intrinsic NC's Fermi level, the strongly oxidative
conditions required for hole injection would result in significant damage of the
NCs as highlighted by the spectro-electrochemistry trend under positive potential
shown in ref 7°, showing incomplete recovery of the luminescence efficiency
already for +1V electrochemical potential, likely caused by photo-assisted
oxidation.

3.3 Conclusions

In conclusion, we have demonstrated the first example of a ratiometric Oz-sensing
PSP based on a single type of two-colour emitter, that features (i) intrinsic
ratiometric response at the single particle level, (ii) negligible overlap between the
luminescence spectra of the reference and the sensor, (iii) enhanced sensitivity to
O, partial pressure, and (iv) temperature-independent ratiometric behaviour. Due
to the fact that the shell- and core-PL bands of the DiB NCs exhibit trends of
opposite directions in response to exposure to oxygen, our ‘double-sensor’ r-PSPs
demonstrate an enhanced pressure sensitivity with respect to that achievable with
traditional reference-sensor pairs, where the reference channel is “neutral,” i.e., not
sensitive to O,. Specifically, as a result of the direct exposure of shell excitons to
the NC surfaces, the shell luminescence is strongly affected by effects of electron
withdrawing by O, which leads to progressive emission quenching with increasing
oxygen pressure. In direct contrast, the core PL is enhanced in the presence of
oxygen which helps maintain NCs in the neutral state by removing extra-electrons
that otherwise trigger fast nonradiative Auger recombination. As a result of these
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opposing trends, the ratiometric response of the NCs is largely amplified with
respect to that achievable by monitoring the individual emissions of core and shell.
Temperature-controlled PL measurements reveal that temperature-induced
changes in pressure sensitivity are negligibly small in the interval between 0°C and
70°C. The sensing response probed both at the ensemble and at the single-particle
level using continuous and pulsed excitation is fully reproducible and unaffected
by prolonged UV illumination. Finally, a nearly complete spectral separation
between the core and the shell emission bands leads to no cross-readout between
the two detection channels.
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In conclusion, this thesis gathers the study of three nanostructured materials
that | carried out during my PhD work, and that shares the common perspective
of understanding the NCs behavior under different environments. Specifically, |
successfully performed spectroelectrochemistry and optical spectroscopy
experiments in order to monitor and model the NCs PL intensity while exposing
their surfaces to oxidative and reductive conditions, so as to correlate the
occupation of surface defects to their emission efficiency. The experiments
allowed me on the one hand to unveil the processes that are beneficial or
detrimental to the NCs, which in turn helps identifying potential passivation
strategies to adopt in future synthesis, and, on the other hand, to make use of
their sensing capability and employ them as optical oxygen sensors or PSPs.

Firstly, in Chapter 1 | explored perovskite NCs as a potential inorganic
alternative to traditional organic dye-based PSPs. Spectro-electrochemistry
experiments on CsPbBr; perovskite NCs show that the main nonradiative channel
in these NCs is capture of photo-generated holes in localized states that can be
reversibly activated (passivated) upon raising (lowering) the Fermi level through
the application of reductive (oxidizing) electrochemical potentials. As a result of
the activation of hole traps, the PL is strongly quenched whereas their suppression
leads to minor brightening, which strongly suggests that their density in
unperturbed conditions is likely small. This feature has important consequences
on the response of the NC's emission upon their exposure to oxygen gas that
leads to strong quenching of the PL quantum efficiency due to the dominant effect
of direct extraction of photo-excited electrons from the NC conduction band over
the ‘curing’ behavior of surface hole traps responsible for the strong PL
brightening registered for perovskite films and bulk crystals. This further suggests

that, despite the much larger surface to volume ratio of nanocrystals with respect
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to bulk or film materials, electron rich surface defects are likely less abundant in
the firsts, leading to an emission response dominated by direct interaction with
the environment. These results, therefore, suggest that the interaction between
perovskite NCs and atmospheric agents could be detrimental to their optical
properties and thus demands specific and, possibly, more effective passivation
strategies for their optimization and stabilization.

In Chapter 2, | proceeded to investigate a different class of nanostructured
NCs, namely, CdSe and CdSe/CdS core—only and core/shell nanoplatelets with the
remarkable ability to brighten in presence of oxygen, whose strong electron-
accepting behavior typically makes it a PL quencher of both organic and inorganic
emitters. In this chapter, | studied the processes of charging and trapping in
colloidal nanoplatelets by means of spectroelectrochemical methods and time
resolved spectroscopy in a controlled atmosphere. The data demonstrates the
brightening effect of oxygen on the emission of NPLs whose efficiency is mainly
determined by hole trapping in surface defects. Spectroelectrochemical
experiments reproduce well the observed environmental effects and further
confirm the improved optical stability of heterostructured, core/shell NPLs. The O,
sensing process is reversible and could be used to realize novel ‘reversed’ PSPs
capable of generating an enhanced light signal when exposed to harsh
environments, with potential impact in aerospace planning, environmental
sensing and smart building.

Finally, in Chapter 3 | build on the knowledge acquired in the previous works
to demonstrate the first example of a ratiometric Oz-sensing PSP based on a single
type of two-colour emitter, consisting of dot-in-bulk (DiB), core/shell CdSe/CdS
NCs. Such sensor features intrinsic ratiometric response at the single particle level,
negligible overlap between the luminescence spectra of the reference and the
sensor, enhanced sensitivity to O, partial pressure, and temperature-independent
ratiometric behaviour. Due to the fact that the shell- and core-PL bands of the DiB
NCs exhibit trends of opposite directions in response to exposure to oxygen, our

‘double-sensor’ r-PSPs demonstrate an enhanced pressure sensitivity with respect
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to that achievable with traditional reference-sensor pairs, where the reference
channel is “neutral,” ie., not sensitive to O,. Specifically, as a result of the direct
exposure of shell excitons to the NC surfaces, the shell luminescence is strongly
affected by effects of electron withdrawing by O, which leads to progressive
emission quenching with increasing oxygen pressure. In direct contrast, the core
PL is enhanced in the presence of oxygen which helps maintain NCs in the neutral
state by removing extra-electrons that otherwise trigger fast nonradiative Auger
recombination. As a result of these opposing trends, the ratiometric response of
the NCs is largely amplified with respect to that achievable by monitoring the
individual emissions of core and shell. Temperature-controlled PL measurements
reveal that temperature-induced changes in pressure sensitivity are negligibly
small in the interval between 0°C and 70°C. The sensing response probed both at
the ensemble and at the single-particle level using continuous and pulsed
excitation is fully reproducible and unaffected by prolonged UV illumination.
Finally, a nearly complete spectral separation between the core and the shell

emission bands leads to no cross-readout between the two detection channels.
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